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Preface to the fourth edition

This book is a revised and reset edition of Nonlinear ordinary differential equations, published
in previous editions in 1977, 1987, and 1999. Additional material reflecting the growth in the
literature on nonlinear systems has been included, whilst retaining the basic style and structure
of the textbook. The wide applicability of the subject to the physical, engineering, and biological
sciences continues to generate a supply of new problems of practical and theoretical interest.

The book developed from courses on nonlinear differential equations given over many years
in the Mathematics Department of Keele University. It presents an introduction to dynamical
systems in the context of ordinary differential equations, and is intended for students of mathe-
matics, engineering and the sciences, and workers in these areas who are mainly interested in the
more direct applications of the subject. The level is about that of final-year undergraduate, or
master’s degree courses in the UK. It has been found that selected material from Chapters 1 to 3,
and 8, 10, and 11 can be covered in a one-semester course by students having a background of
techniques in differential equations and linear algebra. The book is designed to accommodate
courses of varying emphasis, the chapters forming fairly self-contained groups from which a
coherent selection can be made without using significant parts of the argument.

From the large number of citations in research papers it appears that although it is mainly
intended to be a textbook it is often used as a source of methods for a wide spectrum of
applications in the scientific and engineering literature. We hope that research workers in many
disciplines will find the new edition equally helpful.

General solutions of nonlinear differential equations are rarely obtainable, though particular
solutions can be calculated one at a time by standard numerical techniques. However, this
book deals with qualitative methods that reveal the novel phenomena arising from nonlinear
equations, and produce good numerical estimates of parameters connected with such general
features as stability, periodicity and chaotic behaviour without the need to solve the equations.
We illustrate the reliability of such methods by graphical or numerical comparison with numer-
ical solutions. For this purpose the Mathematica™software was used to calculate particular
exact solutions; this was also of great assistance in the construction of perturbation series,
trigonometric identities, and for other algebraic manipulation. However, experience with such
software is not necessary for the reader.

Chapters 1 to 4 mainly treat plane autonomous systems. The treatment is kept at an intuitive
level, but we try to encourage the reader to feel that, almost immediately, useful new investiga-
tive techniques are readily available. The main features of the phase plane—equilibrium points,
linearization, limit cycles, geometrical aspects—are investigated informally. Quantitative esti-
mates for solutions are obtained by energy considerations, harmonic balance, and averaging
methods.



Preface to the fourth edition

Various perturbation techniques for differential equations which contain a small parameter
are described in Chapter 5, and singular perturbations for non-uniform expansions are treated
extensively in Chapter 6. Chapter 7 investigates harmonic and subharmonic responses, and
entrainment, using mainly the van der Pol plane method. Chapters 8, 9, and 10 deal more for-
mally with stability. In Chapter 9 its is shown that solution perturbation to test stability can lead
to linear equations with periodic coefficients including Mathieu’s equation, and Floquet the-
ory is included Chapter 10 presents. Liapunov methods for stability for presented. Chapter 11
includes criteria for the existence of periodic solutions. Chapter 12 contains an introduction to
bifurcation methods and manifolds. Poincaré sequences, homoclinic bifurcation; Melnikov’s
method and Liapunov exponents are explained, mainly through examples, in Chapter 13.

The text has been subjected to a thorough revision to improve, we hope, the understanding of
nonlinear systems for a wide readership. The main new features of the subject matter include an
extended explanation of Mathieu’s equation with particular reference to damped systems, more
on the exponential matrix and a detailed account of Liapunov exponents for both difference
and differential equations.

Many of the end-of-chapter problems, of which there are over 500, contain significant
applications and developments of the theory in the chapter. They provide a way of indicat-
ing developments for which there is no room in the text, and of presenting more specialized
material. We have had many requests since the first edition for a solutions manual, and simul-
taneously with the publication of the fourth edition, there is now available a companion book,
Nonlinear Ordinary Differential Equations: Problems and Solutions also published by Oxford
University Press, which presents, in detail, solutions of all end-of-chapter problems. This oppor-
tunity has resulted in a re-working and revision of these problems. In addition there are 124
fully worked examples in the text. We felt that we should include some routine problems in the
text with selected answers but no full solutions. There are 88 of these new “Exercises”, which
can be found at the end of most sections. In all there are now over 750 examples and problems
in the book.

On the whole we have we have tried to keep the text free from scientific technicality and to
present equations in a simple reduced from where possible, believing that students have enough
to do to follow the underlying arguments.

We are grateful to many correspondents for kind words, for their queries, observations and
suggestions for improvements. We wish to express our appreciation to Oxford University Press
for giving us this opportunity to revise the book, and to supplement it with the new solutions
handbook.

Dominic Jordan
Peter Smith

Keele
June 2007



Second-order differential
equations in the phase
plane

Very few ordinary differential equations have explicit solutions expressible in finite terms.
This is not simply because ingenuity fails, but because the repertory of standard functions
(polynomials, exp, sin, and so on) in terms of which solutions may be expressed is too limited
to accommodate the variety of differential equations encountered in practice. Even if a solution
can be found, the ‘formula’ is often too complicated to display clearly the principal features
of the solution; this is particularly true of implicit solutions and of solutions which are in the
form of integrals or infinite series.

The qualitative study of differential equations is concerned with how to deduce important
characteristics of the solutions of differential equations without actually solving them. In this
chapter we introduce a geometrical device, the phase plane, which is used extensively for
obtaining directly from the differential equation such properties as equilibrium, periodicity,
unlimited growth, stability, and so on. The classical pendulum problem shows how the phase
plane may be used to reveal all the main features of the solutions of a particular differential
equation.

1.1 Phase diagram for the pendulum equation

The simple pendulum (see Fig. 1.1) consists of a particle P of mass m suspended from a fixed
point O by a light string or rod of length a, which is allowed to swing in a vertical plane. If
there is no friction the equation of motion is

¥ +w’sinx =0, (1.1)

where x is the inclination of the string to the downward vertical, g is the gravitational constant,
and w? = g/a.
We convert eqn (1.1) into an equation connecting x and x by writing

_de didx
YT A T dx dr

d (1.,

This representaion of ¥ is called the energy transformation. Equation (1.1) then becomes

d /1
a <E)C2> +a)2 Sinx = 0
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Figure 1.1 The simple pendulum, with angular displacement x.

By integrating this equation with respect to x we obtain
%)&2 — w?cosx = C, (1.3)

where C is an arbitrary constant. Notice that this equation expresses conservation of energy
during any particular motion, since if we multiply through eqn (1.3) by a constant ma?, we
obtain

2

%ma %2

—mgacosx = E,|
where E is another arbitrary constant. This equation has the form
E = kinetic energy of P + potential energy of P,

and a particular value of E corresponds to a particular free motion.
Now write x in terms of x from eqn (1.3):

X = +/2(C + w? cosx) /2. (1.4)

This is a first-order differential equation for x(¢). It cannot be solved in terms of elementary
functions (see McLachlan 1956), but we shall show that it is possible to reveal the main features
of the solution by working directly from eqn (1.4) without actually solving it.

Introduce a new variable, y, defined by

X =y. (1.5a)
Then eqn (1.4) becomes
y==+2(C+ w?* cos x)1/2. (1.5b)

Set up a frame of Cartesian axes x, y, called the phase plane, and plot the one-parameter family
of curves obtained from (1.5b) by using different values of C. We obtain Fig. 1.2. This is called



1.1 Phase diagram for the pendulum equation

Figure 1.2 Phase diagram for the simple pendulum equation (1.1).

phase diagram for the problem, and the curves are called the phase paths. Various types of
phase path can be identified in terms of C. On the paths joining (-7, 0) and (7, 0), C = ?; for
paths within these curves w? > C > —w?; and for paths outside C > w?. Equation (1.56) implies
the 27 -periodicity in x shown in Fig. 1.2. The meaning of the arrowheads will be explained
shortly.

A given pair of values (x,y), or (x,x), represented by a point P on the diagram is called
a state of the system. A state gives the angular velocity x = y at a particular inclination x,
and these variables are what we sense when we look at a swinging pendulum at any particular
moment. A given state (x, X) serves also as a pair of initial conditions for the original differential
equation (1.1); therefore a given state determines all subsequent states, which are obtained by
following the phase path that passes through the point P: (x, y), where (x, y) is the initial state.

The directions in which we must proceed along the phase paths for increasing time are
indicated by the arrowheads in Fig. 1.2. This is determined from (1.5a): when y > 0, then
x >0, so that x must increase as ¢ increases. Therefore the required direction is always from
left to right in the upper half-plane. Similarly, the direction is always from right to left in the
lower half-plane. The complete picture, Fig. 1.2, is the phase diagram for this problem.

Despite the non-appearance of the time variable in the phase plane display, we can deduce
several physical features of the pendulum’s possible motions from Fig. 1.2. Consider first the
possible states of the physical equilibrium of the pendulum. The obvious one is when the
pendulum hangs without swinging; then x = 0, x = 0, which corresponds to the origin in
Fig. 1.2. The corresponding time-function x(¢) = 0 is a perfectly legitimate constant solution
of eqn (1.1); the phase path degenerates to a single point.

If the suspension consists of a light rod there is a second position of equilibrium, where
it is balanced vertically on end. This is the state x = 7, x = 0, another constant solution,
represented by point A on the phase diagram. The same physical condition is described by
x = —m, x = 0, represented by the point B, and indeed the state x = nw, x = 0, where n
is any integer, corresponds physically to one of these two equilibrium states. In fact we have
displayed in Fig. 1.2 only part of the phase diagram, whose pattern repeats periodically; there
is not in this case a one-to-one relationship between the physical state of the pendulum and
points on its phase diagram.
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Since the points O, A, B represent states of physical equilibrium, they are called equilibrium
points on the phase diagram.

Now consider the family of closed curves immediately surrounding the origin in Fig. 1.2.
These indicate periodic motions, in which the pendulum swings to and fro about the vertical.
The amplitude of the swing is the maximum value of x encountered on the curve. For small
enough amplitudes, the curves represent the usual ‘small amplitude’ solutions of the pendulum
equation in which eqn (1.1) is simplified by writing sin x ~ x. Then (1.1) is approximated by
¥ + w?x =0, having solutions x () = A cos wt + B sin wt, with corresponding phase paths

yz
x2 + — = constant
C()2

The phase paths are nearly ellipses in the small amplitude region.

The wavy lines at the top and bottom of Fig. 1.2, on which x is of constant sign and x
continuously increases or decreases, correspond to whirling motions on the pendulum. The
fluctuations in x are due to the gravitational influence, and for phase paths on which x is very
large these fluctuations become imperceptible: the phase paths become nearly straight lines
parallel to the x axis.

We can discuss also the stability of the two typical equilibrium points O and A. If the
initial state is displaced slightly from O, it goes on to one of the nearby closed curves and the
pendulum oscillates with small amplitude about O. We describe the equilibrium point at O as
being stable. If the initial state is slightly displaced from A (the vertically upward equilibrium
position) however, it will normally fall on the phase path which carries the state far from
the equilibrium state A into a large oscillation or a whirling condition (see Fig. 1.3). This
equilibrium point is therefore described as unstable.

An exhaustive account of the pendulum can be found in the book by Baker and Blackburn
(2005).

N\ N N\ N Whirling region a
NN A c 7,
AN N >~ - // /
\\ \\ 7 /4
7/
Oscillatory \ N / /  Oscillatory

region \ region

7 7 Whirling region N

Figure 1.3 Unstable equilibrium point for the pendulum: typical displaced initial state C.
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1.2 Autonomous equations in the phase plane

The second-order differential equation of general type
X = f(x,x,1)

with initial conditions, say x(¢p) and x(#p), is an example of a dynamical system. The evolution
or future states of the system are then given by x(¢) and x(¢). Generally, dynamical systems are
initial-value problems governed by ordinary or partial differential equations, or by difference
equations. In this book we consider mainly those nonlinear systems which arise from ordinary
differential equations.

The equation above can be interpreted as an equation of motion for a mechanical system,
in which x represents displacement of a particle of unit mass, x its velocity, X its acceleration,
and f the applied force, so that this general equation expresses Newton’s law of motion for
the particle:

acceleration = force per unit mass

A mechanical system is in equilibrium if its state does not change with time. This implies
that an equilibrium state corresponds to a constant solution of the differential equation, and
conversely. A constant solution implies in particular that x and ¥ must be simultaneously zero.
Note that x = 0 is not alone sufficient for equilibrium: a swinging pendulum is instantaneously
at rest at its maximum angular displacement, but this is obviously not a state of equilibrium.
Such constant solutions are therefore the constant solutions (if any) of the equation

f(x,0,1) =0.
We distinguish between two types of differential equation:

(i) the autonomous type in which f does not depend explicitly on 7;
(ii) the non-autonomous or forced equation where ¢ appears explicitly in the function f.

A typical non-autonomous equation models the damped linear oscillator with a harmonic
forcing term

X+ kx +w%x = F coswt,
in which f(x,x,1) = —kx — w%x + F coswt. There are no equilibrium states. Equilibrium states

are not usually associated with non-autonomous equations although they can occur as, for
example, in the equation (Mathieu’s equation, Chapter 9)

X+ (¢ + Bcost)x = 0.

which has an equilibrium state at x = 0, x = 0.
In the present chapter we shall consider only autonomous systems, given by the differential
equation

X = f(x,x), (1.6)
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in which 7 is absent on the right-hand side. To obtain the representation on the phase plane, put
i=y, (1.7a)

so that
y=rx,y). (1.7b)

This is a pair of simultaneous first-order equations, equivalent to (1.6).

The state of the system at a time fg consists of the pair of numbers (x(#p), x(f9)), which can
be regarded as a pair of initial conditions for the original differential equation (1.6). The initial
state therefore determines all the subsequent (and preceding) states in a particular free motion.

In the phase plane with axes x and y, the state at time 7y consists of the pair of values
(x(t9), y(#0)). These values of x and y, represented by a point P in the phase plane, serve
as initial conditions for the simultaneous first-order differential equations (1.7a), (1.7b), and
therefore determine all the states through which the system passes in a particular motion. The
succession of states given parametrically by

X =X(t), )’=)’(t), (18)

traces out a curve through the initial point P: (x(9), y(¢9)), called a phase path, a trajectory or
an orbit.

The direction to be assigned to a phase path is obtained from the relation x = y (eqn 1.7a).
When y > 0, then x > 0, so that x is increasing with time, and when y < 0, x is decreasing
with time. Therefore the directions are from left to right in the upper half-plane, and from right
to left in the lower half-plane.

To obtain a relation between x and y that defines the phase paths, eliminate the parameter ¢
between (1.7a) and (1.7b) by using the identity

y dy

i dx
Then the differential equation for the phase paths becomes

dy  f(x,y)
i (1.9)

A particular phase path is singled out by requiring it to pass through a particular point P:
(x,y), which corresponds to an initial state (xg, yo), where

y(x0) = yo. (1.10)

The complete pattern of phase paths including the directional arrows constitutes the phase
diagram. The time variable 7 does not figure on this diagram.

The equilibrium points in the phase diagram correspond to constant solutions of eqn (1.6),
and likewise of the equivalent pair (1.7a) and (1.7b). These occur when x and y are
simultaneously zero; that is to say, at points on the x axis where

y=0 and f(x,0)=0. (1.11)
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(a) (b) y

Figure 1.4 (a) The representative point P on a segment of a phase path. (b) A closed path: P leaves A and returns
to A an infinite number of times.

Equilibrium points can be regarded as degenerate phase paths. At equilibrium points we obtain,
from eqn (1.9),

dy 0

dx 0’
so they are singular points of eqn (1.9), although they are not singular points of the time-
dependent equations (1.7) (see Appendix A for a description of singular points).

In the representation on the phase plane the time 7 is not involved quantitatively, but can be
featured by the following considerations. Figure 1.4(a) shows a segment AB of a phase path.
Suppose that the system is in a state A at time ¢ = r4. The moving point P represents the states
at times 7 > 143 it moves steadily along AB (from left to right in y > 0) as 7 increases, and is
called a representative point on AB.

The velocity of P along the curve AB is given in component form by

(X (), y(1) = (y, f(x, )

(from (1.7)): this depends only on its position P: (x,y), and not at all on 7 and t4 (this is true
only for autonomous equations). If tp is the time P reaches B, the time T4p taken for P to
move from A to B,

Tap =1tp — 14, (1.12)

is independent of the initial time t4. The quantity Typ is called the elapsed time or transit time
from A to B along the phase path.

We deduce from this observation that if x(¢) represents any particular solution of ¥ = f(x, %),
then the family of solutions x(t — 11), where 11 may take any value, is represented by the same
phase path and the same representative point. The graphs of the functions x(¢) and x(¢r — 17),
and therefore of y(t) = x(¢) and y(t — 1), are identical in shape, but are displaced along the
time axis by an interval #1, as if the system they represent had been switched on at two different
times of day.
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Consider the case when a phase path is a closed curve, as in Fig. 1.4(b). Let A be any point
on the path, and let the representative point P be at A at time t4. After a certain interval of
time T, P returns to A, having gone once round the path. Its second circuit starts at A at time
ta + T, but since its subsequent positions depend only on the time elapsed from its starting
point, and not on its starting time, the second circuit will take the same time as the first circuit,
and so on. A closed phase path therefore represents a motion which is periodic in time.

The converse is not true—a path that is not closed may also describe a periodic motion. For
example, the time-solutions corresponding to the whirling motion of a pendulum (Fig. 1.2) are
periodic.

The transit time Tap = tp — 14 of the representative point P from state A to state B along
the phase path can be expressed in several ways. For example,

UB—/‘dt / ( )1dfm

:/ dl:/ dr (1.13)
AB X AB Y(X)

This is, in principle, calculable, given y as a function of x on the phase path. Notice that the final
integral depends only on the path AB and not on the initial time #4, which confirms the earlier
conclusion. The integral is a line integral, having the usual meaning in terms of infinitesimal
contributions:

d N-1 Sx:
/A S gim Y2
AB Yy N—oo =5 y(xi)

in which we follow values of x in the direction of the path by increments 8x;, appropriately
signed. Therefore the 8x; are positive in the upper half-plane and negative in the lower half-
plane. It may therefore be necessary to split up the integral as in the following example.

Example 1.1 The phase paths of a system are given by the family x + y*> = C, where C is an arbitrary constant.
On the path with C =1 the representative point moves from A: (0,1) to B: (—1,—4/2). Obtain the transit
time Ty p.

The path spec1ﬁed is shown in Fig. 1.5. It crosses the x axis at the point C: (1,0), and at this point §x changes
sign. On AC y=(1-x)Y2, and on CB, y =—(1—x)/2, Then

T _f iu/ dg_/ldix#‘ldix
Yoy ey Th a=omrT L ma-oi

=20 -0 +2a -Vt =242
For an expression alternative to eqn (1.13), see Problem 1.8. °

Here we summarize the main properties of autonomous differential equations ¥ = f(x, x),
as represented in the phase plane by the equations

x=y, y=f . (1.14)
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1.2 Autonomous equations in the phase plane
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Figure 1.5 Path AB along which the transit time is calculated.

Equation for the phase paths:

dy _ f(x,»)
dx — y

(1.15)

Directions of the phase paths: from left to right in the upper half-plane; from right to left
in the lower half-plane.

Equilibrium points: situated at points (x,0) where f(x,0)=0; representing constant
solutions.

Intersection with the x axis: the phase paths cut the x axis at right angles, except possibly
at equilibrium points (see (ii)).

Transit times: the transit time for the representative point from a point A to a point B
along a phase path is given by the line integral

TAB:/ dx (1.16)

—

ABy.

Closed paths: closed phase paths represent periodic time-solutions (x(z), y(¢)).

Families of time-solutions: let x1(¢) be any particular solution of ¥ = f(x,x). Then the
solutions x1 (¢ — 1), for any f1, give the same phase path and representative point.

The examples which follow introduce further ideas.

Example 1.2 Construct the phase diagram for the simple harmonic oscillator equation % + w*x = 0.

This approximates to the pendulum equation for small-amplitude swings. Corresponding to equations (1.14)
we have

There is a single equilibrium point, at x = 0, y = 0. The phase paths are the solutions of (1.15):

dy  ox

de — Ty
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(a) y (b)
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Figure 1.6 (a) centre for the simple harmonic oscillator. (b) Typical solution.

This is a separable equation, leading to
y2 +w2xt=C y

where C is arbitrary, subject to C > 0 for real solutions. The phase diagram therefore consists of a family of
ellipses concentric with the origin (Fig. 1.6(a)). All solutions are therefore periodic. Intuitively we expect the
equilibrium point to be stable since phase paths near to the origin remain so. Figure 1.6(b) shows one of the
periodic time-solutions associated with a closed path. [ )

An equilibrium point surrounded in its immediate neighbourhood (not necessarily over the
whole plane) by closed paths is called a centre. A centre is stable equilibrium point.

Example 1.3 Construct the phase diagram for the equation i — w*x = 0.
The equivalent first-order pair (1.14) is

There is a single equilibrium point (0, 0). The phase paths are solutions of (1.15):

dy  ox

Therefore their equations are
y2 — w?x? =C, (1.17)

where the parameter C is arbitrary. These paths are hyperbolas, together with their asymptotes y = +wx, as
shown in Fig. 1.7. )

Any equilibrium point with paths of this type in its neighbourhood is called a saddle
point. Such a point is unstable, since a small displacement from the equilibrium state will
generally take the system on to a phase path which leads it far away from the equilibrium
state.

The question of stability is discussed precisely in Chapter 8. In the figures, stable equilibrium
points are usually indicated by a full dot e, and unstable ones by an ‘open’ dot o.
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Figure 1.7 Saddle point: only the paths M O and M’O approach the origin.

The differential equations in Examples 1.2 and 1.3 can be solved explicitly for x in terms
of t. For Example 1.2, the general solution of ¥ + w?x = 0 is

x(t) = Acoswt + Bsinwt, (1.18)

where A and B are arbitrary constants. This can be written in another form by using the
ordinary trigonometric identities. Put

k= (A2 4 BY)1/2

and let ¢ satisfy the equations

A B .

— = Cos ¢, — =sin ¢.
K

Then (1.18) becomes

x(t) = k cos(wt — @), (1.19)

where the amplitude « and the phase angle ¢ are arbitrary. Figure 1.6(b) shows an example of
this time-solution: all values of ¢ produce the same phase path (see (vii) in the summary above).
The period of every oscillation is 27 /w, which is independent of initial conditions (known as
an isochronous oscillation).

For Example 1.3, the time-solutions of ¥ — w?

x = 0 are given by
x(t) = Ae® + Be ', (1.20)
where A and B are arbitrary. To make a correspondence with Fig. 1.7, we require also
y =x(t) = Awe®" — Bwe ', (1.21)

Assume that @ > 0. Then from eqns (1.20) and (1.21), all the solutions approach infinity as
t — 00, except those for which A = 0 in (1.20) and (1.21). The case A = 0 is described in the
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phase plane parametrically by
x = Be ™', y = —Bwe™ . (1.22)
For these paths we have

y
= = —w;
x

these are the paths MO and M'O in Fig. 1.7, and they approach the origin as r — co. Note
that these paths represent not just one time-solution, but a whole family of time-solutions
x(t) = Be~ ", and this is the case for every phase path (see (vii) in the summary above: for this
case put B= £ e "1, for any value of #1).

Similarly, if B = 0, then we obtain the solutions

x = Ae”, y = Awe®,

for which y = wx: this is the line NN'. As t — —o0, x — 0 and y — 0. The origin is an example
of a saddle point, characterised by a pair of incoming phase paths MO, M’O and outgoing
paths ON, ON’, known as separatrices.

Example 1.4  Find the equilibrium poinis and the general equation for the phase paths of X + sin x = 0. Obtain
the particular phase paths which satisfy the initial conditions (a) x(t9) =0, y(t19) =x(tg) =1; (b) x(19) =0,
y(tg)=2.

This is a special case of the pendulum equation (see Section 1.1 and Fig. 1.2). The differential equations in
the phase plane are, in terms of 7,

xX=y, y = —sinx.

Equilibrium points lie on the x axis at points where sinx = 0; that is at x = nw(n = 0, £1,+2,...). When n is
even they are centres; when n is odd they are saddle points.
The differential equation for the phase paths is

dy  sinx

de

This equation is separable, leading to

/ydy:—/sinxdx,

or
%yz =cosx + C, (1)
where C is the parameter of the phase paths. Therefore the equation of the phase paths is

y = +2(cosx + )1/, (ii)
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Figure 1.8 Phase paths for ¥ + sin x = 0.

Since y must be real, C may be chosen arbitrarily, but in the range C > 1. Referring to Fig. 1.8, or the extended
version Fig. 1.2, the permitted range of C breaks up as follows:

Values of C Type of motion
Cc=-1 Equilibrium points at (n7,0)
(centres for n even; saddle points for n odd)
-1<C<1 Closed paths (periodic motions)
c=1 Paths which connect equilibrium points (sepa-
ratrices)
C>1 Whirling motions
(a) x(t9) = 0,y(to) = 1. From (i) we have 1 = 1 + C, so that C = —1. The associated phase path is
0 0 2 b p p

(from (ii))

y=42 (cosx - %>1/2 ,

shown as Py in Fig. 1.8. The path is closed, indicating a periodic motion.
(b) x(19) = 0, y(t9p) = 2. From (i) we have 2 =1 + C, or C = 1. The corresponding phase path is

y = ./2(cosx + 1)1/2.

On this path y =0 at x = +n, so that the path connects two equilibrium points (note that it does not continue
beyond them). As t — oo, the path approaches (7, 0) and emanates from (—x, 0) at r = —oo. This path, shown
as P, in Fig. 1.8, is called a separatrix, since it separates two modes of motion; oscillatory and whirling. It also
connects two saddle points. [
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Exercise 1.1

Find the equilibrium points and the general equation for the phase paths of ¥ + cosx =0.
Obtain the equation of the phase path joining two adjacent saddles. Sketch the phase
diagram.

Exercise 1.2
Find the equilibrium points of the system ¥ 4+ x — x = 0, and the general equation of the
phase paths. Find the elapsed time between the points (—%, 0) and (0, %) on a phase path.

1.3 Mechanical analogy for the conservative system % =/ (x)

Consider the family of autonomous equations having the more restricted form
X = f(x). (1.23)
Replace x by the new variable y to obtain the equivalent pair of first-order equations
x=y, y=f). (1.24)

In the (x,y) phase plane, the states and paths are defined exactly as in Section 1.2, since
eqn (1.23) is a special case of the system (1.6).

When f(x) is nonlinear the analysis of the solutions of (1.23) is sometimes helped by con-
sidering a mechanical model whose equation of motion is the same as eqn (1.23). In Fig. 1.9,
a particle P having unit mass is free to move along the axis Ox. It is acted on by a force f(x)
which depends only on the displacement coordinate x, and is counted as positive if it acts in
the positive direction of the x axis. The equation of motion of P then takes the form (1.23).
Note that frictional forces are excluded since they are usually functions of the velocity x, and
their direction of action depends on the sign of x; but the force f(x) depends only on position.

Sometimes physical intuition enables us to predict the likely behaviour of the particle for
specific force functions. For example, suppose that

F=f)=1+x%

P
: —
J&)

Figure 1.9 Unit particle P under the force f(x).
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Then f(x) > 0 always, so f always acts from left to right in Fig. 1.9. There are no equilibrium
points of the system, so we expect that, whatever the initial conditions, P will be carried away
to infinity, and there will be no oscillatory behaviour.

Next, suppose that

f(x)=—xx, A=>0,

where A is a constant. The equation of motion is

X = —A\x.

This is the force on the unit particle exerted by a linear spring of stiffness A, when the origin is
taken at the point where the spring has its natural length [ (Fig. 1.10). We know from experience
that such a spring causes oscillations, and this is confirmed by the explicit solution (1.19), in
which A = w?. The cause of the oscillations is that f(x) is a restoring force, meaning that its
direction is always such as to try to drive P towards the origin.

Figure 1.10 Unit particle P attached to a spring of natural length / = AO. The displacement of P from O is x.

Now consider a spring having a nonlinear relation between tension and extension:

tension = — f(x),
where f(x) has the restoring property; that is
f(x)>0 for x <0,
f(0)=0, (1.25)
f(x) <0 for x> 0.
We should expect oscillatory behaviour in this case also. The equation
i=—x (1.26)

is of this type, and the phase paths are shown in the lower diagram in Fig. 1.11 (the details
are given in Example 1.5). However, the figure tells us a good deal more; that the oscillations
do not consist merely of to-and-fro motions, but are strictly regular and periodic. The result is
obtained from the more detailed analysis which follows.

Returning to the general case, let x(¢) represent a particular solution of eqn (1.23). When the
particle P in Fig. 1.9 moves from a position x to a nearby position x + 8x the work §WW done
on P by f(x) is given by

SW = f(x)dx.
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Ve yw=F

Figure 1.11

This work goes to increment the kinetic energy 7 of the (unit) particle, where 7 = %fczz

8T =38W = f(x)éx.

Divide by §x and let §x — 0; we obtain

d7T
= . (1.27)
X
Now define a function V(x) by the relation
dy
e —f(x), (1.28)
X

where V(x) is called a potential function for f(x). Specifically,
V(x) =— /f(x) dx, (1.29)

where [ f(x) dx stands for any particular indefinite integral of f(x). (Indefinite integrals involve
an arbitrary constant: any constant may be chosen here for convenience, but it is necessary to
stick with it throughout the problem so that V(x) has a single, definite, meaning.) If we specify
a self-contained device that will generate the force f(x), such as a spring in Fig. 1.10, or the
earth’s gravitation field, then V(x) is equal to the physical potential energy stored in the device,
at any rate up to an additive constant. From (1.27) and (1.28) we obtain

d
E(T+V) =0,
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so that during any particular motion
7T +V = constant, (1.30)

or, explicitly,

%xz — / f)dx =C, (1.31)

where C is a parameter that depends upon the particular motion and the particular potential
function which has been chosen. As we range through all possible values of C consistent with
real values of x we cover all possible motions. (Note that eqn (1.31) can also be obtained by
using the energy transformation (1.2); or the phase-plane equation (1.9) with x = y.)

In view of eqn (1.30), systems governed by the equation ¥ = f(x) are called conservative
systems. From (1.31) we obtain

X =42(C = V(x)'/2 (1.32)

The equivalent equations in the phase plane are
X=y, y=f),

and (1.32) becomes

y =£J2(C = V)2, (1.33)
which is the equation of the phase paths.
Example 1.5 Show that all solutions of the equation

i+x%=0

are periodic.

Here f(x)= — x>, which is a restoring force in terms of the earlier discussion, so we expect oscillations. Let
L4
V) =—[ f(x)dx = 75

in which we have set the usual arbitrary constant to zero for simplicity. From (1.33) the phase paths are
given by

y=+£2(C = Vanl/? = £ 2(C - IxH1/2. (1.33a)

Figure 1.11 illustrates how the structure of the phase diagram is constructed from eqn (1.33a). In order to
obtain any real values for y, we must have C > 0. In the top frame the graph of V(x) = %x“ is shown, together

with three horizontal lines for representative values of C > 0. The distance RS is equal to C — %x“ forC=1
and a typical value of x. The relevant part of the graph, for which y in eqn (1.33a) takes real values, is the part
below the line AB. Then, at the typical point on the segment, y = #./2(RS)1/2. These two values are placed
in the lower frame on Fig. 1.11.
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The complete process for C = 1 produces a closed curve in the phase diagram, representing a periodic
motion. For larger or smaller C, larger or smaller ovals are produced. When C = 0 there is only one point—the
equilibrium point at the origin, which is a centre. )

Equilibrium points of the system x = y, y = f(x) occur at points where y = 0 and f(x) = 0,
or alternatively where

v

=0 — =0
y b dx b

from (1.28). The values of x obtained are therefore those where V(x) has a minimum, maxi-
mum or point of inflection, and the type of equilibrium point is different in these three cases.
Figure 1.12 shows how their nature can be established by the method used in Example 1.5:

a minimum of V(x) generates a centre (stable);
a maximum of V(x) generates a saddle (unstable); (1.34)
a point of inflection leads to a cusp, as shown in Fig. 1.12(c),

Consider these results in terms of the force function f(x) in the mechanical model. Suppose
that f(xe) = 0, so that x = x¢,y = 0 is an equilibrium point. If x changes sign from positive
to negative as x increases through the value x, then it is a restoring force (eqn (1.25)). Since
dV/dx = — f(x), this is also the condition for V(x¢) to be minimum. Therefore a restoring force
always generates a centre.

If f(x) changes from negative to positive through x. the particle is repelled from the equi-
librium point, so we expect an unstable equilibrium point on general grounds. Since V(x)
has a maximum at x. in this case, the point (x¢,0) is a saddle point, so the expectation is
confirmed.

{
i//‘

A

Figure 1.12 Typical phase diagrams arising from the stationary points of the potential energy.
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Figure 1.13 The dashed phase paths are separatrices associated with the equilibrium points at (—1,0) and (1, 0).

Example 1.6  Sketch the phase diagram for the equation i = x> — x.

This represents a conservative system (the pendulum equation (1.1) reduces to a similar one after writing
sinx ~ x — %x3 for moderate amplitudes). We have f(x)=x3 — x, so by eqn (1.29)

Vx) = %xz - %x4.

Figure 1.13 shows the construction of the phase diagram.

There are three equilibrium points: a centre at (0, 0) since V(0) is a minimum; and two saddle points, at
(—=1,1) and (1, 0) since V(—1) and V(1) are maxima. The reconciliation between the types of phase path
originating around these points is achieved across special paths called separatrices, shown as broken lines (see
Example 1.4 for an earlier occurrence). They correspond to values of C in the equation

y = £/2(C = V)2

of C = % and C = 0, equal to the ordinates of the maxima and minimum of V(x). They start or end on
equilibrium points, and must not be mistaken for closed paths. [ )

Example 1.7 A unit particle P is attached to a long spring having the stress—strain property

tension = xe” ¥,

where x is the extension from its natural length. Show that the point (0,0) on the phase diagram is a centre,
but that for large disturbances P will escape to infinity.

The equation of motion is ¥ = f(x), where f(x) = xe™™, so this is a restoring force (eqn (1.25)). Therefore we
expect oscillations over a certain range of amplitude. However, the spring becomes very weak as x increases,
so the question arises as to whether it has the strength to reverse the direction of motion if P is moving rapidly
towards the right.
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Figure 1.14

We have
V(x) = —/f(x)dx = fxe_xdx =1-e"(1+x),

having chosen, for convenience, a value of the arbitrary constant that causes V(0) to be zero. The upper frame
in Fig. 1.14 shows the graph of V(x).

The function V(x) has a minimum at x = 0, so the origin is a centre, indicating periodic motion. As x — o0,
V(x) — 1. The phase diagram is made up of the curves

y=+2(C = V)2

The curves are constructed as before: any phase path occupies the range in which V(x) < C.

The value C =1 is a critical value: it leads to the path separating the oscillatory region from the region in
which P goes to infinity, so this path is a separatrix. For values of C approaching C =1 from below, the ovals
become increasingly extended towards the right. For C > 1 the spring stretches further and further and goes
off to infinity.

The transition takes place across the path given by

%y2+V(x) = %y2+{1 —e *l+x)}=C=1.
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The physical interpretation of % y2 is the kinetic energy of P, and V(x) is the potential energy stored in
the spring due to its displacement from equilibrium. Therefore for any motion in which the total energy is
greater than 1, P will go to infinity. There is a parallel between this case and the escape velocity of a space
vehicle. )

Exercise 1.3
Find the potential function V(x) for the conservative system X — x + x2 = 0. Sketch V(x)
against x, and the main features of the phase diagram.

1.4 The damped linear oscillator
Generally speaking, equations of the form
F= flx,0) (1.35)

do not arise from conservative systems, and so can be expected to show new phenomena. The
simplest such system is the linear oscillator with linear damping, having the equation

f+ki+ex=0, (1.36)

where ¢ >0, k> 0. An equation of this form describes a spring-mass system with a damper
in parallel (Fig. 1.15(a)); or the charge on the capacitor in a circuit containing resistance,
capacitance, and inductance (Fig. 1.15(b)). In Fig. 1.15(a), the spring force is proportional
to the extension x of the spring, and the damping, or frictional force, is proportional to the
velocity x. Therefore

mxX = —mcx — mkx
by Newton’s law, where ¢ and k are certain constants relating to the stiffness of the spring

and the degree of friction in the damper respectively. Since the friction generates heat, which

(@) x (b)
_—

Damper

Spring ~ mcx C/
(e,

Figure 1.15 (a) Block controlled by a spring and damper. (b) Discharge of a capacitor through an (L, R, C) circuit.




1:Second-order differential equations in the phase plane

is irrecoverable energy, the system is not conservative. These devices serve as models for many
other oscillating systems. We shall show how the familiar features of damped oscillations show
up on the phase plane.

Equation (1.36) is a standard type of differential equation, and the procedure for solving it
goes as follows. Look for solutions of the form

x(t) =eP, (1.37)
where p is a constant, by substituting (1.37) into (1.36). We obtain the characteristic equation
P +kp+c=0. (1.38)

This has the solutions

1
p } = Slk Vi — o). (1.39)

where pq and p, may be both real, or complex conjugates depending on the sign of k% — 4c.
Unless k? — 4¢ = 0, we have found two solutions of (1.36); e”1’ and e”?’, and the general
solution is

x(t) = AeP1! ¢ BePZI, (1.40)
where A and B are arbitrary constants which are real if k2 — 4¢ > 0, and complex conjugates

1
if k2 —4c < 0. If k> — 4c = 0 we have only one solution, of the form e 2%, we need a second

1
one, and it can be checked that this takes the form e~ 2%, Therefore, in the case of coincident
solutions of the characteristic equation, the general solution is

x() = (A+ Bt)e*%’“, (1.41)

where A and B are arbitrary real constants.
Put

k* — 4c = A, (1.42)
where A is called the discriminant of the characteristic equation (1.38). The physical character
of the motion depends upon the nature of the parameter A, as follows:

Strong damping (A > 0)
In this case pq and p; are real, distinct and negative; and the general solution is
x(t) = AeP'" 4+ BeP?'; p1 <0, pr <O. (1.43)

Figure 1.16(a) shows two typical solutions. There is no oscillation and the ¢ axis is cut at most
once. Such a system is said to be deadbeat.
To obtain the differential equation of the phase paths, write as usual

xX=y, y = —cx —ky; (1.44)
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Figure 1.16 (a) Typical damped time solutions for strong damping. (b) Phase diagram for a stable node.

then

dy  ex+ky
il (1.45)

There is a single equilibrium point, at x = 0, y = 0. A general approach to linear systems such
as (1.44) is developed in Chapter 2: for the present the solutions of (1.45) are too complicated
for simple interpretation. We therefore proceed in the following way. From (1.43), putting
y= ).Ca

x = AeP!" + Bel?, y = Ap1eP'! + Bpyel?! (1.46)

for fixed A and B, there can be treated as a parametric representation of a phase path, with
parameter 7. The phase paths in Fig. 1.16(b) are plotted in this way for certain values of k > 0
and ¢ > 0. This shows a new type of equilibrium point, called a stable node. All paths start at
infinity and terminate at the origin, as can be seen by putting ¢ = +o00 into (1.43). More details
on the structure of nodes is given in Chapter 2.

Weak damping (A < 0)
The exponents p1 and p; are complex with negative real part, given by
p1,p2 = —3k £ 3iV/(= D),

where i = +/—1. The expression (1.40) for the general solution is then, in general, complex.
To extract the cases for which (1.40) delivers real solutions, allow A and B to be arbitrary and
complex, and put

where « is real and C = 2|A|; and
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(2) (b)
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Figure 1.17 (a) Typical time solution for weak damping. (b) Phase diagram for a stable spiral showing just one phase
path.

where A is the complex conjugate of A. Then (1.40) reduces to
— Lkt 1
x(t) = Ce 2% cos {5/ (=A)t +a};

C and « are real and arbitrary, and C > 0.

A typical solution is shown in Fig. 1.17(a); it represents an oscillation of frequency
(—A)%/(47r) and exponentially decreasing amplitude Ce 2% Tts image on the phase plane
is shown in Fig. 1.17(b). The whole phase diagram would consist of a family of such spirals
corresponding to different time solutions.

The equilibrium point at the origin is called a stable spiral or a stable focus.

Critical damping (A = 0)

In this case p1 = py = —%k, and the solutions are given by (1.41). The solutions resemble those
for strong damping, and the phase diagram shows a stable node.
We may also consider cases where the signs of k and ¢ are negative:

Negative damping (k < 0, ¢ > 0)

Instead of energy being lost to the system due to friction or resistance, energy is generated within
the system. The node or spiral is then unstable, the directions being outward (see Fig. 1.18).
A slight disturbance from equilibrium leads to the system being carried far from the equilibrium
state (see Fig. 1.18).

Spring with negative stiffness (c < 0, k takes any value)

The phase diagram shows a saddle point, since p1, p2 are real but of opposite signs.

Exercise 1.4
For the linear system ¥ — 2% + 2x = 0, classify its equilibrium point and sketch the phase
diagram.
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Figure 1.18 Phase diagrams for (a) the unstable node (k < 0, A > 0); (b) unstable spiral (k < 0, A < 0) showing
just one phase path.

Exercise 1.5
Show that every phase path of

X+elxlsgnx+x=0, O0<e<l1,

is an isochronous spiral (that is, every circuit of the origin on every path occur in the same
time).

1.5 Nonlinear damping: limit cycles

Consider the autonomous system
X = f(x,x),
where f is a nonlinear function; and f takes the form
f(x, %) = —h(x,x) — g(x),
so that the differential equation becomes
X4+ h(x,x)+gkx)=0. (1.47)
The equivalent pair of first-order equations for the phase paths is

X=y, y=—hxy —gkx). (1.48)
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For the purposes of interpretation we shall assume that there is a single equilibrium point, and
that it is at the origin (having been moved to the origin, if necessary, by a change of axes). Thus

h(0,0) +g(0) =0
and the only solution of z(x,0) + g(x) = 0 is x = 0. We further assume that
8(0) =0, (1.49)
so that
h(0,0) = 0. (1.50)
Under these circumstances, by writing eqn (1.47) in the form
4 g(x) = —h(x, 1), (1.51)

we can regard the system as being modelled by a unit particle on a spring whose free motion
is governed by the equation ¥ + g(x) = 0 (a conservative system), but is also acted upon by an
external force —h(x, x) which supplies or absorbs energy. If g(x) is a restoring force (eqn (1.25)
with —g(x) in place of f(x)), then we should expect a tendency to oscillate, modified by the
influence of the external force —h(x,x). In both the free and forced cases, equilibrium occurs
when x = x = 0.

Define a potential energy function for the spring system by

V(x) = /g(x) dx, (1.52a)

and the kinetic energy of the particle by
T = 1% (1.52b)

The total energy £ for the particle and spring alone is
5=’T+V=%5c2+/g(x)dx, (1.53)
so that the rule of change of energy

€ _ oo
dt—xx g(x)x.

Therefore, by (1.49)

dé
T X(—g(x) — h(x, ¥) + g(x)) = —Xh(x, X) (1.54)

= _yh(xs )’)

in the phase plane. This expression represents external the rate of supply of energy generated
by the term —h(x, X) representing the external force.
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Suppose that, in some connected region R of the phase plane which contains the equilibrium
point (0, 0), d€/dt is negative:

de

5 —yh(x,y) <0 (1.55)

(except on y = 0, where it is obviously zero). Consider any phase path which, after a certain
point, lies in R for all time. Then £ continuously decreases along the path. The effect of &
resembles damping or resistance; energy is continuously withdrawn from the system, and this
produces a general decrease in amplitude until the initial energy runs out. We should expect
the path to approach the equilibrium point.

If

de

7 —yh(x,y) >0 (1.56)

in R (for y # 0), the energy increases along every such path, and the amplitude of the phase
paths increases so long as the paths continue to remain in R. Here & has the effect of negative
damping, injecting energy into the system for states lying in R. °

Example 1.8 Examine the equation
X+xx+x=0
for damping effects.
The free oscillation is governed by X + x = 0, and the external force is given by

—h(x,x) = —|x|x.

Therefore, from (1.55), the rate of change of energy

d& .
5= —|i5% = —|yly? <0

everywhere (except for y = 0). There is loss of energy along every phase path no matter where it goes in the
phase plane. We therefore expect that from any initial state the corresponding phase path enters the equilibrium
state as the system runs down. [ )

A system may possess both characteristics; energy being injected in one region and extracted in
another region of the phase plane. On any common boundary to these two regions, xa(x,y) = 0
(assuming that A (x, y) is continuous). The common boundary may constitute a phase path, and
if so the energy £ is constant along it. This is illustrated in the following example.

Example 1.9 Examine the equation
P24+ —Di+x=0

for energy input and damping effects.
Put x = y; then
h(x,y) = (x> + 5% — D,
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and, from (1.55),
dj
dr

Therefore the energy in the particle-spring system is governed by:

= —yh(x,y) = —(x2 +y* = 1)y%.

dé . .
e 0 along the paths in the region 24y <1
de . . 2 2
I 0 along the paths in the region x“ 4+ y* > 1;
The regions concerned are shown in Fig. 1.19. It can be verified that x = cosr satisfies the differential equation
given above. Therefore X = y = — sint; so that the boundary between the two regions, the circle
W24y =1,

is a phase path, as shown. Along it
T+v=32+ =102+ =3

is constant, so it is a curve of constant energy &, called an energy level.

The phase diagram consists of this circle together with paths spiralling towards it from the interior and
exterior, and the (unstable) equilibrium point at the origin. All paths approach the circle. Therefore the system
moves towards a state of steady oscillation, whatever the (nonzero) initial conditions. ()

The circle in Fig. 1.19 is an isolated closed path: ‘isolated’ in the sense that there is no other
closed path in its immediate neighbourhood. An isolated closed path is called a limit cycle,
and when it exists it is always one of the most important features of a physical system. Limit
cycles can only occur in nonlinear systems. The limit cycle in Fig. 1.19 is a stable limit cycle,
since if the system is disturbed from its regular oscillatory state, the resulting new path, on

y
O) X
oL \ Negative !
damping
o Positive
Limit cycle damping

Figure 1.19 Approach of two phase paths to the stable limit cycle x> 4y = 1 generated by ¥ + (x> 4+ %2 —1)i+x = 0.
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either side, will be attracted back to the limit cycle. There also exist unstable limit cycles, where
neighbouring phase paths, on one side or the other are repelled from the limit cycle.

An important example of the significance of a stable limit cycle is the pendulum clock (for
details see Section 1.6(iii)). Energy stored in a hanging weight is gradually supplied to the system
by means of the escapement; this keeps the pendulum swinging. A balance is automatically set
up between the rate of supply of energy and the loss due to friction in the form of a stable limit
cycle which ensures strict periodicity, and recovery from any sudden disturbances.

An equation of the form

X = f(x),

which is the ‘conservative’ type treated in Section 1.3, cannot lead to a limit cycle. From the
argument in that section (see Fig. 1.12), there is no shape for V(x) that could produce an isolated
closed phase path.

We conclude this section by illustrating several approaches to equations having the form

%+ h(x, %) +g(x) =0, (1.57)

which do not involve any necessary reference to mechanical models or energy.

(i) Polar coordinates

We shall repeat Example 1.9 using polar coordinates. The structure of the phase diagram is
made clearer, and other equations of similar type respond to this technique. Let r, 6 be polar
coordinates, where x = r cosf,y = r sinf, so that
r2=x2+y2, tan@:z.
X

Then, differentiating these equations with respect to time,

2ri = 2xx + 2yy, fsec’ 6 = )szy
X
so that
XX +yy .oXy—X
_ oooe=222 (1.58)
r r
We then substitute
X =rcos 6, X =y=rsinb

into these expressions, using the form for y obtained from the given differential equation.

Example 1.10 Express the equation (see Example 1.9)
2+ —Di+x=0

on the phase plane, in terms of polar coordinates r, 6.
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We have x = rcos6 and x = y = rsin6, and
J=—(2+ i —1Di—x=—@>—1)rsind — rcosé.
By substituting these functions into (1.58) we obtain
F=—r(r? = 1)sin?9,
6=-1-— (r2 — 1)sin 6 coso.

One particular solution is
r=1, 0 =—t,

corresponding to the limit cycle, x = cost, y = —sint, observed in Example 1.9. Also (except when sin6 = 0;
that is, except on the x axis)

>0 whenO<r<1

7 <0 when r>1,

showing that the paths approach the limit cycle » = 1 from both sides. The equation for 6 also shows a steady
clockwise spiral motion for the representative points, around the limit cycle. )
(i) Topographic curves
We shall introduce topographic curves through an example.
Example 1.11 Investigate the trend of the phase patbs for the differential equation

F4 i+ = 0.
The system has only one equilibrium point, at (0,0). Write the equation in the form

¥4 x5 = — %%,

and multiply through by x:

FE 4 x0% = —|F]E2.
In terms of the phase plane variables x, y this becomes

dy 3 dx 2
= 43 =yt
Y4 P Iyly
Consider a phase path that passes through an arbitrary point A at time 74 and arrives at a point B at time
tg > t4. By integrating this last equation from t4 to tg we obtain

tp 1]
[%yz + %Xﬂ = —/ lyly* dr.
1=ty ta

The right-hand side is negative everywhere, so

1.2,1.4 1.2, 1.4
b4, - (049
(zy ) 2y ),
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Figure 1.20 Phase diagram for ¥ =y, y = —|y|y — x3: the broken lines represent constant level curves.

along the phase path. Therefore the values of the bracketed expression, %yz + %x“, constantly diminishes
along every phase path. But the family of curves given by

%yz + %x“ = constant

is a family of ovals closing in on the origin as the constant diminishes. The paths cross these ovals successively
in an inward direction, so that the phase paths all move towards the origin as shown in Fig. 1.20. In mechanical
terms, the ovals are curves of constant energy. )

Such familes of closed curves, which can be used to track the paths to a certain extent, are
called topographic curves, and are employed extensively in Chapter 10 to determine stability.
The ‘constant energy’ curves, or energy levels, in the example constitute a special case.

(iii) Equations of motion in generalized coordinates

Suppose we have a conservative mechanical system, which may be in one, two, or three dimen-
sions, and may contain solid elements as well as particles, but such that its configuration is
completely specified by the value of a certain single variable x. The variable need not represent
a displacement; it might, for example, be an angle, or even the reading on a dial forming part
of the system. It is called a generalized coordinate.

Generally, the kinetic and potential energies 7 and V will take the forms

T =pWi* +q), V=V,
where p(x) > 0. The equation of motion can be derived using Lagrange’s equation

i(ﬂ)_aT_ dy
dr \ ox

ox  dx’
Upon substituting for 7 and V we obtain the equation of motion in terms of x:

2p()E + p' ()% + (V'(x) — ¢'(x)) = 0. (1.59)
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This equation is not of the form ¥ = f(x) discussed in Section 1.3. To reduce to this form
substitute u for x from the definition

u=/p1/2(x)dx. (1.60)

Then
i=pY*(x)x and ii= %})_1/2(x)p/()c)ic2 + p'2(x0)i.
After obtaining x and X from these equations and substituting in eqn (1.59) we have
U+gw) =0,

where
gw) = Ip 2@V ) — ¢’ ().

This is of the conservative type discussed in Section 1.3.

Exercise 1.6
Find the equation of the limit cycle of

X4+ @x? + 1% —4i+4x =0.

What is its period?

1.6 Some applications
(i) Dry friction

Dry (or Coulomb) friction occurs when the surfaces of two solids are in contact and in relative
motion without lubrication. The model shown in Fig. 1.21 illustrates dry friction. A continuous
belt is driven by rollers at a constant speed vg. A block of mass m connected to a fixed support
by a spring of stiffness c rests on the belt. If F is the frictional force between the block and the
belt and x is the extension of the spring, then the equation of motion is

mxX+cx =F.

Lm:i’ﬁ
N

) (0]

Figure 1.21 A device illustrating dry friction.
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(a) (®)
F F
F|f T ;
-,
: O S. Vy— X o V=X
N —h

Figure 1.22 (a) Typical dry friction/slip velocity profile. (b) Idealized approximation with discontinuity.

Assume that F depends on the slip velocity, vy — x; a typical relation is shown in Fig. 1.22(a).
For small slip velocities the frictional force is proportional to the slip velocity. At a fixed
small value of the slip speed s. the magnitude of the frictional force peaks and then gradually
approaches a constant Fy or — Fy for large slip speeds. We will replace this function by a simpler
one having a discontinuity at the origin:

F = Fy sgn(vg — x)

where Fj is a positive constant (see Fig. 1.22(b)) and the sgn (signum) function is defined by

1, u>0,
sgn(u) = 0, u=0,
-1, u<0O.

The equation of motion becomes
mx + cx = Fy sgn(vg — X).

The term on the right is equal to Fy when vy > %, and —Fy when vy < %, and we obtain the
following solutions for the phase paths in these regions:

2
. 2 ( FO>
y=x>v9: my " +cl|lx+ — = constant,
c

2
. 2 Fy
y=x <wvy: my +c|x—— | = constant.
c

These are families of displaced ellipses, the first having its centre at (—Fy/c,0) and the second
at (Fo/c,0). Figure 1.23 shows the corresponding phase diagram, in non-dimensional form
with x = x,/c and y’ = y/m. In terms of these variables the paths are given by

2
F
y > vodm: 4+ (X' + Z9) = constant,
Je
2
F
y <vom: y?+ (x' - —0) = constant,
c

v

which are arcs of displaced circles.
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ym

S
\

Figure 1.23 Phase diagram for the stick—slip dry friction oscillator. (Note that the axes are scaled as x4/c, y/m.)

x/c

There is a single equilibrium point, at (Fy/c, 0), which is a centre. Points on y (or x) = v are
not covered by the differential equation since this is where F is discontinuous, so the behaviour
must be deduced from other physical arguments. On encountering the state x = vg for |x| < Foy/c,
the block will move with the belt along AB until the maximum available friction, Fy, is insuffi-
cient to resist the increasing spring tension. This is at B when x = Fy/c; the block then goes into
an oscillation represented by the closed path C through (Fy/c, vo). In fact, for any initial con-
ditions lying outside this ellipse, the system ultimately settles into this oscillation. A computed
phase diagram corresponding to a more realistic frictional force as in Fig. 1.21(a) is displayed
in Problem 3.50, Fig 3.32. This kind of motion is often described as a stick—slip oscillation.

(ii) The brake

Consider a simple brake shoe applied to the hub of a wheel as shown in Fig. 1.24. The friction
force will depend on the pressure and the angular velocity of the wheel, . We assume again a
simplified dry-friction relation corresponding to constant pressure

F=—-F sgn(é)
so if the wheel is otherwise freely spinning its equation of motion is
16 = —Fpa sgn(é)

where I is the moment of inertia of the wheel and a the radius of the brake drum. The phase
paths are found by rewriting the differential equation, using the transformation (1.2):
16 dg F, )
— = —Fpa sgn
do 04 Sg >
whence for 6 > 0
316* = —Fpab + C

and for 6 < 0
116% = Foad + C.

These represent two families of parabolas as shown in Fig. 1.25. (9, 0) is an equilibrium point
for every 6.
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Figure 1.24 A brake model.

Figure 1.25 Phase diagram for the brake model in Fig. 1.24.

(iii) The pendulum clock: a limit cycle

Figure 1.26 shows the main features of the pendulum clock. The ‘escape wheel’ is a toothed
wheel, which drives the hands of the clock through a succession of gears. It has a spindle around
which is wound a wire with a weight at its free end. The escape wheel is intermittently arrested
by the ‘anchor’, which has two teeth. The anchor is attached to the shaft of the pendulum
and rocks with it, controlling the rotation of the escape wheel. The anchor and teeth on the
escape wheel are so designed that as one end of the anchor loses contact with a tooth, the other
end engages a tooth but allows the escape wheel to turn through a small angle, which turns
the hands of the clock. Every time this happens the anchor receives small impulses, which is
heard as the ‘tick’ of the clock. These impulses maintain the oscillation of the pendulum, which
would otherwise die away. The loss of potential energy due to the weight’s descent is therefore
fed periodically into the pendulum via the anchor mechanism. Although the impulses push the
pendulum in the same direction at each release of the anchor, the anchor shape ensures that
they are slightly different in magnitude.

It can be shown that the system will settle into steady oscillations of fixed amplitude inde-
pendently of sporadic disturbance and of initial conditions. If the pendulum is swinging with
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_ Anchor
A

Escape wheel

Pendulum

Figure 1.26 The driving mechanism (escapement) of weight-driven pendulum clock.

Limit cycle
Impulses

\ 0

Figure 1.27 Phase diagram for a damped impulse-driven oscillator model for a pendulum clock.

too great an amplitude, its loss of energy per cycle due to friction is large, and the impulse
supplied by the escapement is insufficient to offset this. The amplitude consequently decreases.
If the amplitude is too small, the frictional loss is small; the impulses will over-compensate and
the amplitude will build up. A balanced state is therefore approached, which appears in the
0, 6 plane (Fig. 1.27) as an isolated closed curve C. Such an isolated periodic oscillation, or
limit cycle (see Section 1.5) can occur only in systems described by nonlinear equations, and
the following simple model shows where the nonlinearity is located.
The motion can be approximated by the equation

16 + k6 +c6 = f(6,0), (1.61)

where [ is the moment of inertia of the pendulum, & is a small damping constant, c is another
constant determined by gravity, 0 is the angular displacement, and f(6,60) is the moment,
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supplied twice per cycle by the escapement mechanism. The moment f (), 6) will be a nonlinear
function in 6 and 6. The model function

£0,60) = 3[(k1 + k) + (k1 — k2) sgn(6)18(6),

where §(0) is the Dirac delta, or impulse, function, and k1, k are positive constraints, delivers
impulses to the pendulum when & = 0. If § > 0, then f(6,0) = k18(0), and if § < 0, then
£(8,60) = k28(0). The pendulum will be driven to overcome damping if k» > k1. The pendulum
clock was introduced by Huyghens in 1656. The accurate timekeeping of the pendulum rep-
resented a great advance in clock design over the earlier weight-driven clocks (see Baker and
Blackburn (2005)).

Such an oscillation, generated by an energy source whose input is not regulated externally,
but which automatically synchronizes with the existing oscillation, is called a self-excited
oscillation. Here the build-up is limited by the friction.

Exercise 1.7

A smooth wire has the shape of a cycloid given parametrically by x =a(¢ + sin¢),
y=a(l —cos¢), (—7 < ¢ < m). A bead is released from rest where ¢ = ¢g. Using
conservation of energy confirm that

72 21 o2 1l 21
ag” cos” 53¢ = g(sin” 3o — sin” 5¢).

Hence show that the period of oscillation of the bead is 47 ,/(a/g) (i.e., independent of ¢y).
This is known as the tautochrone.

1.7 Parameter-dependent conservative systems

Suppose x(1) satisfies
= fr, ) (1.62)

where A is a parameter. The equilibrium points of the system are given by f(x,A) = 0, and in
general their location will depend on the parameter A. In mechanical terms, for a particle of
unit mass with displacement x, f (x, 1) represents the force experienced by the particle. Define
a function V(x, 1) such that f(x,1) = —3V/dx for each value of A; then V(x, 1) is the potential
energy per unit mass of the equivalent mechanical system and equilibrium points correspond to
stationary values of the potential energy. As indicated in Section 1.3, we expect a minimum of
potential energy to correspond to a stable equilibrium point, and other stationary values (the
maximum and point of inflexion) to be unstable. In fact, V is a minimum at x = x; if 3V/dx
changes from negative to positive on passing through x1; this implies that f(x, A) changes sign
from positive to negative as x increases through x = xj. It acts as a restoring force.
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Figure 1.28 Representative stability diagram showing stability curves for the equilibrium points of ¥ = f(x, ).

There exists a simple graphical method of displaying the stability of equilibrium points for a
parameter-dependent system, in which both the number and stability of equilibrium points may
vary with A. We assume f(x, ) to be continuous in both x and A. Plot the curve f(x,1) =0
in the A, x plane; this curve represents the equilibrium points. Shade the domains in which
f(x,2) > 0 as shown in Fig. 1.28: If a segment of the curve has shading below it, the corre-
sponding equilibrium points are stable, since for fixed A, f changes from positive to negative
as x increases.

The solid line between A and B corresponds to stable equilibrium points. A and B are
unstable: C is also unstable since f is positive on both sides of C. The nature of the equilibrium
points for a given value of A can easily be read from the figure; for example when A = Ag
as shown, the system has three equilibrium points, two of which are stable. A, B and C are
known as bifurcation points. As A varies through such points the equilibrium point may split
into two or more, or several equilibrium points may merge into a single one. More information
on bifurcation can be found in Chapter 12.

Example 1.12 A bead slides on a smooth circular wire of radius a which is constrained to rotate about a
vertical diameter with constant angular velocity w. Analyse the stability of the bead.

The bead has a velocity component af tangential to the wire and a component awsin 6 perpendicular to the
wire, where 6 is the inclination of the radius to the bead to the downward vertical as shown in Fig. 1.29. The
kinetic energy 7 and potential energy V are given by

T = %maz(éz + w? sin? 0), V= —mgacosf.

Since the system is subject to a moving constraint (that is, the angular velocity of the wire is imposed), the usual
energy equation does not hold. Lagrange’s equation for the system is

d (TN _oT _ 9V
dr \ 96 a0 a0’
which gives

2

abl = aw” sin 6 cosH — g sin 6.
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Figure 1.29 Bead on a rotating wire.

Set aw?/g = A. Then
] édé in@(hcosd — 1)
ad = ab— = gsinf(Acosf —
do

which, after integration, becomes
%aéz =g(1—- %Acos@) cos6 + C,

the equation of the phase paths.
In the notation of eqn (1.62), we have from (i):

gsinf(rcosf — 1)
, .

f,0) =

The equilibrium points are given by f(6,1) = 0, which is satisfied when sin6 = 0 or cos# = »~!. From the
periodicity of the problem, 8§ = 7w and # = —r correspond to the same state of the system.

The regions where f < 0 and f > 0 are separated by curves where f = 0, and can be located, therefore,
by checking the sign at particular points; for example, f(%rr, 1) = —g/a < 0. Figure 1.30 shows the stable
and unstable equilibrium positions of the bead. The point A is a bifurcation point, and the equilibrium there
is stable. It is known as a pitchfork bifurcation because of its shape.

Phase diagrams for the system may be constructed as in Section 1.3 for fixed values of 1. Two possibilities
are shown in Fig. 1.31. Note that they confirm the stability predictions of Fig. 1.30. )

Exercise 1.8
Sketch the stability diagram for the parameter-dependent equation

F=23 422 -

and discuss the stability of the equilibrium points.
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Figure 1.31 Typical phase diagrams for the rotating bead equation § = (g/a)sin#(kcos# — 1) for the cases (a)
A < 0; (b) A > 0, with @ = g in both cases.

1.8 Graphical representation of solutions

Solutions and phase paths of the system
x =y, y=f(x,y)

can be represented graphically in a number of ways. As we have seen, the solutions of dy/dx =
f(x,y)/y can be displayed as paths in the phase plane (x, y). Different ways of viewing paths
and solutions of the pendulum equation ¥ = —sinx are shown in Fig. 1.32. Figure 1.32(a)
shows typical phase paths including separatrices.



1.8 Graphical representation of solutions

(a) (b)

y
CW
:\—/
~
~
N G,
A Y
Gy \w//x P
P
VRN
Ve Y
s,
,
_/\

e
AN RVAVA

~ y

(©)

t1  Equilibrium

<< -

Figure 1.32 Different views of solutions of the pendulum equation ¥ + sinx = 0. In particular, the periodic solution
L, and a whirling solution £,, are shown (a) in the phase plane; (b) as an (x, ) solution; (c) in the solution space
(x,y,1); (d) on a cylindrical phase surface which can be used for differential equations periodic in x.

If the solutions of X = f(x, x) are known, either exactly or numerically, then the behaviour
of x in terms of r can be shown in an (x,r) graph as in Fig. 1.32(b) for a periodic solution of
the pendulum. Alternatively time (r) can be added as a third axis to the phase plane, so that
solutions can be plotted parametrically as (x(¢), y(¢), ) in three dimensions: solutions of the
pendulum equation are shown in Fig. 1.32(c). This representation is particularly appropriate
for the general phase plane (Chapter 2) and for forced systems.

If f(x,x) is periodic in x, that is if there exists a number C such that f(x + C,x) = f(x,x)
for all x, then phase paths on any x-interval of length C are repeated on any prior or succeeding
intervals of length C. Hence solutions can be wrapped round a cylinder of circumference C.
Figure 1.32(d) shows the phase paths in Fig. 1.32(a) plotted on to the cylinder, the x-axis now
being wrapped round the cylinder.

Exercise 1.9

Sketch phase paths and solution of the damped oscillations
D F+2%4+2x =0, ()% —3%+2x=0,

as in Fig. 1.32(a)—(c).
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Problems
1.1 Locate the equilibrium points and sketch the phase diagrams in their neighbourhood for the following
equations:
(i) ¥ —kx =0.

(i) ¥ —8xx =0.

(iii) ¥ = k(x| > 1), ¥=0(x] <1).

(iv) ¥ +3x +2x =0.

(v) ¥ —4x +40x = 0.

(vi) ¥ +3|%|+2x =0.

(vii) X+ksgn(x)+csgn(x) = 0,c > k. Show that the path starting at (xg, 0) reaches ((c—k)zxo/(c—l—k)z, 0)
after one circuit of the origin. Deduce that the origin is a spiral point.

(viil) X + xsgn(x) = 0.

3

1.2 Sketch the phase diagram for the equation ¥ = —x — ax”, considering all values of «. Check the stability

of the equilibrium points by the method of Section 1.7.

1.3 A certain dynamical system is governed by the equation ¥ + %2 + x = 0. Show that the origin is a centre in
the phase plane, and that the open and closed paths are separated by the path 2y% = 1 — 2x.

1.4 Sketch the phase diagrams for the equation X +e* =a, fora <0, a=0, and a > 0.

1.5 Sketch the phase diagram for the equation X —e* =a, fora <0, a = 0,and a > 0.

1.6 The potential energy V(x) of a conservative system is continuous, and is strictly increasing for x < —1,
zero for |x| < 1, and strictly decreasing for x > 1. Locate the equilibrium points and sketch the phase
diagram for the system.

1.7 Figure 1.33 shows a pendulum striking an inclined wall. Sketch the phase diagram of this ‘impact oscillator’,
for a positive and a negative, when (i) there is no loss of energy at impact, (ii) the magnitude of the velocity
is halved on impact.

Inclined wall
Figure 1.33 Impact pendulum.

1.8 Show that the time elapsed, T, along a phase path C of the system x = y,y = f(x,y) is given, in a form
alternative to (1.13), by

T = /C(y2 + fH2 ds,

where ds is an element of distance along C.
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1.10
1.11

1.12

1.13

1.14

1.15

1.16

1.17 A pendulum of length a has a bob of mass m which is subject to a horizontal force mw

Problems

By writing 8s ~ (y2 + f2)1/25¢, indicate, very roughly, equal time intervals along the phase paths of the
system x =y, y = 2x.

On the phase diagram for the equation ¥ + x = 0, the phase paths are circles. Use (1.13) in the form
8t >~ 8x/y to indicate, roughly, equal time steps along several phase paths.

Repeat Problem 1.9 for the equation ¥ + 9x = 0, in which the phase paths are ellipses.

The pendulum equation, 4+ sin x = 0, can be approximated for moderate amplitudes by the equation
¥4 o — %x3) = 0. Sketch the phase diagram for the latter equation, and explain the differences
between it and Fig. 1.2.

The displacement, x, of a spring-mounted mass under the action of Coulomb dry friction is assumed to
satisfy m¥ + cx = —F( sgn(x), where m, ¢, and F are positive constants (Section 1.6). The motion starts
att = 0, with x = xy > 3Fy/c and ¥ = 0. Subsequently, whenever x = —a, where 2Fy/c —xg < —a <0
and x > 0, a trigger operates, to increase suddenly the forward velocity so that the kinetic energy increases
by a constant amount E. Show that if E > 8F§ /c, a periodic motion exists, and show that the largest
value of x in the periodic motion is equal to Fy/c + E/4Fy.

In Problem 1.12, suppose that the energy is increased by E at x = —a for both ¥ < 0 and ¥ > 0; that
is, there are two injections of energy per cycle. Show that periodic motion is possible if £ > 6Fg/c, and
find the amplitude of the oscillation.

The “friction pendulum’ consists of a pendulum attached to a sleeve, which embraces a close-fitting
cylinder (Fig. 1.34). The cylinder is turned at a constant rate . The sleeve is subject to Coulomb dry
friction through the couple G = —Fyy sgn(6 —2). Write down the equation of motion, find the equilibrium
states, and sketch the phase diagram.

Figure 1.34 Friction-driven pendulum.

By plotting the ‘potential energy’ of the nonlinear conservative system ¥ = x* — x2, construct the phase

diagram of the system. A particular path has the initial conditions x = %, x =0atr = 0. Is the subsequent
motion periodic?

The system X +x = —F sgn(x), Fg > 0, has the initial conditions x = x¢ > 0,% = 0. Show that the phase
path will spiral exactly n times before entering equilibrium (Section 1.6) if (4n —1)Fy < xg < (4n+1)Fy.

24 sin 0, where 6

is the inclination to the downward vertical. Show that the equation of motion is § = w?(cos6 — A)sin 6,
where 1 = g/w*a. Investigate the stability of the equilibrium states by the method of Section 1.7 for
parameter-dependent systems. Sketch the phase diagrams for various A.
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Investigate the stability of the equilibrium points of the parameter-dependent system ¥ = (x — 1) (x% — A).

If a bead slides on a smooth parabolic wire rotating with constant angular velocity w about a vertical
axis, then the distance x of the particle from the axis of rotation satisfies (1 +x2)% 4 (g — w* + 2)x = 0.
Analyse the motion of the bead in the phase plane.

A particle is attached to a fixed point O on a smooth horizontal plane by an elastic string. When
unstretched, the length of the string is 2a. The equation of motion of the particle, which is constrained
to move on a straight line through 0, is

X =—x+asgn(x), |x|> a(when the string is stretched),

X =0 |x| <a (when the string is slack),

x being the displacement from 0. Find the equilibrium points and the equations of the phase paths, and
sketch the phase diagram.

The equation of motion of a conservative system is X+ g(x) = 0, where g(0) = 0, g(x) is strictly increasing
for all x, and

/0 gw)du — oo as x — Foo0. (a)

Show that the motion is always periodic.
By considering g(x) = xe_xz, show that if (a) does not hold, the motions are not all necessarily
periodic.

The wave function u(x, 1) satisfies the partial differential equation

a2u ou

tal 4 pd 2 =0

— ta— u — =

ox2 " Yox Yor =5

where a, 8, and y are positive constants. Show that there exist travelling wave solutions of the form
u(x,t) = U(x — ct) for any ¢, where U(¢) satisfies

d2u

du ;
dgiz‘f‘(ot—)/c)aﬂ-ﬂU —O

Using Problem 1.21, show that when ¢ = «a/y, all such waves are periodic.

The linear oscillator ¥ + x + x = 0 is set in motion with initial conditions x = 0, X = v, at t = 0. After
the first and each subsequent cycle the kinetic energy is instantaneously increased by a constant, E, in
such a manner as to increase x. Show that if E = %vz(l - 64”/*/3), a periodic motion occurs. Find the

maximum value of x in a cycle.
Show how phase paths of Problem 1.23 having arbitrary initial conditions spiral on to a limit cycle.
Sketch the phase diagram.
The kinetic energy, 7, and the potential energy, V, of a system with one degree of freedom are
given by
T =To(x) + iTi(x) + 2T (x), V=V(x).

Use Lagrange’s equation

d [T T Y

dr \ 9x ax  ax
to obtain the equation of motion of the system. Show that the equilibrium points are stationary points
of Ty(x) — V(x), and that the phase paths are given by the energy equation

Tz(x))'c2 — To(x) + V(x) = constant.



Problems
1.26 Sketch the phase diagram for the equation ¥ = — f (x + x), where
fo, u>c,

f(u) = fOM/Ca |u| <c,

_fO’ u=<-—c,

where fj, ¢ are constants, fy > 0, and ¢ > 0. How does the system behave as ¢ — 0?
1.27 Sketch the phase diagram for the equation ¥ = u, where

U= —sgn<\/2|x|l/2sgn(x) + x)

(u is an elementary control variable which can switch between +1 and —1. The curve /2|x|1/2

sgn(x)+y =
0 is called the switching curve.)

1.28 The relativistic equation for an oscillator is
i { mox
di [VI1 = /)]

where mg, c, and k are positive constants. Show that the phase paths are given by

}+kx=0, x| < ¢

2
S e — + Lrx? = constant.
JI = (y/e)?] 2

If y = 0 when x = a, show that the period, T, of an oscillation is given by

T_i/‘“ [1+e(@?® — x2)]dx . k
T eve Jo V@2 = x2) /12 4 e(@? —x2)]’ B 2mge?’

The constant ¢ is small; by expanding the integrand in powers of & show that

ra Y2 (L N 351/2(12) ,

c e1/2 7 8

1.29 A mass m is attached to the mid-point of an elastic string of length 2a and stiffness A (Fig. 1.35). There

is no gravity acting, and the tension is zero in the equilibrium position. Obtain the equation of motion
for transverse oscillations and sketch the phase paths.

Figure 1.35 Transverse oscillations.

1.30 The system ¥ + x = F(vg — x) is subject to the friction law

1, u>e,
Fu)=13u/e, —e<u<e,
-1, u<-—s,

where u = vy — x is the slip velocity and vy > ¢ > 0. Find explicit equations for the phase paths in
the (x,y = x) plane. Compute a phase diagram for ¢ = 0.2,vy = 1 (say). Explain using the phase
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diagram that the equilibrium point at (1,0) is a centre, and that all paths which start outside the circle
x—1%+ y2 = (vyg — )2 eventually approach this circle.
1.31 The system X + x = F(x) where

kx +1, X < v,
F@) =4 0, x = vp,
—kx —1, x> vg,

and k > 0, is a possible model for Coulomb dry friction with damping. If k < 2, show that the equilibrium

point is an unstable spiral. Compute the phase paths for, say, k =0.5, vy = 1. Using the phase diagram
discuss the motion of the system, and describe the limit cycle.

1.32 A pendulum with a magnetic bob oscillates in a vertical plane over a magnet, which repels the bob
according to the inverse square law, so that the equation of motion is (Fig. 1.36)

ma* = —mgasin® + Fhsin ¢,

M,

Magnet

Figure 1.36 Magnetically repelled pendulum.

where h > a and F = ¢/(a® + h* — 2ah cos6) and c is a constant. Find the equilibrium positions of the
bob, and classify them as centres and saddle points according to the parameters of the problem. Describe
the motion of the pendulum.

1.33 A pendulum with equation X + sinx = 0 oscillates with amplitude a. Show that its period, 7', is equal to
4K (B), where g = sin? %a and

/2 d¢
V(1 = Bsin® ¢)

The function K (8) has the power series representation

K(p) =

2 2
K(p)=in [1+(%) p+(53) ﬂ2+-~-], 1B < 1.
Deduce that, for small amplitudes,

_ 1 2 11 4 6
T_271(1+Ea + 3hdya )+0(a ).
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1.37
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Problems

Repeat Problem 1.33 with the equation X + x — ex3 =0 (¢ > 0), and show that

ca?) ’ T2 —ea?’

Ja-

T =

and that
T =2m (1 + %saz + %sza“) + 0(83(16),

as ea? — 0.

Show the equation of the form ¥ + g(x))'c2 + h(x) = 0 are effectively conservative. (Find a transformation
of x which puts the equations into the usual conservative form. Compare with eqn (1.59).)

Sketch the phase diagrams of the following: (i) x =y, y=0, (ii) x =y, y=1, (iii) X =y, y=y.

Show that the phase plane for the equation ¥ — exx + x = 0 has a centre at the origin, by finding the
equation of the phase paths.

Show that the equation ¥ + x + ex3 =0 (e > 0) with x(0) = a,x(0) = 0 has phase paths given by

2 +x2 + %ax4 = (1 + %eaz)az.

Show that the origin is a centre. Are all phase paths closed, and hence all solutions periodic?

Locate the equilibrium points of the equation X + A + x> — x = 0, in the x, A plane. Show that the phase
paths are given by

%)&2 + Ax + %)\x“ — %xz = constant.

Investigate the stability of the equilibrium points.

Burgers’ equation

0 39 _ 3¢

o 0% T Con2
shows diffusion and nonlinear effects in fluid mechanics (see Logan (1994)). Find the equation for per-
manent waves by putting ¢ (x,1) = U(x — ct), where c is the constant wave speed. Find the equilibrium

points and the phase paths for the resulting equation and interpret the phase diagram.

A uniform rod of mass m and length L is smoothly pivoted at one end and held in a vertical position
of equilibrium by two unstretched horizontal springs, each of stiffness k, attached to the other end as
shown in Fig. 1.37. The rod is free to oscillate in a vertical plane through the springs and the rod. Find
the potential energy V() of the system when the rod is inclined at an angle 6 to the upward vertical. For

k k

o

o Hinge

Figure 1.37 Spring restrained inverted pendulum.
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small 6 confirm that
V() ~ (kL — 1mg)L6>.

Sketch the phase diagram for small |#|, and discuss the stability of this inverted pendulum.

Two stars, each with gravitational mass u, are orbiting each other under their mutual gravitational forces
in such a way that their orbits are circles of radius a. A satellite of relatively negligible mass is moving on a
straight line through the mass centre G such that the line is perpendicular to the plane of the mutual orbits
of this binary system. Explain why the satellite will continue to move on this line. If z is the displacement
of the satellite from G, show that

_ 2uz

T @+
Obtain the equations of the phase paths. What type of equilibrium point is z = 0?

A long wire is bent into the shape of a smooth curve with equation z = f(x) in a fixed vertical (x, z) plane
(assume that f/(x) and f”(x) are continuous). A bead of mass m can slide on the wire: assume friction is
negligible. Find the kinetic and potential energies of the bead, and write down the equation of the phase
paths. Explain why the method of Section 1.3 concerning the phase diagrams for stationary values of the
potential energy still holds.

In the previous problem suppose that friction between the bead and the wire is included. Assume linear
damping in which motion is opposed by a frictional force proportional (factor k) to the velocity. Show
that the equation of motion of the bead is given by

m(1+ /@))% +mf" ()i +ki(1+ f'@)?) + mgf'(x) =0,

where m is its mass.

Suppose that the wire has the parabolic shape given by z = x2 and that dimensions are chosen so that
k = m and g = 1. Compute the phase diagram in the neighbourhood of the origin, and explain general
features of the diagram near and further away from the origin. (Further theory and experimental work
on motion on tracks can be found in the book by Virgin (2000).)



Plane autonomous
systems and linearization

Chapter 1 describes the application of phase-plane methods to the equation ¥ = f (x, x) through
the equivalent first-order system x =y, y = f(x,y). This approach permits a useful line of
argument based on a mechanical interpretation of the original equation. Frequently, however,
the appropriate formulation of mechanical, biological, and geometrical problems is not through
a second-order equation at all, but directly as a more general type of first-order system of the
form x = X(x,y), y = Y(x,y). The appearance of these equations is an invitation to construct
a phase plane with x, y coordinates in which solutions are represented by curves (x(¢), y(r))
where x(t), y(¢) are the solutions. The constant solutions are represented by equilibrium points
obtained by solving the equations X (x, y) = 0, Y (x, y) = 0, and these may now occur anywhere
in the plane. Near the equilibrium points we may make a linear approximation to X(x,y),
Y (x, y), solve the simpler equations obtained, and so determine the local character of the paths.
This enables the stability of the equilibrium states to be settled and is a starting point for global
investigations of the solutions.

2.1 The general phase plane

Consider the general autonomous first-order system

x:X(x:y)) y:Y(X,y) (21)

of which the type considered in Chapter 1,

)'c=y, y:f(xa)/)a

is a special case. Assume that the functions X (x,y) and Y (x,y) are smooth enough to make
the system regular (see Appendix A) in the region of interest. As in Section 1.2, the system is
called autonomous because the time variable r does not appear in the right-hand side of (2.1).
We shall give examples later of how such systems arise.
The solutions x(7), y(t) of (2.1) may be represented on a plane with Cartesian axes x, y.
Then as ¢ increases (x(t), y(¢)) traces out a directed curve in the plane called a phase path.
The appropriate form for the initial conditions of (2.1) is

X =Xx0, Y=Y att =ty (2.2)

where x¢ and yg are the initial values at time f9; by the existence and uniqueness theorem
(Appendix A) there is one and only one solution satisfying this condition when (xg, yo) is an
‘ordinary point’. This does not at once mean that there is one and only one phase path through
the point (xg, yp) on the phase diagram, because this same point could serve as the initial
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conditions for other starting times. Therefore it might seem that other phase paths through
the same point could result: the phase diagram would then be a tangle of criss-crossed curves.
We may see that this is not so by forming the differential equation for the phase paths. Since
y/x = dy/dx on a path the required equation is

dy  Y(x,y)

o= XYooy (2.3)

Equation (2.3) does not give any indication of the direction to be associated with a phase
path for increasing r. This must be settled by reference to eqns (2.1). The signs of X and Y at
any particular point determine the direction through the point, and generally the directions at
all other points can be settled by the requirement of continuity of direction of adjacent paths.

The diagram depicting the phase paths is called the phase diagram. A typical point (x, y) is
called a state of the system, as before. The phase diagram shows the evolution of the states of
the system, starting from arbitrary initial states.

Points where the right-hand side of (2.3) satisfy the conditions for regularity (Appendix A)
are called the ordinary points of (2.3). There is one and only one phase path through any
ordinary point (xg, yp), no matter at what time ¢y the point (xg, yo) is encountered. Therefore
infinitely many solutions of (2.1), differing only by time displacements, produce the same
phase path.

However, eqn (2.3) may have singular points where the conditions for regularity do not hold,
even though the time equations (2.1) have no peculiarity there. Such singular points occur where
X (x,y) = 0. Points where X (x, y) and Y (x, y) are both zero,

X(xay):Oa Y(xay)=0 (24)
are called equilibrium points. If x1, y1 is a solution of (2.4), then

x(t) = x1, y®) =n

are constant solutions of (2.1), and are degenerate phase paths. The term fixed point is
also used.

Since dy/dx = Y(x,y)/X(x,y) is the differential equation of the phase paths, phase paths
which cut the curve defined by the equation Y (x,y) = c¢X (x, y) will do so with the same slope
c: such curves are known as isoclines. The two particular isoclines Y (x,y) = 0, which paths
cut with zero slope, and X (x, y) = 0, which paths cut with infinite slope, are helpful in phase
diagram sketching. The points where these isoclines intersect define the equilibrium points.
Between the isoclines, X (x, y) and Y (x, y) must each be of one sign. For example, in a region
in the (x,y) plane in which X(x,y) > 0 and Y (x,y) > 0, the phase paths must have positive
slopes. This will also be the case if X(x,y) < 0and Y (x,y) < 0. Similarly, if X (x, y) and Y (x, y)
have opposite signs in a region, then the phase paths must have negative slopes.

Example 2.1 Locate the equilibrium points, and sketch the phase paths of

i=y1-x?, y=-x1-)y.



2.1 The general phase plane

The equilibrium points occur at the simultaneous solutions of

ya-xH=0, x(1-yH=0
The solutions of these equations are, respectively, x = +1, y = 0 and x = 0, y = %1, so that there are five
solution pairs, (0,0), (1,1),(1,—1),(—1,1) and (—1, —1) which are equilibrium points.

The phase paths satisfy the differential equation

dy _ x(1—y?
dr oy -x2)

which is a first-order separable equation. Hence

_/ xdx _/' ydy
1—x2 1—y2’

so that
It - =-dmit -2 +c,
which is equivalent to
a- xz)(l — yz) = A, a constant,
(the modulus signs are no longer necessary). Notice that there are special solutions along the lines x = 1 and

y = £1 where A = 0. These solutions and the locations of the equilibrium points help us to plot the phase
diagram, which is shown in Fig. 2.1. Paths cross the axis x = 0 with zero slope, and paths cross y = 0 with

Figure 2.1 Phase diagram for x = y(1 —x?);y = —x(1 — y?); the dashed lines are isoclines of zero slope and infinite
slope.

infinite slope. The directions of the paths may be found by continuity, starting at the point (0, 1), say, where
x > 0, and the phase path therefore runs from left to right. ()
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(a) y (b) y

ARWY x
L

N

Figure 2.2 Phase diagrams for (a) x = y,y = —x; (b) £ = xy, y = —x2.

Example 2.2  Compare the phase diagrams of the systems
(@ x=y,y=—x; (b) x =xy,y = —x*.
The equation for the paths is the same for both, namely

dy  «x

dr — y

(strictly, for y # 0, and for x # 0 in the second case), giving a family of circles in both cases (Fig. 2.2).
However, in case (a) there is an equilibrium point only at the origin, but in case (b) every point on the y axis is
an equilibrium point. The directions, too, are different. By considering the signs of x, y in the various quadrants
the phase diagram of Fig. 2.2(b) is produced. )

A second-order differential equation can be reduced to the general form (2.1) in an arbi-

trary number of ways, and this occasionally has advantages akin to changing the variable to

simplify a differential equation. For example the straightforward reduction x = y applied to

x¥ — %% — x3 = 0 leads to the system

i=y,  y=2 4x2 (2.5)
Suppose, instead of y, we use another variable y; given by y1(¢) = x(¢)/x(¢), so that
X =xy1. (2.6)

Then from (2.6) X = xy; +xy1 = xy1 + xy% (using (2.6) again). But from the differential
equation, ¥ = (i2/x) + x% = xyf + x2. Therefore,

1 = x. (2.7)

The pair of eqns (2.6) and (2.7) provide a representation alternative to (2.5). The phase diagram
using x, y; will, of course, be different in appearance from the x, y diagram.
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Returning to the general equation (2.1), the time T elapsing along a segment C of a phase
path connecting two states (compare Fig. 1.4(a) and eqn (1.13)) is given by

dx\ 7! /dx dx
=L [(@) (@) Lxs 9

Alternatively, let ds be a length element of C. Then ds? = dx? + dy? on the path, and

ds\ ™! (ds ds
T:/C(E) (E> a= [ Gy (2.9)

The integrals above depend only on X and Y and the geometry of the phase path; therefore the
time scale is implicit in the phase diagram. Closed paths represent periodic solutions.

Exercise 2.1
Locate all equilibrium points of X = cos y, y = sin x. Find the equation of all phase paths.

2.2 Some population models

In the following examples systems of the type (2.1) arise naturally. Further examples from
biology can be found in Pielou (1969), Rosen (1973) and Strogatz (1994).

Example 2.3 A predator—prey problem (Volterra’s model)

In a lake there are two species of fish: A, which lives on plants of which there is a plentiful supply, and B
(the predator) which subsists by eating A (the prey). We shall construct a crude model for the interaction of A
and B.

Let x(¢) be the population of A and y(¢) that of B. We assume that A is relatively long-lived and rapidly
breeding if left alone. Then in time 8¢ there is a population increase given by

axét, a>0
due to births and ‘natural’ deaths, and ‘negative increase’
g
—cxyét, ¢ >0

owing to A’s being eaten by B (the number being eaten in this time being assumed proportional to the number
of encounters between A and B). The net population increase of A, éx, is given by

dx = ax8t — cxydt,
so that in the limit §r — 0
X = ax — cxy. (2.10)

Assume that, in the absence of prey, the starvation rate of B predominates over the birth rate, but that the
compensating growth of B is again proportional to the number of encounters with A. This gives

y = —by+xyd (2.11)
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with b > 0,d > 0. Equations (2.10) and (2.11) are a pair of simultaneous nonlinear equations of the form
(2.1).
We now plot the phase diagram in the x, y plane. Only the quadrant

x >0, y>0
is of interest. The equilibrium points are where
X(x,y)=ax —cxy =0, Y(x,y) = —by + xyd = 0;
that is at (0, 0) and (b/d,a/c). The phase paths are given by dy/dx =Y /X, or
dy  (=b+xd)y

dx = @—cyx’

which is a separable equation leading to

/(a—cy) dy=/ (=b+ xd) dr.
y X

or
alog.y +blog.x —cy —xd =C, (2.12)

where C is an arbitrary constant, the parameter of the family. Writing (2.12) in the form (alog. y — cy) +
(bloge.x — xd) = C, the result of Problem 2.25 shows that this is a system of closed curves centred on the
equilibrium point (b/d, a/c).

Figure 2.3 shows the phase paths for a particular case. The direction on the paths can be obtained from
the sign of X at a single point, even on y = 0. This determines the directions at all points by continuity. From
(2.11) and (2.10) the isoclines of zero slope occur on y = 0, that is, on the lines y = 0 and y = xd /b, and those
of infinite slope on x = 0, that is, on the lines x = 0 and y = ax/c.

Since the paths are closed, the fluctuations of x(¢) and y(¢), starting from any initial population, are periodic,
the maximum population of A being about a quarter of a period behind the maximum population of B. As
A gets eaten, causing B to thrive, the population x of A is reduced, causing eventually a drop in that of B.
The shortage of predators then leads to a resurgence of A and the cycle starts again. A sudden change in state

Predator

b/d, a/c)

e >

Prey

Figure 2.3 Typical phase diagram for the predator—prey model.
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due to external causes, such as a bad season for the plants, puts the state on to another closed curve, but no
tendency to an equilibrium population, nor for the population to disappear, is predicted. If we expect such a
tendency, then we must construct a different model (see Problems 2.12 and 2.13). ®

Example 2.4 A general epidemic model
Consider the spread of a non-fatal disease in a population which is assumed to have constant size over the
period of the epidemic. At time ¢ suppose the population consists of

x (1) susceptibles: those so far uninfected and therefore liable to infection;

y(t) infectives: those who have the disease and are still at large;

z(t) who are isolated, or who have recovered and are therefore immune.
Assume there is a steady contact rate between susceptibles and infectives and that a constant proportion of
these contacts result in transmission. Then in time 8¢, §x of the susceptibles become infective, where

dx = —Bxydt,

and B is a positive constant.
If y > 0 is the rate at which current infectives become isolated, then

8y = Bxydt — yyét.

The number of new isolates 3z is given by
8z = yyét.
Now let §t — 0. Then the system
X=—pxy, y=pxy—yy, 1=y, (2.13)

with suitable initial conditions, determines the progress of the disease. Note that the result of adding the
equations is

%(x +y+2) =05

that is to say, the assumption of a constant population is built into the model. x and y are defined by the first
two equations in (2.13). With the restriction x > 0, y > 0, equilibrium occurs for y = 0 (all x > 0). The
analysis of this problem in the phase plane is left as an exercise (Problem 2.29). [

We shall instead look in detail at a more complicated epidemic:

Example 2.5 Recurrent epidemic

Suppose that the problem is as before, except that the stock of susceptibles x () is being added to at a constant
rate ¢ per unit time. This condition could be the result of fresh births in the presence of a childhood disease
such as measles in the absence of vaccination. In order to balance the population in the simplest way we shall
assume that deaths occur naturally and only among the immune, that is, among the z(¢) older people most of
whom have had the disease. For a constant population the equations become

X =—Bxy+u, (2.14)
y=Bxy—vy, (2.15)
I=yy—u (2.16)

(note that (d/df)(x + y + z) = 0: the population size is steady).
Consider the variation of x and y, the active participants, represented on the x, y phase plane. We need only
(2.14) and (2.15), which show an equilibrium point (y /8, u/y).
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Instead of trying to solve the equation for the phase paths we shall try to get an idea of what the phase diagram
is like by forming linear approximations to the right-hand sides of (2.14), (2.15) in the neighbourhood of the
equilibrium point. Near the equilibrium point we write

x=y/B+E, y=pn/y+n

(£,n small) so that ¥ = & and y = 7. Retaining only the linear terms in the expansion of the right sides of
(2.14), (2.15), we obtain

- (217)
14
=Pl (2.18)
y

We are said to have linearized (2.14) and (2.15) near the equilibrium point. Elimination of & gives

yii + Bwn + (Buy)n = 0. (2.19)

This is the equation for the damped linear oscillator (Section 1.4), and we may compare (2.19) with eqn (1.36)
of Chapter 1, but it is necessary to remember that eqn (2.19) only holds as an approximation close to the
equilibrium point of (2.14) and (2.15). When the ‘damping’ is light (811/y% < 4) the phase path is a spiral.
Figure 2.4 shows some phase paths for a particular case. All starting conditions lead to the stable equilibrium
point E: this point is called the endemic state for the disease. ()

y

E:QB, 1/7)

o

Figure 2.4 Typical spiral phase paths for the recurrent epidemic.

Exercise 2.2
The populations x and y of two species satisfy the equations

i=x@B—-x-2y), y=y@8-2x-y), (x,y>0),

(after scaling). Find the equilibrium points of the system. Confirm that y = x is a phase path.
Sketch the phase diagram. What happens to the species in the cases with initial populations
(a)x=10,y=9,(b)x =9,y = 10?
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2.3 Linear approximation at equilibrium points

Approximation to a nonlinear system by linearizing it at near equilibrium point, as in the last
example, is a most important and generally useful technique. If the geometrical nature of the
equilibrium points can be settled in this way the broad character of the phase diagram often
becomes clear. Consider the system

Suppose that the equilibrium point to be studied has been moved to the origin by a translation
of axes, if necessary, so that

X(0,0) =Y(0,0) = 0.
We can therefore write, by a Taylor expansion,
X(x,y) =ax+by+ P(x,y),  Y(x,y)=cx+dy+Qx,y),

where

X X Y ayY
a= _(Oa 0)3 b= _(Oa 0)3 ¢ = _(Oa O)) d= _(Oa O) (221)
ox ay ax ay

and P(x,y), Q(x,y) are of lower order of magnitude than the linear terms as (x, y) approaches
the origin (0, 0). The linear approximation to (2.21) in the neighbourhood at the origin is
defined as the system

X =ax + by, y=cx +dy. (2.22)

We expect that the solutions of (2.22) will be geometrically similar to those of (2.20) near
the origin, an expectation fulfilled in most cases (but see Problem 2.7: a centre may be an
exception).

Over the next two sections we shall show how simple relations between the coefficients
a,b, c,d enable the equilibrium point of the system (2.22) to be classified.

Exercise 2.3
Find the linear approximations of

X =sin x + 2y, y=xy+3ye" +x

near the origin.
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2.4 The general solution of linear autonomous plane systems

The following two examples illustrate techniques for solving the system of linear differential
equations with constant coefficients:

X = ax + by, y=cx+dy (2.23)
for x (1), y(¢). They are followed by a more general treatment.
Example 2.6  Solve the differential equations
X=x-2y, y=-=3x+2y.

Look for two linearly independent solutions (that is, solutions which are not simply constant multiples of each

other) each of which takes the form of the pair
x =reM, y = se (i)

where r, s, A are certain constants. Suppose that the two solutions are (x1(¢), y1(¢)) and (x5 (¢), y2(2)); then the
general solution will be given by

x(t) = C1x1(1) + Coxp (1), y(t) = C1y1(t) + Caya(1). (ii)

To obtain the basic solutions, substitute (i) into the given differential equations. After cancelling the common
factor e* and rearranging the terms, we obtain the pair of algebraic equations for the three unknowns ,r,
and s:

A=Mr—25=0, —3r+Q@—n)s=0. (iif)

Regarding these as linear simultaneous equations for r and s, it is known that the determinant of the coefficients
must be zero, or else the only solution is r = 0,5 = 0. Therefore we require

1-x =2 ) _ _
det[ =30 ]_x —3—4=(—H0+1)=0.
There are two permissible values of A:

A=A1=4 and A=2i)=-1. (iv)

For each of these values in turn we have to solve (iii) for r and s:
The case . = A1 = 4. Equations (iii) become

—3r—2s =0, —3r—2s=0. (iv)

The equations are identical in this case; and in every case it turns out that one is simply a multiple of the other,
so that essentially the two equations become a single equation. Choose any nonzero solution of (iv), say

r=ry=-2, s=s51=3,
and we have found a solution having the form (i):
x(0) =x1(0) =-2e4,  y@©) =y (1) = 3", (v)
The case .. = .y = —1. Equations (iii) become

2r —2s =0, —3r+3s=0. (vi)
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These are both equivalent to r — s = 0. We take the simplest solution
r:rz:l, S=S2=1.
We now have as the second, independent solution of the differential equations:

xO=x0=¢c",  yO)=ypm=cl

(vii)
Finally, from (ii), (v), and (vii), the general solution is given by
x() = -2C1e" + e, y() =3C1eY 4+ Cre,

where Cq and Cj are arbitrary constants. [

In the following example the exponents A1 and A, are complex numbers.
Example 2.7 Obtain the general solution of the system
X=x4y, y=—-5x — 3y.
Proceed exactly as in Example 2.6. Substitute
x =reM, y = seM
into the differential equations specified, obtaining

a1-=Mr+s=0, —S5r—GB+x)s=0. (1)

There exist nonzero solutions (r, s) only if

det [1__5’\ N A] —3242+2=0. (i)
The permitted values of A are therefore
M=—14i, Jrr=-1-i (i)
These are complex numbers, and since (ii) is a quadratic equation, they are complex conjugate:
A= A1 (iv)
The case . = A1 = —1 + i. Equations (i) become
Q—-iyr+s=0, —Sr—2+4+1)s=0;

(as always, these equations are actually multiples of each other). A particular solution of the differential
equations associated with these is

xp(0) = eIy (1) = (=2 4 eI, (v)

The case . = hy = Aq. There is no need to rework the equations for r and s: eqn (i) shows that since 1y = A,
we may take

rn=r=1, §$H =85 =—-2—1
The corresponding solution of the differential equations is

0 =eTI 1) = (=2 — eI,
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(which are the complex conjugates of x1(r), y1 (t)). The general solution of the system is therefore
x(t) = Cle(_1+i)t + Cze(_l_i)',

i i (iv)
y()=C1(-2+ i)e(*1+1)f +Cy(=2— i)e(*lfl)t'

If we allow C1 and C; to be arbitrary complex numbers, then (vi) gives us all the real and complex solutions
of the equations. We are interested only in real solutions, but we must be sure that we extract all of them from
(vi). This is done by allowing C; to be arbitrary and complex, and requiring that

The terms on the right of eqn (vi) are then complex conjugate, so their sums are real; we obtain

x(t) = 2Re{Cle(71+i)t},
y(6) = 2Re[Cy (=2 4 De "1+,

By putting
2C1 =c1 +1c,
where c1 and ¢) are real arbitrary constants, we obtain the general real solution in the form

x(1) = e '(cq cost —cysint),

y(t) = —e H{(2c1 + ¢3) cost + (c1 — 2¢3) sint}. )

The general linear autonomous case is more manageable (particularly for higher order
systems) when the algebra is expressed in matrix form. Define the column vectors

C[x) N
¥ = [y(r)}’ () = [y‘(t)]'

The system to be solved is
X = ax + by, y=cx+dy,

which may be written as

i=Ax with A = [‘Cl Z] . (2.24)

We shall only consider cases where there is a single equilibrium point, at the origin, the condition
for this being
det A = ad — bc # 0. (2.25)

(If det A =0, then one of its rows is a multiple of the other, so that ax + by =0 (or cx +dy = 0)
consists of a line of equilibrium points.)



2.4 The general solution of linear autonomous plane systems

We seek a fundamental solution consisting of two linearly independent solutions of (2.24),
having the form

x1(t) = v, xa(r) = vpet?, (2.26)

where A1, Ay are constants, and v1, vy are constant vectors. It is known (see Chapter 8) that
the general solution is given by

x(t) = Cix1(t) + Carx2(1), (2.27)

where Cq and C; are arbitrary constants.
To determine Ay, v1, A2, vz in (2.26) substitute

x(t) = veM (2.28)
into the system equations (2.24). After cancelling the common factor e*, we obtain
Av = Av,
or
(A—ADv =0, (2.29)
where I is the identity matrix. If we put
v = m , (2.30)
eqn (2.29) represents the pair of scalar equations
(a—Mr+bs=0, cr+(d—X1s =0, (2.31)

for A,r,s.
It is known from algebraic theory that eqn (2.29) has nonzero solutions for v only if the
determinant of the matrix of the coefficients in eqns (2.31) is zero. Therefore

a— A b
det[ . /\] =0, (2.32)
or
A2 — (@ +d)x+ (ad — be) = 0. (2.33)

This is called the characteristic equation, and its solutions, A1 and A, the eigenvalues of the
matrix A, or the characteristic exponents for the problem. For the purpose of classifying the
solutions of the characteristic equation (2.33) it is convenient to use the following notations:

A — pr+q =0,
where

p=a-+d, q = ad — bc. (2.34)
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Also put
A= p?—4q. (2.35)
The eigenvalues A = A1 and A = A; are given by
M,y A= 1(p £ A, (2.36)

These are to be substituted successively into (2.31) to obtain corresponding values for the
constants r and s.

There are two main classes to be considered; when the eigenvalues are real and different, and
when they are complex. These cases are distinguished by the sign of the discriminant A (we
shall not consider the special case when A = 0). If A > 0 the eigenvalues are real, and if A < 0
they are complex. We assume also that g # 0 (see (2.25)).

Time solutions when A > 0,9 #0
In this case A1 and A, are real and distinct. When A = A1 eqns (2.31) for r and s become
(a— A)r +bs =0, cr + (d — A1)s = 0. (2.37)

Since the determinant (2.32) is zero, its rows are linearly dependent. Therefore one of these
eqns (2.37) is simply a multiple of the other; effectively we have only one equation connecting
rand s. Let r = r1, s = s1 be any (nonzero) solution of (2.37), and put (in line with (2.30))

v = [Zj £0. (2.38)

This is called an eigenvector of A corresponding to the eigenvalue A1. We have then obtained
one of the two basic time solutions having form (2.26).
This process is repeated starting with A = A, giving rise to an eigenvector

_|"
0= Lz] .
The general solution is then given by (2.27):

x(t) = CrvieM’ + Covpe™? (2.39)

in vector form, where C1 and C; are arbitrary constants.

Time solutions when A < 0,9 #0
In this case A1 and A2, obtained from (2.36), are complex, given by
Mm=3p+i=a)"? = a+ip,
f o . (2.40)
o =3p ==y =a —ip,

where o = %p and B = %(—A)l/2 are real numbers. Therefore A1 and A, are complex
conjugates.
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Obtain an eigenvector corresponding to A1 from (2.31),

S1

v=1v = [“] , (2.41)

exactly as before, where r1 and s1 are now complex. Since a,b,c,d are all real numbers, a
suitable eigenvector corresponding to Ay (= A1) is given by taking r, = rq,s2 = §1 as solutions

of (2.31):
V) =V = [;i] .

Therefore, two basic complex time solutions taking the form (2.26) are
vel@Hp) peleiB)N
where v is given by (2.41). The general (complex) solution of (2.24) is therefore
x(t) = Crve@ TP 4 Cypel* A1 (2.42)

where C1 and C, are arbitrary constants which are in general complex.
We are interested only in real solutions. These are included among those in (2.42); the
expression is real if and only if

Cy =Cy,
in which case the second term is the conjugate of the first, and we obtain
x(1) = 2Re{Cve@ Py,
or
x(1) = Re{Cve@HiP)1y (2.43)

where C(=2C1) is an arbitrary complex constant.

Exercise 2.4
Find the eigenvalues, eigenvectors and general solution of

x=—-4x+y, y=-2x—y

2.5 The phase paths of linear autonomous plane systems
For the system
X = ax + by, y=cx+dy, (2.44)

the general character of the phase paths can be obtained from the time solutions (2.39) and
(2.43). It might be thought that an easier approach would be to obtain the phase paths directly
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by solving their differential equation

dy ex+dy
dx  ax +by’

but the standard methods for solving these equations lead to implicit relations between x and
y which are difficult to interpret geometrically. If eqn (2.44) is a linear approximation near the
origin then the following phase diagrams will generally approximate to the phase diagram of
the nonlinear system. Linearization is an important tool in phase plane analysis.

The phase diagram patterns fall into three main classes depending on the eigenvalues, which
are the solutions A1, A, of the characteristic equation (2.34):

A2 —pr+q=0, (2.45)

with p =a +d and ¢ = ad — bc # 0. The three classes are

(A) A1, Ay real, distinct and having the same sign;
(B) A1, A2 real, distinct and having opposite signs;

(C) A1,A2 are complex conjugates.
These cases are now treated separately.

(A) The eigenvalues real, distinct, and having the same sign
Call the greater of the two eigenvalues A1, so that
A2 < Ap. (2.46)
In component form the general solution (2.39) for this case becomes
x(t) = Cirie! + Carze™?,  y(t) = Cs1eM + Casze™?, (2.47)

where C1,Cy are arbitrary constants and rq,s1 and r2,sy are constants obtained by solving
(2.37) with A =1 and A = A, respectively. From (2.47) we obtain also

dy 3 Cisire!’ + Cosanpe™?!

A 2.48
dx x  CiriieM? 4+ Carphper2! ( )
Suppose firstly that A1 and A are negative, so that
<A1 < 0. (2.49)
From (2.49) and (2.47), along any phase path
x and y approach the origin as r — oo,
; i (2.50)
x and y approach infinity as t — —o0.
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Also there are four radial phase paths, which lie along a pair of straight lines as follows:

ifcy =0, 2 =21
x "

. (2.51)
ifci=0, =2
X ry

From (2.48), the dominant terms being those involving e*’ for large positive ¢, and e*?’ for
large negative r, we obtain

dy 1
d_ — r_ ast — oo,

ron (2.52)
dy

§2
- — = ast — —oo.
dx r

Along with (2.50) and (2.51), this shows that every phase path is tangential to y = (s1/r1)x at
the origin, and approaches the direction of y = (s2/r2)x at infinity. The radial solutions (2.51)
are called asymptotes of the family of phase paths. These features can be seen in Fig. 2.5(a).

If the eigenvalues A1, A, are both positive, with A1 > A2 > 0, the phase diagram has similar
characteristics (Fig. 2.5(b)), but all the phase paths are directed outward, running from the
origin to infinity.

These patterns show a new feature called a node. Figure 2.5(a) shows a stable node and
Fig. 2.5(b) an unstable node. The conditions on the coefficients which correspond to these
cases are:

stable node: A = p2 —4¢g >0, ¢>0, p<0; .53
unstable node: A = p2—4¢ >0, ¢g=>0, p>0. .

Figure 2.5 (a) Stable node; (b) unstable node.
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(B) The eigenvalues are real, distinct, and of opposite signs

In this case
A <0< A,

and the solution (2.47) and the formulae (2.48) still apply. In the same way as before, we can
deduce that four of the paths are straight lines radiating from the origin, two of them lying
along each of the lines

o2 and 222 (2.54)
x X n
which are broken by the equilibrium point at the origin.

In this case however there are only two paths which approach the origin. From (2.47) it can
be seen that these are the straight-line paths which lie along y/x = s2/r3, obtained by putting
C1 = 0. The other pair of straight-line paths go to infinity as ¢ — 00, as do all the other paths.
Also, every path (except for the two which lie along y/x = s2/r») starts at infinity as t — —oo.
The pattern is like a family of hyperbolas together with its asymptotes, as illustrated in Fig. 2.6.

_5
Y=uX

/AN

W

_s
=2
V=7

Figure 2.6 Saddle point.

The equilibrium point at the origin is a saddle. From (2.45), the conditions on the coefficients
of the characteristic equation are

saddle point A = p> —4g >0, ¢ <0. (2.55)

A saddle is always unstable.
The following example illustrates certain short-cuts which are useful for cases when the
system coefficients a, b, ¢, d are given numerically.

Example 2.8 Sketch the phase diagram and obtain the time solutions of the system

X =3x -2y, y=35x—4y (1)
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The characteristic equation is A2 — pA + ¢ = 0, where p =a +d = —1 and g = ad — bc = —2. Therefore
WA -2=0=0—D(*+2),
so that
=1, dp=-2. (ii)

Since these are of opposite sign the origin is a saddle. (If all we had needed was the phase diagram, we could
have checked (2.55) instead:

g=-2<0 and p*—4g=9> 0;

but we need A1 and A, for the time solution.)
We know that the asymptotes are straight lines, and therefore have the form y = mx. We can find m by
substituting y = mx into the equation for the paths:

dy ex+dy  Sx—4y
dx ~ ax+by  3x-—-2y’

which implies that m = (5§ — 4m) /(3 — 2m). Therefore
2m2 —Tm+ 5 = 0,
from which m = % and 1, so the asymptotes are
y= %x and y=x. (iif)

The pattern of the phase diagram is therefore as sketched in Fig. 2.7. The directions may be found by continuity,
starting at any point. For example, at C: (1, 0), eqn (i) gives y = 5 >0, so the path through C follows the
direction of increasing y. This settles the directions of all other paths.

The general time solution of (i) is

x(t) = Clrle)‘lt + Czrze)‘zt = Clrlet + Czrze_Z’ (iv)
iv

y() = Clsle)‘lt + Czsze)‘zt = Cys1el + C2s2€_2t.
Yy
B’ A’
=3
y=x
P
0 c

7

A B

Figure 2.7 Saddle point of X = 3x — 2y, y = 5x — 4y.
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The paths B’O, BO correspond to solutions with C{ = 0, since they enter the origin as t — 0o. On these paths

y Czszefzt 52 5

X Come2 oy 2
from eqn (iii). Similarly, on OA and O A’
y_ 5

—=—=1.
x

We may therefore choose sy = r{ = 1, and s = 5, rp = 2. Putting these values into (iv) we obtain the general
solution

x(t) = Cre! +2Cye 2,

y(t) = Cre! +5Cre %,

where C1 and Cy are arbitrary constants. ®

(C) The eigenvalues are complex

Complex eigenvalues of real matrices always occur as complex conjugate pairs, so put
M=a+if, I =a—iB (a, B real). (2.56)
By separating the components of (2.43) we obtain for the general solution
x(t) = e¥Re{Crie'},  y(r) = e*'Re{Cs1e'}, (2.57)

where C, rq, and s1 are all complex in general.
Suppose firstly that o = 0. Put C, rq, s into polar form:

C=ICle”, r=]rle®, s1=]s1le".
Then (2.57), with o = 0, becomes
x(t) = |Clr1| cos(Br +y + p),  y(1) = |Clls1|cos(Bt + y + o). (2.58)

The motion of the representative point (x(¢), y(r)) in the phase plane consists of two simple
harmonic components of equal circular frequency B, in the x and y directions, but they have
different phase and amplitude. The phase paths therefore form a family of geometrically similar
ellipses which, in general, is inclined at a constant angle to the axes. (The construction is
similar to the case of elliptically polarized light; the proof involves eliminating cos(8¢ + y) and
sin(Bt + y) between the equations in (2.58).)

This case is illustrated in Fig. 2.8. The algebraic conditions corresponding to the centre at
the origin are

centre p =0, ¢ > 0. (2.59)



2.5 The phase paths of linear autonomous plane systems
y
ﬁ x

Figure 2.8 Typical centre: rotation may be in either sense.

(@D

(@ (®)

x r x
9]

Figure 2.9 (a) Stable spiral; (b) unstable spiral.

@

Now suppose that @ # 0. As r increases in eqns (2.57), the elliptical paths above are modified
by the factor e*’. This prevents them from closing, and each ellipse turns into a spiral; a
contracting spiral if @ < 0, and an expanding spiral if @ > 0 (see Fig. 2.9). The equilibrium
point is then called a spiral or focus, stable if « < 0, unstable if « > 0. The directions may be
clockwise or counterclockwise.

The algebraic conditions are

stable spiral: A=p*t—4¢g<0, g>0, p<0; (2.60)
unstable spiral: A =p>—4¢ <0, ¢ >0, p>0. '

Example 2.9 Determine the nature of the equilibrium point of the system x = —x — S5y, y = x + 3y.
We havea = —1,b = —5,c = 1,d = 3. Therefore

p=a+d=2>0, qg=ad —bc=2>0,
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so that A = p2 — 4g = —4 < 0. These are the conditions (2.60) for an unstable spiral. By putting, say
x > 0,y = 0 into the equation for y, we obtain y > 0 for phase paths as they cross the positive x axis. The
spiral paths therefore unwind in the counterclockwise direction. )

In addition to the cases discussed there are several degenerate cases. These occur when there
is a repeated eigenvalue, or when an eigenvalue is zero.

If g = det A = 0, then the eigenvalues are A1 = p, Ay = 0. If p # 0, then as in the case
(2.39), with v and v, the eigenvectors,

x(t) = Civ1e?" + Cav;.
There is a line of equilibrium points given by
ax+by =20

(which is effectively the same equation as cx + dy = 0; the two expressions are linearly depen-
dent). The phase paths form a family of parallel straight lines as shown in Fig. 2.10. A further
special case arises if g = 0 and p = 0.

If A = 0, then eigenvalues are real and equal with A = %p. If p # 0, it can be shown that
the equilibrium point becomes a degenerate node (see Fig. 2.10), in which the two asymptotes
have converged.

Figure 2.10 summarizes the results of this section as a pictorial diagram, whilst the table
classifies the equilibrium points in terms of the parameters p,q and A.

\ a /
N Stable spirals Unstable spirals %

Unstable

nodes
e

Saddles

Figure 2.10 Classification for the linear system in the (p,q) plane: X = ax + by, y = cx +dy with p =a +d, q =
ad —be, A = p* —4q.
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Classification of equilibrium points of x = ax + by,y = cx +dy

p=a+d g=ad—bc A=p>—4q

Saddle — g <0 A>0

Stable node p<0 qg=>0 A>0

Stable spiral p<0 qg=>0 A<O0 (2.61)
Unstable node p>0 qg>0 A>0 '
Unstable spiral p>0 qg>0 A <0

centre p=0 g >0 A <0

Degenerate stable node p<0 qg>0 A=0

Degenerate unstable node p>0 qg>0 A=0

A centre may be regarded as a degenerate case, forming a transition between stable and
unstable spirals. The existence of a centre depends on there being a particular exact rela-
tion, namely a + d =0, between coefficients of the system, so a centre is rather a fragile
feature. Consequently, if the linear approximation to a nonlinear system predicts a centre
it cannot be reliably concluded that the original system has a centre: it might have a stable,
or worse, an unstable spiral (see, e.g. Problem 2.7). The same applies to all the degenerate
cases indicated: if they are used as linear approximations then, taken alone, they are unreliable
indicators.

If there exists a neighbourhood of an equilibrium point such that every phase path starting
in the neighbourhood ultimately approaches the equilibrium point, the point is known as an
attractor. (The term is used both for linear and nonlinear systems.) The stable node and stable
spiral are attractors. An attractor with all path directions reversed is a repellor. Unstable nodes
and spirals are repellors, but a saddle point is not. The terms attractor and repellor can also be
applied to limit cycles, and to less well defined attracting sets, such as the strange attractor of
Chapter 13, from which paths cannot escape.

If the eigenvalues of the linearized equation have nonzero real parts then the equilibrium
point is said to be hyperbolic. It is shown in Chapter 10 that at hyperbolic points the phase
diagrams of the nonlinear equations and the linearized equations are, locally, qualitatively the
same. Spirals, nodes, and saddles are hyperbolic but the centre is not.

Exercise 2.5
Using Fig. 2.10 classify the equilibrium points of:

X =—4x+2y, y=4x+ 3y;
(b) x =—6x+ 35y, y=—5x +2y;
x=11x+6y, y=—6x —2y.
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2.6 Scaling in the phase diagram for a linear autonomous system

Consider the system
X =ax + by, y =cx +dy. (2.62)

In Fig. 2.11, P represents a segment of a phase path, passing through A : (x4, y4) at (say) t = 0,
and P:(xp(t), yp(1)) is the representative point on P at time 7.

The segment Cy is a scaled copy of P, constructed in the following way. Choose any constant
k; and the two points B : (xp, yg) and Q : (xg, yo) such that

(xB,yB) = (kxa,kya), (xg,y0) = (kxp,kyp). (2.63)

Then B lies on the radius OA and Q on the radius O P, extended as necessary. Points B and
Q are on the same side or opposite sides of the origin according to whether k >0 or k <0,
respectively (in Fig. 2.11, k> 1). As the representative point P traces the phase path P, Q
traces the curve Cy.

C, y ‘
N < .
NS Bl Pl
7~
~ —~
T~ = = 70 kwkw
P
A: (%)

P (xp3p)

o

Figure 2.11 P is a phase path segment. Cy is the image of P, expanded by a factor k. It is also a phase path.

Since P is the representative point on the phase path P, the system equations (2.62) give
kxp = a(kxp) + b(kyp), kyp = c(kxp) +d(kyp).
Therefore, from (2.63)
ip=axg+byg, Yo =cxo+dyg. (2.64)

The functions x¢ (r), yp () therefore satisty the system equations, with Q passing through B at
time ¢t = 0. Hence given any value of k, Cy is another phase path, with Q its representative
point.

Various facts follow easily from this result.

(i) Any phase path segment spanning a sector centred on the origin determines all the rest
within the sector, and in the opposite sector. A region consisting of a circle of radius r,
centred on the origin, contains the same geometrical pattern of phase paths no matter what
the value of r may be.
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(ii) All the phase paths spanning a two-sided sector are geometrically similar. They are similarly
positioned and directed if k > 0, and are reflected in the origin if k <O.

(iii) Any half cycle of a spiral (that is any segment of angular width 7) generates the complete
spiral structure of the phase diagram.

(iv) All path segments spanning a two-sided radial sector are traversed by the representative
points in the same time. In particular, all closed paths have the same period. All complete
loops of any spiral path (that is, in a sectorial angle 27r) have the same transit time.

(v) A linear system has no limit cycles (i.e., no isolated closed paths).

2.7 Constructing a phase diagram

Suppose that the given system
x = X(x,y), y=Y(x,y) (2.65)
has an equilibrium point at (xg, yo):
X (x0,y0 =0, Y(xp,y0) = 0. (2.66)

The pattern of phase paths close to (xg, yp) may be investigated by linearizing the equations at
this point, retaining only linear terms of the Taylor series for X and Y there. It is simplest to use
the method leading up to eqn (2.22) to obtain the coefficients. If local coordinates are defined by

SZX—X(), n=y—>Y0,

HE A A o

then, approximately,

where the coefficients are given by

8X( ) X( )
|:a b] B 9y X0, Y0 ay X0, Y0 (2 68)
c d| | ay Y ’ )
8—()60,)’0) —(x0, y0)
by ay

The equilibrium point is then classified using the methods of Section 2.4. This is done for each
equilibrium point in turn, and it is then possible to make a fair guess at the complete pattern
of the phase paths, as in the following example.
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Example 2.10 Sketch the phase diagram for the nonlinear system
Xx=x—-y, y=1-xy (i)

The equilibrium points are at (—1,—1) and (1, 1). The matrix for linearization, to be evaluated at each
equilibrium point in turn, is

X 90X
% By - )
5y 8%2’ = |:—y —x]' (i1)
ax y

At (—1,—1) egns (2.67) becomes

] _[1 -17 ¢
|:];] - 1 1 n b (lll)
where § = x +1, n = y + 1. The eigenvalues of the coefficient matrix are found to be A1, Ay = 1 +1i, implying

an unstable spiral. To obtain the direction of rotation, it is sufficient to use the linear equations (iii) (or the
original equations may be used): putting n = 0, & > 0 we find 7 = § > 0, indicating that the rotation is

counterclockwise as before.
g1 [ 1 —177[¢ .
H i )

At (1, 1), we find that
where ¢ = x — 1, n = y — 1. The eigenvalues are given by Ay, Ay = =£./2, which implies
a saddle. The directions of the ‘straight-line’ paths from the saddle (which become curved sepa-
ratrices when away from the equilibrium point), are resolved by the technique of Example 2.8:
from (iv)

n _dp  —&-n

£ de T £

. (v)

We know that two solutions of this equation have the form n =mé for some values of m. By substituting in (v)
we obtain m% —2m —1=0, so that m =1 + /2.

Finally the phase diagram is put together as in Fig. 2.12, where the phase paths in the neighbourhoods of
the equilibrium points are now known. The process can be assisted by sketching in the direction fields on the
lines x =0, x =1, etc., also on the curve 1 — xy =0 on which the phase paths have zero slopes, and the line
y =x on which the paths have infinite slopes. ®

Exercise 2.6
Find and classify the equilibrium points of

i=3+y’ -y,  y=ja+y’-x

Verify that lines y = x, y = 2 — x, y = —2 — x, are phase paths. Finally sketch the phase
diagram of the system.
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x\/
SN

Figure 2.12 Phase diagram forx =x —y, y =1 — xy.

Exercise 2.7

Classify the equilibrium points of the following systems:
(@) =24y -2, y=y-x

(b) ¥ =x2—y*+1, y=y—x>+S$;

Using isoclines draw a rough sketch of their phase diagrams. Compare your diagrams with
computed phase diagrams.

2.8 Hamiltonian systems

By analogy with the form of Hamilton’s canonical equations in mechanics, a system
is called a Hamiltonian system if there exists a function H (x, y) such that

oH oH
X=— and Y=—. (2.70)
ay ax
Then H is called the Hamiltonian function for the system. A necessary and sufficient condition
for (2.69) to be Hamiltonian is that

90X oY

— 4+ —=0. 2.71
8x+8y (2.71)
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Let x(1),y(t) represent a particular time solution. Then along the corresponding
phase path,

an _on s on dy
dr  ox dr 9y dr

— _YX+XY (from (2.69), (2.70))
=0.
Therefore,
H(x,y) = constant (2.72)
along any phase path. From (2.72), the phase paths are the level curves, or contours,
Hx,y)=C (2.73)
of the surface
z=H(x,y)

in three dimensions.
Suppose that the system has an equilibrium point at (xo, yg) so that
0H _ oH

— = =0 . 2.74
Ix ay at (X(), )’0) ( )

Then H(x,y) has a stationary point at (xg,yo). Sufficient conditions for the three main
types of stationary point are given by standard theory; we condense the standard criteria as
follows. Put

3*H 9*H *H
q0 = 2 2 (275)
dx< dy dxdy

evaluated at (xg, yg). Then

(a) H(x,y) has a maximum or minimum at (xg, yo) if
q0 > 0; (2.76)
(b) H(x,y) has a saddle at (xg, yo) if

0 < 0. (2.77)

(We shall not consider cases where go = 0, although similar features may still be present.)
Since the phase paths are the contours of z = H (x, y), we expect that in the case (2.76), the
equilibrium point at (xg, yg) will be a centre, and that in case (2.77) it will be a saddle point.
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There is no case corresponding to a node or spiral: a Hamiltonian system contains only centres
and various types of saddle point.

The same prediction is obtained by linearizing the equations at the equilibrium point. From
(2.46) the linear approximation at (xg, yo) is

X =alx —x0) +b(y —yo), y=clx—x0)+dy— o), (2.78)
where, in the Hamiltonian case, the coefficients become

*H 3*H 3%H 3?H
a = 5 = —, C:——, d=— P (2'79)
0xdy dy2 dx2 0xdy

all evaluated at (xg, yo).

The classification of the equilibrium point is determined by the values of p and ¢ defined in
eqn (2.34), and it will be seen that the parameter ¢ is exactly the same as the parameter gg
defined in (2.75). We have, from (2.45) and (2.79),

(2.80)

-0 I b 021 \"  92H 92H
p=atd=0, ¢=a = 9xdy +8x2 ay2’
at (xg, yo) (therefore g = qo, as defined in (2.75)). The conditions (2.60) for a centre are that
p = 0 (automatically satisfied in (2.80)) and that ¢ > 0. This is the same as the requirement
(2.76), that H should have a maximum or minimum at (xg, yo).

Note that the criterion (2.80) for a centre, based on the complete geometrical character of
H(x,y), is conclusive whereas, as we have pointed out several times, the linearization criterion
is not always conclusive.

If ¢ = 0 maxima and minima of H still correspondent to centres, but more complicated types
of saddle are possible.

Example 2.11 For the equations
¥=y(13—x2—yH),  §=12-x(13 —x% —y?):

(a) show that the system is Hamiltonian and obtain the Hamiltonian function H (x, y); (b) obtain the equilibrium
points and classify them; (c) sketch the phase diagram.
(a) We have

X adY

9 9
= A3 =2 =y {12 —x(13 —x% — y?)}
ax ay dx dy

= —2xy+2xy =0.
Therefore, by (2.71), this is a Hamiltonian system. From (2.70)

oH
= —-Y =-12+x(13 —x% - yz), (i)
X

aH
o X =y(13—x% — ). (ii)
ay
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Integrate (i) with respect to x keeping y constant, and (ii) with respect to y keeping x constant: we obtain

H=-12x+ 12—3’x2 — %x“ — %)czy2 +u(y), (iii)
H="1y2—2x2y2 - 1yt 4o, (iv)

respectively, where u(y) and v(x) are arbitrary functions of y and x only, but subject to the consistency of
eqns (iii) and (iv). The two equations will match only if we choose

u(y) = %yz - %y“ -G,

v(x) =—12x + %xz — %x4 - C,

where C is any constant (to see why, subtract (iv) from (iii): the resulting expression must be identically zero).
Therefore the phase paths are given by

H(x,y)=—12x + %(x2 +y) - %(x4 +yh - %(x4 +yh - i- %xzy2 =C, (v)

where C is a parameter.
(b) the equilibrium points occur where

y13—x2—yH =0, 12-x(13-x%—y%) =0.
Solutions exist only at points where y = 0, and
- 13x+12=(x — D(x = 3)(x +4) = 0.

Therefore, the coordinates of the equilibrium points are

(130)’ (33 0)’ (_43 O) (Vl)
The second derivatives of H(x,y) are
2 2 2
=13 - 3x° — — =13—-x“-3 — = —2xy.
dx2 * I 8y2 * v dxdy *Y

We need only compute ¢ (see (2.735)) at the equilibrium points. The results are

Equilibrium points (1, 0) (3,0) (=4, 0)

Value of g 1200 -56<0 105>0
Classification centre Saddle centre

(c) A computed phase diagram is shown in Fig. 2.13. )
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Figure 2.13 Phase diagram for the Hamiltonian system % = y(13 — x2 — y2), y = 12 — x(13 — x2 — y?).

Exercise 2.8
Shows that the system

=2 -3y - 1), y=-2xy0*-1)

is Hamiltonian. Find the coordinates of the 8 equilibrium points. Using the obvious exact
solutions and the Hamiltonian property draw a rough sketch of the phase diagram.

Problems

2.1 Sketch phase diagrams for the following linear systems and classify the equilibrium point:
(i) ¥ =x — Sy, y=x-y;
(i) x=x+y, y=x—2y;
(i) x = —4x 4+ 2y, y=3x —2y;
(iv) x =x + 2y, y=2x+2y;
(v) x =4x — 2y, y=3x—y;
(vi) X =2x + y, y=—x+y.
2.2 Some of the following systems either generate a single eigenvalue, or a zero eigenvalue, or in other ways
vary from the types illustrated in Section 2.5. Sketch their phase diagrams.
Hx=3x—y, y=x+y;
)Xx=x—y, y=2x-—2y

)

)
(ii1) X = x, y=2x—3y;
(iv) x = x, y=x+3y;
(V) x =—y, y=2x—4y;
(vi) x =x, y=1y;
(vil) x =0, y=x.



2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.12
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Locate and classify the equilibrium points of the following systems. Sketch the phase diagrams: it will
often be helpful to obtain isoclines and path directions at other points in the plane.

(x=x-—y, y=x4+y—2xy;
(i) * = ye”, j}zl—xz;
(1) X =1 —xy, y=(x—-1y;
(iv) £ = (14+x —2y)x,  §=(x—1)y;

(vi) £ = =6y +2xy =8, j=y? —x%
(vii

(viil

(i

)
)
)
)
(V) =x—y, y=x*-1
) X
)x:4—4x2—y2, y = 3xy;
)x:—y\/(l—xz), y:xJ(l—xz) for |x| < 1;
X) X =siny, y = —sinx;
(x) x =sinxcosy, Yy =sinycosx.
Construct phase diagrams for the following differential equations, using the phase plane in which y = x.
(i) ¥ +x —x3 =05
(ii) ¥ +x +x3 =05
(i) i 4+%+x—x>=0;
(iv) ¥ 4+ % +x +x3 =05
(v) ¥ = (2cosx — 1)sinx.
Confirm that system x = x — 5y, y = x — y consists of a centre. By substitution into the equation for the
paths or otherwise show that the family of ellipses given by

—2xy + 5y2 = constant

describes the paths. Show that the axes are inclined at about 13.3° (the major axis) and —76.7° (the
minor axis) to the x direction, and that the ratio of major to minor axis length is about 2.62.

The family of curves which are orthogonal to the family described by the equation (dy/dx) = f(x,y) is
given by the solution of (dy/dx)= — [1/f(x,y)]. (These are called orthogonal trajectories of the first
family.) Prove that the family which is orthogonal to a centre that is associated with a linear system is a
node.

Show that the origin is a spiral point of the system = — y — x/(x2 + y2), y=x — yJ/(x% + y2) buta
centre for its linear approximation.

Show that the systems % = y, y = —x — y2, and ¥ =x + y1, y1 =—2x — y; — (x 4+ y1)%, both represent
the equation ¥ + #2 + x = 0 in different (x, y) and (x, y;) phase planes. Obtain the equation of the phase
paths in each case.

Use eqn (2.9) in the form 8s ~ 8,/(X% + Y2) to mark off approximately equal time steps on some of the
phase paths of ¥ =xy, y= xy — y2.

Obtain approximations to the phase paths described by eqn (2.12) in the neighbourhood of the
equilibrium point x =b/d,y=a/c for the predator-prey problem x =ax — cxy, y= — by + dxy (see
Example 2.3). (Write x=5b/d + &§&,y=a/c + n, and expand the logarithms to second-order terms in
& and n.)

For the system x = ax + by, y = cx +dy, where ad — bc = 0, show that all points on the line cx +dy = 0
are equilibrium points. Sketch the phase diagram for the system x = x — 2y, y = 2x — 4y.

The interaction between two species is governed by the deterministic model H = (aq — b1H — ¢1 P)H,
P =(—ay + ¢y H)P, where H is the population of the host (or prey), and P is that of the parasite (or
predator), all constants being positive. (Compare Example 2.3: the term —bq H® represents interference
with the host population when it gets too large.) Assuming that ajcy — bjay > 0, find the equilibrium
states for the populations, and find how they vary with time from various initial populations.
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2.14

2.15

2.16

2.17

2.18

Problems

With the same terminology as in Problem 2.12, analyse the system H = (aq — biH — ¢c{P)H,P =
(ay —by P + ¢y H) P, all the constants being positive. (In this model the parasite can survive on alternative
food supplies, although the prevalence of the host encourages growth in population.) Find the equilibrium
states. Confirm that the parasite population can persist even if the host dies out.
Consider the host—parasite population model H = (a; — ¢1 P)H, P = (ay — ¢3(P/H))P, where the
constants are positive. Analyse the system in the H, P plane.
In the population model F = —aF +Bu(M)F,M = —aM +yu(M)F, wherea > 0, 8 > 0,y > 0, F and
M are the female and male populations. In both cases the death rates are . The birth rate is governed
by the coefficient (M) = 1 — e %Mk > 0, so that for large M the birth rate of females is BF and that
for males is y F, the rates being unequal in general. Show that if 8 > « then there are two equilibrium
states, at (0, 0) and at ([—B8/(yk)]log[(B — @)/B1, [—1/k]log[(B — a)/B]).

Show that the origin is stable and that the other equilibrium point is a saddle point, according to their
linear approximations. Verify that M = y F/B is a particular solution. Sketch the phase diagram and
discuss the stability of the populations.

A rumour spreads through a closed population of constant size N + 1. At time ¢ the total population can
be classified into three categories:
x persons who are ignorant of the rumour;
y persons who are actively spreading the rumour;
z persons who have heard the rumour but have stopped spreading it: if two persons who are spreading
the rumour meet then they stop spreading it.
The contact rate between any two categories is a constant, .
Show that the equations

X = —puxy, vy =ulxy —y(y —1) —yz]

give a deterministic model of the problem. Find the equations of the phase paths and sketch the phase
diagram.

Show that, when initially y = 1 and x = N, the number of people who ultimately never hear the
rumour is x1, where

2N +1—2x1 + Nlog(x1/N) = 0.

The one-dimensional steady flow of a gas with viscosity and heat conduction satisfies the equations
dv
K020 JQu)2v — J(2v) + 6],
pcp dx
k do 0
Y Jow| - - 20)—¢
sRperdx ~ V! v)[)f S Yey C]’

where v = uz/(Zc%), c= c%/c% and 6 = gRT/c% = p/(,oc%). In this notation, x is measured in the direction
of flow, u is the velocity, T is the temperature, p is the density, p the pressure, R the gas constant, k the
coefficient of thermal conductivity, ug the coefficient of viscosity, y the ratio of the specific heats, and
¢1, ¢y are arbitrary constants. Find the equilibrium states of the system.

A particle moves under a central attractive force y /r® per unit mass, where r, 6 are the polar coordinates
of the particle in its plane of motion. Show that

d?u YV a2

— tu=—u ,

do? h?

where u = r~1, h is the angular momentum about the origin per unit mass of the particle, and y is a
constant. Find the non-trival equilibrium point in the u, du/dé plane and classify it according to its linear
approximation. What can you say about the stability of the circular orbit under this central force?



2:Plane autonomous systems and linearization

2.19 The relativistic equation for the central orbit of a planet is

2
;10% +u=k+ auz,
where u = 1/r, and r, 6 are the polar coordinates of the planet in the plane of its motion. The term eu?
is the *Einstein correction’, and & and & are positive constants, with ¢ very small. Find the equilibrium
point which corresponds to a perturbation of the Newtonian orbit. Show that the equilibrium point is a
centre in the u,du/d® plane according to the linear approximation. Confirm this by using the potential
energy method of Section 1.3.

2.20 A top is set spinning at an axial rate n radians/sec about its pivotal point, which is fixed in space. The
equations for its motion, in terms of the angles 6 and u are (see Fig. 2.14)

AB — A+ )% sinf cosd + Cn(Q + ) sin — Mghsin6 = 0,

AB2 + A(Q + 1) sin? 0 + 2Mgh cosd = E;

Figure 2.14 Spinning top.

where (A, A, C) are the principal moments of inertia about O, M is the mass of the top, & is the distance
between the mass centre and the pivot, and E is a constant. Show that an equilibrium state is given by
0 = a, after elimination of Q between

AQ% cosa — CnQ + Mgh =0, AQ%sin? o + 2Mgh cosa = E.
Suppose that E =2Mgh, so that § =0 is an equilibrium state. Show that, close to this state, 6 satisfies
Ab +[(C — A)Q> — Mgh) = 0.
For what condition on € is the motion stable?

2.21 Three freely gravitating particles with gravitational masses 1, 12, n3, move in a plane so that they
always remain at the vertices of an equilateral triangle Py, Pp, P3 with varying side-length a(r) as shown
in Figure 2.15. The triangle rotates in the plane with spin €2(¢) about the combined mass-centre G. If the
position vectors of the particles rq, ry, r3, relative to G, show that the equations of motion are

_Mmitua s

I = i
al

(i=1,2,3).
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Q1)

P,

Figure 2.15 Lagrange equilateral configuration for a three-body problem with Py P, = P, P3 = P3P = a(t).

2.22

2.23

2.24

If |r;| = r;, deduce the polar equations

Mt p g

FifriQZZ a3

Ti, riZQ = constant i=1,2,3).

Explain why a satisfies

M1t p2 3

. 2
a—aQd® =
a2

s a%Q = constant = K,

say, and that solutions of these equations completely determine the position vectors. Express the equation
in non-dimensionless form by the substitutionsa = KZ/(;H + U+ u3),t = K3r/(u1 +,u2—|—u3)2, sketch
the phase diagram for the equation in u obtained by eliminating €2, and discuss possible motions of this
Lagrange configuration.

A disc of radius a is freely pivoted at its centre A so that it can turn in a vertical plane. A spring, of natural
length 2a and stiffness A connects a point B on the circumference of the disc to a fixed point O, distance
2a above A. Show that 0 satisfies

16 = —Tasing, T =xra[(5—4cosd)/2 —2],

where T is the tension in the spring, I is the moment of inertia of the disc about A, OAB = 0 and
ABO = ¢. Find the equilibrium states of the disc and their stability.

A man rows a boat across a river of width a occupying the strip 0 < x < a in the x,y plane, always
rowing towards a fixed point on one bank, say (0, 0). He rows at a constant speed u relative to the water,
and the river flows at a constant speed v. Show that

i=—ux/ YD), v =v—uy/J&E 4+,

where (x, y) are the coordinates of the boat. Show that the phase paths are given by y + J(xz + yz) =
Ax1=® where o = v/u. Sketch the phase diagram for & < 1 and interpret it. What kind of point is the
origin? What happens to the boat if & > 1?

In a simple model of a national economy, / =I —«C, C =B(I — C — G), where I is the national income,
C is the rate of consumer spending, and G the rate of government expenditure; the constants & and g
satisfy 1 <« <00, 1 < B < o0o. Show that if the rate of government expenditure G is constant Gy there is
an equilibrium state. Classify the equilibrium state and show that the economy oscillates when 8 = 1.
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2.26

2.27

2.28

2.29

2.30

2.31

2.32

2.33
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Consider the situation when government expenditure is related to the national income by the rule
G = Go + kI, where k > 0. Show that there is no equilibrium state if k > (¢ — 1)/a«. How does the
economy then behave?

Discuss an economy in which G = G + kI2, and show that there are two equilibrium states if
Go < (a — 1)%/(4ka?).
Let f(x) and g(y) have local minima at x = a and y = b respectively. Show that f(x) + g(y) has a
minimum at (a, b). Deduce that there exists a neighbourhood of (a, b) in which all solutions of the family
of equations

f(x) + g(y) = constant
represent closed curves surrounding (a, b).

Show that (0, 0) is a centre for the system & = y°, 7 = —x3, and that all paths are closed curves.

For the predator—prey problem in Section 2.2, show by using Problem 2.25 that all solutions in y > 0,
x > 0 are periodic.

Show that the phase paths of the Hamiltonian system x=-3H/dy, y=0dH/dx are given by
H (x,y) =constant. Equilibrium points occur at the stationary points of H (x, y). If (xg, yg) is an equilib-
rium point, show that (xq, yg) is stable according to the linear approximation if H(x, y) has a maximum
or a minimum at the point. (Assume that all the second derivatives of H are nonzero at xg, yg.)

The equilibrium points of the nonlinear parameter-dependent system x =y, y = f(x,y,A) lie on the
curve f(x,0,1)=0 in the x,A plane. Show that an equilibrium point (x1,A1) is stable and that all
neighbouring solutions tend to this point (according to the linear approximation) if fyx(x1,0,41) < 0
and fy(x1,0,41) < 0.

Investigate the stability of ¥ = y, y = —y + x2 — Ax.
Find the equations for the phase paths for the general epidemic described (Section 2.2) by the system

X=—fxy, y=pxy—vyy, =Yy
Sketch the phase diagram in the x, y plane. Confirm that the number of infectives reaches its maximum
when x = y/8.

Two species x and y are competing for a common food supply. Their growth equations are
i=x(l-x-y), y=y3-x-3y), (x,y>0).

Classify the equilibrium points using linear approximations. Draw a sketch indicating the slopes of the
phase pathsinx > 0, y > 0. If x = xg > 0, y = yg > 0 initially, what do you expect the long term
outcome of the species to be? Confirm your conclusions numerically by computing phase paths.

Sketch the phase diagram for the competing species x and y for which

i=(-xt=yhx, =G -—x—yy.

A space satellite is in free flight on the line joining, and between, a planet (mass m1) and its moon (mass
my), which are at a fixed distance a apart. Show that

ymi, ym

x2 (a — x)2 ’

where x is the distance of the satellite from the planet and y is the gravitational constant. Show that the
equilibrium point is unstable according to the linear approximation.

The system

Vi=—oVi+ f(E=Vy), Voa=—0cVo+f(E—-V)), 0>0,E>0
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2.35

2.36

2.37

2.38

Problems

represents (Andronov and Chaikin 1949) a model of a triggered sweeping circuit for an oscilloscope. The
conditions on f(u) are: f(u) continuous on —00 < u < 00, f(—u) = —f(u), f(u) tends to a limit as
u — 00, and f’(u) is monotonic decreasing (see Fig. 3.20).

Show by a geometrical argument that there is always at least one equilibrium point, (vg, vg) say, and
that when f'(E — vy) < o it is the only one; and deduce by taking the linear approximation that it is a
stable node. (Note that f/(E —v)= — df(E —v)/dv.)

Show that when f/(E —vg) > o there are two others, at (V/, (1/0) f(E—V")) and ((1/0) f(E—V'), V")
respectively for some V’. Show that these are stable nodes, and that the one at (v, vg) is a saddle point.

Investigate the equilibrium points of ¥ = a — x2, y = x — y. Show that the system has a saddle and a
stable node for a > 0, but no equilibrium points if @ < 0. The system is said to undergo a bifurcation
as a increases through a = 0. This bifurcation is an example of a saddle-node bifurcation. This will be
discussed in more detail in Section 12.4. Draw phase diagrams fora =1 and a = —1.

Figure 2.16 represents a circuit for activating an electric arc A which has the voltage—current characteristic
shown. Show that LI = V — V,(I), RCV = — RI — V + E where V,(I) has the general shape shown in
Fig. 2.16. By forming the linear approximating equations near the equilibrium points find the conditions
on E,L,C, R, and V] for stable working assuming that V = E — RI meets the curve V =V, (/) in three
points of intersection.

V.0

Figure 2.16

The equation for the current x in the circuit of Fig. 2.17(a) is
LCX+ RCx +x=1.

Neglect the grid current, and assume that I depends only on the relative grid potential eg : I = I,
(saturation current) for eg > 0 and I = 0 for eg < 0 (see Fig. 2.17(b)). Assume also that the mutual
inductance M > 0, so that eg 2 0 according as & 2 0. Find the nature of the phase paths. By considering
their successive intersections with the x axis show that a limit cycle is approached from all initial conditions
(Assume RZC < 4L).

For the circuit in Fig. 2.17(a) assume that the relation between I and eg is as in Fig. 2.18; that is
I = f(eg + kep), where eg and e}, are the relative grid and plate potentials, k¥ > 0 is a constant, and in the
neighbourhood of the point of inflection, f(u) = Iy +au — bu3, where a > 0, b > 0. Deduce the equation
for x when the D.C. source E is set so that the operating point is the point of inflection. Find when the
origin is a stable or an unstable point of equilibrium. (A form of Rayleigh’s equation, Example 4.6, is
obtained, implying an unstable or a stable limit cycle respectively.)

Figure 2.19(a) represents two identical D.C. generators connected in parallel, with inductance and
resistance L,r. Here R is the resistance of the load. Show that the equations for the currents are
diy , . o dip . : .
L? = —(r+ R)i{ — Rip + E(ll),Lg = —Ri1 — (r + R)ip + E(ip).
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Problems

Assuming that E(i) has the characteristics indicated by Fig. 2.19(b) show that
(i) when E’(0) <r the state i1 =iy =0 is stable and is otherwise unstable;

(ii) when E’(0) <r there is a stable state i1 = — iy (no current flows to R);
(iii) when E’(0) > r 4+ 2R there is a state with i; =iy, which is unstable.

Show that the Emden—Fowler equation of astrophysics
&Y +&M" =0
is equivalent to the predator-prey model
x=—x(14+x+y), y=yr+14+nx+y)

after the change of variable x =&7y//n, y=£*"1y"/y/, t = log |£|.

"

Show that Blasius’ equation " 4+ 5" = 0 is transformed by x = nn'/n”, y = n/2/yn’, t = log|n/| into

¥=x(1+x+y), y=y2+x-y).
Consider the family of linear systems
X =Xcosa — Ysina, y=Xsina + Y cosa

where X = ax + by, Y = cx +dy, and a,b,c,d are constants and « is a parameter. Show that the
parameters (Table (2.62)) are

p=(a+d)ycosa+ (b—c)sina, ¢q=ad—bc.

Deduce that the origin is a saddle point for all « if ad < bc.
Ifa=2,b=c=d =1, show that the origin passes through the sequence stable node, stable spiral,
centre, unstable spiral, unstable node, as « varies over range 7.

Show that, given X (x, y), the system equivalent to the equation X + A(x,x) = 0 is

X 0X
ay’

ff:X(X,)’), yz—{h(X,X)‘FX*
ox
The following system models two species with populations N1 and N, competing for a common food

supply:
Ny ={ag —d1(bN1 +cN)}Ny, Ny = {ay — dy(bN1 + cN2)}N,.

Classify the equilibrium points of the system assuming that all coefficients are positive. Show that if
a1dy > apdq then the species Ny dies out and the species N approaches a limiting size (Volterra’s
Exclusion Principle).

Show that the system

452

x=Xx,y)=—x+y, y=Y(x,y) = —— —
(x, ) y y=Y(x,y) 13322

y

has three equilibrium points at (0,0), (%, %) and (1, 1). Classify each equilibrium point. Sketch the
isoclines X (x,y) = 0 and Y (x, y) = 0, and indicate the regions where dy/dx is positive, and where dy/dx
is negative. Sketch the phase diagram of the system.

Show that the systems (A) x = P(x,y), y=Q(x,y) and (B) x = Q(x,y), y= P(x,y) have the same equi-
librium points. Suppose that system (A) has three equilibrium points which, according to their linear
approximations are, (a) a stable spiral, (b) an unstable node, (c) a saddle point. To what extent can the
equilibrium points in (B) be classified from this information?
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The system defined by the equations
)'c:a—f—xzy—(l—i—b)x, )}:bx—yxz (a#0,b#£0)

is known as the Brusselator and arises in a mathematical model of a chemical reaction (see Jackson
(1990)). Show that the system has one equilibrium point at (a,b/a). Classify the equilibrium point in
each of the following cases:

(a) a=1,b=2;
(b) a=1b=1.

In case (b) draw the isoclines of zero and infinite slope in the phase diagram. Hence sketch the phase
diagram.

A Volterra model for the population size p(¢) of a species is, in reduced form,

d t
K?p:p_pz_p/ p@s)ds,  p(0) = po,
t 0

where the integral term represents a toxicity accumulation term (see Small (1989)). Let x = log p, and
show that x satisfies

kX +e'x+e* =0.
Put y = x, and show that the system is also equivalent to
y=—0+Dp/k, p=yp.

Sketch the phase diagram in the (y, p) plane. Also find the exact equation of the phase paths.



Geometrical aspects of
plane autonomous systems

In this chapter, we discuss several topics which are useful for establishing the structure of the
phase diagram of autonomous systems. The ‘index’ of an equilibrium point provides supporting
information on its nature and complexity, particularly in strongly nonlinear cases, where the
linear approximation is zero. Secondly, the phase diagram does not give a complete picture of
the solutions; it is not sufficiently specific about the behaviour of paths at infinity beyond the
boundaries of any diagram, and we show various projections which include ‘points at infinity’
and give the required overall view. Thirdly, a difficult question is to determine whether there
are any limit cycles and roughly where they are; this question is treated again in Chapter 11,
but here we give some elementary conditions for their existence or non-existence. Finally,
having obtained all the information our methods allow about the geometrical layout of the
phase diagram we may want to compute a number of typical paths, and some suggestions for
carrying this out are made in Section 3.5.

3.1 The index of a point
Given the system

X=Xy, y=Yy), (3.1)

let I" be any smooth closed curve, traversed counterclockwise, consisting only of ordinary points
(in particular, it does not pass through any equilibrium points). Let Q be a point on I' (Fig. 3.1);
then there is one and only one phase path passing through Q. The phase paths belong to the
family described by the equation

dy  Y(x,y)

dx ~ X(x,y)’ (3-2)

(see (2.3)). In time 87 > 0 the coordinates of a representative point Q, (xg, yo) will increase by
dx, 8y respectively, where

dx ~ X(xg,y0)dt, dy =~ Y(xg,yp)dt.

Therefore, the vector S = (X, Y) is tangential to the phase path through the point, and points
in the direction of increasing ¢. Its inclination can be measured by the angle ¢ measured
counterclockwise from the positive direction of the x axis to the direction of S, so that

tan¢g = Y/X. (3.3)
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Figure 3.1 The angle of inclination ¢ of a phase path at its intersection with an arbitrarily directed closed curve T'.
The vector S = (X, Y).

The curve T is traversed in the counterclockwise direction and the variation in ¢ is followed
along it. When the value of ¢ at one point has been decided, the value for other points is settled
by requiring ¢ to be a continuous function of position, except that ¢ will not in general have
its original value on returning to its starting point after a full cycle: the value may differ by an
integer multiple of 2.

Example 3.1 Trace the variation of the vector S and the angle ¢ when X (x,y) = 2x2 -1, Y(x, y) = 2xy, and
[ is the unit circle centred at the origin.

The system x = X (x,y), y = Y(x, y) has equilibrium points at (1/4/2,0) and (—1/,/2,0), which are inside
the unit circle I'. Let 6 be the polar angle of the representative point, and put x = cosf,y = sinf on I'. Then
(X,Y) = (cos260,sin260),0 < 6 < 2x. This vector is displayed in Fig. 3.2. The angle ¢ takes, for example, the
values 0, %JT, 2m,4mw at A, B,C, and A’ as we track counterclockwise round the circle.

y
A 2
0 4)9=0 «x
c g =4
7
Figure 3.2
In any complete counterclockwise revolution, ¢ increases by 4. ()

In every case the change in ¢, denoted by [¢]r, must be a multiple of 27;

[¢lr =2n1p, (3.4)
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say, where I is an integer, positive, negative, or zero. Ir is called the index of " with respect
to the vector field (X, Y), I being described counterclockwise. In the previous example It = 2.

An expression for It is obtained as follows. Suppose that, as in Fig. 3.3(a), the curve I' is
described counterclockwise once by the position vector r, given parametrically by

r(s) = (x(s),y(s)), so=s =s1, (3.5)

where x(sg) = x(s1), y(so) = y(s1), and s is the parameter. From (3.3),

d (tang) = d (Y
ds 9= ds \x )’
or, after some reduction,

dp XY —yXx

= . 3.6
ds X242 (3-6)
(The dash denotes differentiation with respect to s.) Then from (3.4)
(@) (b)
¥
Y
R=(XY) /
17
P
T
Figure 3.3
1 51 dep 1 SLXY —YX'
Ir = — —ds = — ————ds. 3.7
=) 4 Zn/so x21yz o (3.7)

0

As r(s) = (x(s), y(s)) describes 'y R(s) = (X, Y), regarded as a position vector on a plane with
axes X, Y, describes another curve, I'r say. 'R is closed, since R returns to its original value
after a complete cycle. From eqn (3.4) T'r encircles the origin It times, counterclockwise if It is
positive and clockwise if it is negative. This is illustrated in Fig. 3.3 for I+ = 2. We can replace
(3.7) by a line integral around the curve I'r so that, with X and Y as variables

Ir

1 %‘ Xdy —vdx (3.8)
I'r

T X2 1 y2
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Example 3.2 In Example 3.1, X (x,y) = 2x% — 1, Y (x, y) = 2xy, and T is the unit circle centred at the origin.
Confirm that It = 2 using (3.7).

With " defined by x = cosf, y=sinf (0 <6 <2x) and (X, Y) = (cos 26, sin 26),

] /2” XY —yXx' i
F=o 0 X2 +y?
1 27 ) c0s 26 cos 20 — sin 20(—2 sin 20) 40
27 Jo cos2 20 + sin® 26
1 2
= — 2d6 = 2. [ ]
27 Jo

Theorem 3.1  Suppose that U lies in a simply connected region on which X, Y and their first
derivatives are continuous and X and Y are not simultaneously zero. (In other words there is
no equilibrium point there.) Then It is zero.

Proof Green’s theorem in the plane states that if " is a closed, non-self-intersecting curve,
lying in a simply connected region on which the functions P(x, y) and Q(x, y) have continuous
first partial derivatives, then

%(de—k 0dy) = // <g — E)dxdy,
r Dr 0x 8y

where Dr is the region interior to I". (The first integral is a line integral round T, the second a
double integral taken over its interior.)
In (3.7), write

X _ydv &y dr_ ,dx L, dy
ds — " 'ds Yds’ ds ~ “ds Yds’

(where X, denotes 0X/9dx, and so on). Then (3.7) becomes the line integral

1 XY, - YX, XY, — YX,
Ir y).

= — X +
2 Jr\ X2 +7Y2 X2 472

The functions P = (XY, — YX,)/(X? +Y?) and Q = (XY, — YXy)/(X2 + Y2) satisfy the
conditions for Green’s theorem, since X% + Y2 # 0 on I and its interior. Therefore

1 d (XY,—-TYX d (XY, —YX
Irz—// — (=5 Zy)—— — x) dx dy.
2 JJp. Lox \ X2 +Y dy \ X24+7v2
By evaluating the partial derivatives it can be verified that the integrand is identically zero on
Dr. Therefore Ir = 0. |

Corollary to Theorem 3.1 Let " be a simple closed curve, and U a simple closed curve inside
[. Then if, on T, T and the region between them there is no equilibrium point, and if X, Y and
their first derivatives are continuous there, then It = Ip.
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Figure 3.4 The composite simply connected closed curve C bridging I and I'/, and traversed in the counterclockwise
direction (i.e., with its interior on the left). The dots represent equilibrium points which are exterior to C.

Proof InFig.3.4let AA’ bea ‘bridge’ connecting I and I'’, and consider the directed composite
contour, C, described by ABAA'B’A’A in Fig. 3.4. Since C contains no equilibrium points,
I¢c = 0 by the Theorem. But by (3.4)

0=zc=i7§d¢=i(7§d¢+?§ dp — d¢+?§ d¢>),
2w c 2w r AA’ I’ A’A

qus and f}{dq&
4 r

represent integrals taken in the counterclockwise direction around I'" and T respectively. Since

where

d¢ = d¢)
A'A AN
we obtain
i(ygdd)—?g d¢> =0.
27 \Jr r/
Therefore
Ir = I, m

This theorem shows that the index It of the vector field (X, Y) with respect to I is to a large
extent independent of I', and enables the index to be associated with special points in the plane
rather than with contours. If the smoothness conditions on the field (X,Y) are satisfied in a
region containing a single equilibrium point, then any simple closed curve I" surrounding the
point generates the same number Ir-. We therefore drop the suffix I', and say that I is the index
of the equilibrium point.

Theorem 3.2 If T surrounds n equilibrium points P1, P2, ..., P, then

n
Ir = Zli,
i:l

where 1; is the index of the point P;,i = 1,2,...,n.
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Figure 3.5 The composite simply connected curve C, traversed in the counterclockwise direction. P; and P, are
equilibrium points, exterior to C.

Proof We illustrate the proof for the case of two equilibrium points, at Py, P». Construct a
contour C consisting of ', two ‘bridges’ A1 A} and A2 A’ , and curves y1 and y, surrounding Py
and P, respectively, as shown in Fig. 3.5. The interior of C does not contain any equilibrium
points, so I¢ = 0. But also

1 1 1
ICZE£d¢—E£Id¢—E£Zd¢,

since the integrals along the ‘bridges’ cancel to zero. (Note that the integrals around y; and y»
are here taken in the conventional counterclockwise direction.) Therefore

Ir=5L+ 1. |
A simple way to calculate the index in a particular case is to use the following result.

Theorem 3.3 Let p be the number of times Y(x, y)/ X(x, y) changes from +oo to —o0, and q
the number of times it changes from —oo to +00, on I'. Then I+ = %(p —q).

Proof Since tan¢ =Y /X, we are simply counting the number of times the direction (X, Y)
is vertical (up or down), and associating a direction of rotation. We could instead examine
the points where tan ¢ is zero, that is, where Y is zero. Then if P and Q are numbers of
changes in tan ¢ from (negative/ positive) to (positive/ negative) respectively across the zero of
Y,Ir = 3(P - Q). u
Example 3.3 Find the index of the equilibrium point (0,0) of x =y3,y=x3.

By stretching the theory a little we can let I' be the square with sides x =41, y=++1. Start from (1,1) and

go round counterclockwise. On y=1, tan¢ =x>, with no infinities; similiarly on y = —1. On x = —1,
tang = — y_3, with a change from —oo to 400, and on x = 1,tan¢ = y_3, with a change from —oo to +o0.
Thus p = 0, ¢ = 2 and the index is —1. )

Example 3.4 Find the index of the equilibrium point at (0, 0) of the system x = y— %xy —3x2, 5 = —xy— %yz.
In using the method of Theorem 3.3, it is quite helpful first to sketch the curves

X0,y =y—3xy=3x2=0 and Y(x,y) = —xy - 3y> =0,

(see Fig. 3.6(a)). Equilibrium points occur where these curves intersect: at (0,0) and at (—%, %). The origin is a

higher order equilibrium point (linearization will not classify it), and (—%, %) is a saddle point. Surround (0, 0)
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Figure 3.6

by a circle T which does not include the saddle point. Then tan¢ = Y (x,y)/X(x,y) becomes zero at A, B, C,
and D. In a counterclockwise circuit of T, the sign changes in tan ¢ are:

zero of Y (x,y) A B C D
sign change intan¢ —/+ —/+ +/— —/+

Hence P = 3 and Q = 1, so that the index of (0, 0) is I = 1.
The phase diagram of the system is shown in Fig. 3.6(b). Note the peculiarity of the equilibrium point at the
origin; it cannot be linearised about the origin. o

If we already know the nature of the equilibrium point, the index is readily found by sim-
ply drawing a figure and following the angle round. The following shows the indices of the
elementary types met in Chapter 2.

(i) A saddle point (Fig. 3.7) The change in ¢ in a single circuit of the curve I" surrounding the
saddle point is —27, and the index is therefore —1.

(ii) A centre (Fig. 3.8) " can be chosen to be a phase path, so that I' = +1 irrespective of the
direction of the paths.

(iii) A spiral (stable or unstable) (Fig. 3.9). The index is +1.
(iv) A node (stable or unstable) (Fig. 3.10). The index is +1.

A simple practical way of finding the index of a curve I'" uses a watch. Set the watch to 12.00
(say) and put the watch at a point on I' with the minute hand pointing in the direction of the
phase path there. Move the watch without rotation around I', always turning the direction of
the minute hand along the phase path. After one counterclockwise circuit of T, the index is
given by the gain (—1 for each hour gained) or loss, of the hour hand. For example the ‘time’
after one circuit of the centre is 11.00, an index of +1; for the saddle point the ‘time’ is 1.00,
an index of —1.
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Figure 3.8 Centre, index 1.

Figure 3.9 Stable spiral, index 1.

Figure 3.10 Stable node, index 1.
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Exercise 3.1
For the system £ =2x% — 1, y =2xy, let I' be defined by x =a cos 6, y =bsin 6. Using the
results from Example 3.1 deduce that

b/Z” a® + (a* — 1) cos 26
a
0 (@2 —1+a2cos 20)2 + a2b? sin? 20

do =2n

for all a>1/,/2, b>0. (Index theory using Theorem 3.1 enables many seemingly
complicated integrals to be evaluated by choosing different I'’s.)

Exercise 3.2
Find the index of the higher order saddle point at the origin of ¥ = 2xy, y = x> — y2.

3.2 The index at infinity

In the next two sections we show some techniques for getting a more global view of the pattern
of trajectories for the system

x=X(x,y), y=Y(x,y).

Definition 3.1 The index, I, of the point at infinity. Introduce new coordinates x1, y1 by the
transformation (known as inversion in the origin)

X Y

X =———>, =——. 3.9
The index of the origin, x1 = y1 =0, for the transformed equation is called the index at infinity
for the original equation. (In polar coordinates let x = rcosf, y = rsinf and x; =
r1cos 01, y1 = rqsin 01. Then the inversion isr1 = 1/r,0; = —0.)

In order to prove a result concerning the index of the point at infinity, it is convenient to use
complex variables and write

7 =x+1y, 71 = X1 +1y1.

The differential equation system (3.1) becomes

dz

—=7.

de
where Z = X +1iY (Z is not, of course, an analytic function of z in general.) Also ¢ (eqn (3.3))
is given by ¢ = arg Z.
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The transformation in (3.9) is equivalent to the complex transformation
a=2z"1 (3.10)

which maps points at infinity in the Z, or (x, y) plane into a neighbourhood of the origin in the
Z1, or (x1, y1) plane and vice versa, Then (3.9) becomes

1 dzy _
Z% de 7
or, from (3.9)
dzq 2
= _27z_7 3.11
dr 21 1 ( )

say, which is the differential equation for the transformed system. Therefore, I, = the index
of (3.11) at Z1 = 0. Notice that by eqn (3.11), the transformation maps equilibrium points on
any infinite region of the Z plane into equilibrium points on the Z; plane.

Theorem 3.4 The index I for the system x = X(x,y),y = Y (x,y), having a finite number n
of equilibrium points with indices 1;,i = 1,2,...,n, is given by

Io=2->"1I. (3.12)
i=1

Proof To obtain the index at the origin of the transformed plane, z1 = 0, surroundz; = O by a
simple closed contour C; containing no equilibrium points of the new system apart from Z; = 0.
Under the transformation z = ZIl (egn (3.10)), C1 described counterclockwise corresponds to
C described clockwise, and the exterior of C; corresponds to the interior of C (Fig. 3.11). Thus
C embraces all the finite equilibrium points of the original system together with the point at
infinity.

(a) (b) y

Q

X

z;-plane z-plane

Figure 3.11 (a) The transformed plane and contour C; which surrounds the origin, but excludes locations of
transformed equilibrium points. (b) The original plane and countour C containing all the equilibrium points.
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Now let
71 = ryel®t (3.13)
on Cy; and on Cq and C, respectively let
Zy = p1e1, Z = pe?,

where p1 = |Z1|, p = |Z|. Then

I _i[ ]
00—27_[ ¢1C1'

But from (3.11)

Zl — plel¢1 — _r1262i01 pel¢ — rllpei(201+¢+n).
Therefore
1
Io = 2—[291 + ¢+ 77]61
b4
= 1{2[9] +[ple,} = 1{2[0] [blc)
= = 11¢4 Ci5 = s 1lc; c
1 n
= p {47r—27r2]l~}
i=1
by Theorem 3.2, since also C is described clockwise. The result follows. m

Corollary to Theorem 3.4 Under the conditions stated in the theorem, the sum of all the
indices, including that of the point at infinity, is 2. |

Example 3.5 Find the index at infinity of the system
i=x—)2 y=x-—y.

The system has equilibrium points at (0, 0) and (1, 1). We show a different approach from that of Examples 3.3
and 3.4. Putting x = r cos6,y = rsin6 we have

Z = (rcos6 — 2 sin? 0) 4+ i(r cos® — rsinfh),
and the transformation z = zl_l gives r = rl_l,é = —0y so from (3.11)
Z1= —r%(cosZ@l + 1sin 261){ir1_1(c0s61 +sinfq) + rl_l(cos 01 — rl_1 sin? 01} (3.14)

We require the index of eqn (3.11) at the point r; = 0. To evaluate it choose I'{ to be a circle centred at the
origin, having arbitrarily small radius equal to r1. Then we need to consider, in (3.14), only the terms of O(1),
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L

Figure 3.12

the terms of O(rq) making no contribution in the limit r{ — 0. Then on T"
71 = (cos 201 +isin20;)sin® ) + O(rq) = sin® 0121 + O(ry).

As shown in Fig. 3.12 the direction, ¢, of Z is equal to 261, and the index at infinity is therefore equal to 2.

It can be confirmed that the other equilibrium points are a spiral or centre at x =0, y =0 with index 1,
and a saddle at x =1, y=1 with index —1. The sum of these indices and I is therefore 2, as required by
Theorem 3.4. ()

Exercise 3.3

Using the inversion x; = x/(x* + y?), y1 = y/(x? + y?), express the equations x = 2xy,
y = x> + y? in terms of x1, y1. Using the unit circle x = cosf, y = sin#, find the index at
infinity of the system.

3.3 The phase diagram at infinity

Phase diagrams such as we have shown are incomplete since there is always an area outside the
picture which we cannot see. When the phase diagram has a simple structure this may not be a
serious loss, but in complicated cases the overall structure may be obscure. We therefore show
how the whole phase diagram, including the infinitely remote parts, can be displayed.

Projection on to a hemisphere

In Fig. 3.13, S is a hemisphere of unit radius touching the phase plane P at O. Its centre
is O*. A representative point P on P projects from O* on to P’ on the sphere. Paths on P
become paths on S; such features as spirals, nodes, and saddle points on P appear as such on
S. The orientation of curves is also unchanged provided the sphere is viewed from inside. Local
distortion occurs increasingly for features far from the origin, radial distance on P becoming
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Horizon

Figure 3.13 DProjection of the phase plane P on to the hemisphere S, and then from S on to the diametrical
plane P*.

"
*

o* *

’
-

Q

Figure 3.14

greatly scaled down on S. The horizontal great circle is called the horizon, and the happenings
‘at infinity’ on P occur near the horizon of S. Radial straight lines on P project on to great
circles of S in a vertical plane, cutting the horizon at right angles. Non-radial straight lines
project on to great circles which cut the horizon at other angles.

To represent on another plane the resulting pattern of lines on the hemisphere, we may simply
take its orthogonal projection, viewed from above, on to the diametrical plane P* containing
the horizon, as in the following example. Figure 3.14 shows the vertical section O O*P of
Fig. 3.13. Let OP = r and O*P* = r*. Then r* = sin« and r = tan «. Consequently

r*=r/JA+r).

Since x,x* and y, y* are in the same proportions as r,r*, it follow that the coordinates in the
phase plane (x, y) and disc (x*, y*) are related by

X =x/JA+rD, Y =y/JA+r?).
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x*

Figure 3.15 Projection of the phase diagram of X = y, y = —4x — Sy on the diametrical plane P*.

Example 3.6 Project the phase paths of X = y,y = —4x — 5y on to the diametrical plane
This represents a heavily damped linear oscillator. On the phase plane P, (0,0) is a stable node. y = —x,y = —4x
consist of four phase paths, and the results of Chapter 2 show that all other paths are tangent to the first at
the origin and parallel to the second at infinity. The appearance of the diametrical plane P* with axes x*, y*
is shown in Fig. 3.15.

The paths y = —x, y = —4x on the phase plane P are radial straight lines and project into lines of
longitude through O on the sphere. Their projections on to the diametrical plane are therefore again straight
lines £10, E] 0, E»0, E5 O of Fig. 3.15.

Since all other paths become parallel to y = —4x at large distance from the origin, their projections
enter the points Ej, E, on the sphere as shown. Other mappings of the hemisphere on to a plane can be
devised. ®

Detail on the horizon

In order to study the paths on the hemisphere S near the horizon we will project the paths
found on S from its centre O* on to the plane U: x = 1. We thus have, simultaneously, a
projection of the paths in the phase plane P on to U. Let u, z be axes with origin at N, where S
touches U: u is parallel to y and z is positive downwards, so u, z is right-handed viewed from
O*. Points in P for x < 0 go into the left half of the lower hemisphere, then through O* on
to U for z < 0; and P for x > 0 goes into the right half of S, then on to U/ for z > 0. Points
at infinity on P go to the horizon of S, then to z = 0 on Y. The points at infinity on P in
direction +y go to points at infinity on U, as does the point O. The topological features of P
are preserved on U, except that the orientation of closed paths on the part of S corresponding
to x < 0 is reversed (see Fig. 3.16).
It can be shown easily that the transformation from P to U is given by

u=y/x, z=1/x, (3.15)
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Figure 3.16 Projection of a phase diagram on P on to the vertical plane U: the hemispherical projection on to S is
also shown. The hemispherical space should be viewed from inside, and the vertical plane from the left.

with inverse

x=1/z, y=u/z.
Example 3.7 Examine the system x =y, y = — 4x — Sy at infinity (excluding the direction ty).
(This is the system of Example 3.6.) The transformation (3.15) leads to
w=xy— y)'c/x2 = —(4x2 + Sxy + yz)/x2 =—4—5u—u?
and, similarly,
7= —)'c/)c2 = —uz.

There are equilibrium points at Eq: u = —1,z = 0, and at E>: u = —4,z = 0 and it can be confirmed in the
usual way that Eq is a saddle and E) a node. The pattern of the paths is shown in Fig. 3.17, and should be
compared with Fig. 3.15.

To examine the phase plane at infinity in the directions £y, S is projected on another plane V: y=1. The
corresponding axes v, z, right-handed viewed from O*, have their origin at the point of tangency; v points in
the direction of —x and z is downward. The required transformation is

v=2x/y, z=1/y, (3.16)
or

X:V/Z, yzl/z> [ ]
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—1f

Figure 3.17 Phase paths near the horizon for x = y, y = —4x — Sy.

Exercise 3.4
Find the differential equation of

X =2xy, 51=x2—y2

in the diametrical plane of the hemisphere using the transformation
F=x/JA+rH, Y =y/JA+rY), rP=xt

Where are the equilibrium points at infinity in the diametrical plane?

3.4 Limit cycles and other closed paths

In nonlinear systems there is particular interest in the existence of periodic solutions, and their
amplitudes, periods, and phases. If the system is autonomous, and x(¢) in any solution, so
is x(¢t + 7) for any value of t, which means that phase is not significant since the solutions
map on to the same phase paths. In the phase plane, periodic solutions appear as closed paths.
Conservative systems (Section 1.3) and Hamiltonian systems (Section 2.8) often contain nests
of closed paths forming centres, which we might expect since they are generally non-dissipative;
that is, friction is absent.

As we have seen (Section 1.6), a limit cycle is an isolated periodic solution of an autonomous
system, represented in the phase plane by an isolated closed path. The neighbouring paths are,
by definition, not closed, but spiral into or away from the limit cycle C as shown in Fig. 3.18.
In the case illustrated, which is a stable limit cycle, the device represented by the system (which
might be, for example, an electrical circuit), will spontaneously drift into the corresponding
periodic oscillation from a wide range of initial states. The existence of limit cycles is therefore
a feature of great practical importance.
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Figure 3.18 An example of a stable limit cycle, showing two phase paths approaching it from the interior and
exterior respectively.

Autonomous linear systems (i.e. with constant coefficients) cannot exhibit limit cycles (see
Section 2.6(v)). Since normally we cannot solve the nonlinear equations which might have them
it is important to be able to establish by indirect means whether a limit cycle is present in the
phase diagram. If one exists, then various approximate methods can be used to locate it. In
this section we give some simple indications and counter-indications, the question of existence
being dealt with in more detail in Chapter 11.

The index of a limit cycle C is 1 since the vector (X, Y) is tangential to C at every point on
it, and the change in ¢ around C is 2. By Theorem 3.2, therefore if C is a limit cycle then the
sum of the indices at the equilibrium points enclosed by C is 1.

This result applies to any closed path, whether isolated (i.e., a limit cycle) or not, and it
provides a negative criterion, indicating cases where such a path cannot exist. For example,
a closed path cannot surround a region containing no equilibrium points, nor one containing
only a saddle. If the sum of the indices of a group of equilibrium points does equal unity, the
result does not allow us to infer the existence of a closed-path surrounding them.

The following result is due to Bendixson (Cesari 1971) and is called Bendixson’s Negative
Criterion:

Theorem 3.5 (Bendixson’s negative criterion) There are no closed paths in a simply connected
region of the phase plane on which 3X /0x + dY /9y is of one sign.

Proof We make the usual assumptions about the smoothness of the vector field (X, Y) neces-
sary to justify the application of the divergence theorem. Suppose that there is a closed phase
path C in the region D where 0 X /0x + dY /0y is of one sign (see Fig. 3.19); we shall show that
this assumption leads to a contradiction. By the divergence theorem,

// (g-l-g)dxdy:/(X,Y)-nds,
s \ dx ay C
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Figure 3.19 C is a closed phase path.

where S is the interior of C, n is the unit outward normal, and ds is an undirected line element
of C. Since on C, (X, Y) is perpendicular to n, the integral on the right is zero. But the integrand
on the left is of one sign so its integral cannot be zero. Therefore C cannot be a path. |

An extension of this result, called Dulac’s test, is given in Problem 3.23.

Example 3.8 Show that the equation ¥ + f(x)% + g(x) = 0 can have no periodic solution whose phase path
lies in a region where f is of one sign. (Such regions have only positive damping’ or ‘negative damping’.)

The equivalent system is X =y, y= — f(x)y — g(x), so that (X,Y) = (y,— f(x)y — g(x)), and

3X+8Y_ £
ax ay >

which is of one sign wherever f is of one sign. )

Example 3.9 The equations

Vi=—cVi+ f(E—=Vy) =X(V1, V),

V) =—oVp + f(E - V1) =Y(V1,V2),

describe the voltages generated over the deflection plates in a simplified triggered sweeping circuit for an
oscilloscope (Andronov and Chaikin 1949). E and o are positive constants, and f has the shape shown in
Fig. 3.20 f is a continuous, odd function, tending to a limit as x — oo, and f’ is positive and decreasing on
x > 0. It can be shown (Chapter 2, Problem 2.33) that there is an equilibrium point at V| =V;, =V} say. If
moreover f'(E — V) > o, then there are two others, and in this case (V, Vp) is a saddle point and the other
two are stable nodes. The sum of the indices is 1, so periodic solutions with paths surrounding the three points
are not ruled out by this test. However,

D¢ n Y
avy  avy,

which is of one sign everywhere, so in fact there are no periodic solutions. )
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Figure 3.20

Exercise 3.5
Show that the system
i=@+y —Dx+y, y=GE+yP-1y—x

has an unstable limit cycle. (Hint: express the equations in polar coordinates.)

Exercise 3.6
Explain why the following systems can have no periodic solutions:

(@) i =x?+D+y, J=0a2+DG*+1);
(b)x=x(y2+l)+y, )'7=x2y+x.

3.5 Computation of the phase diagram

There are many computer packages available which can compute and display phase diagrams
and solution curves. Symbolic software such as Mathematica™ (Wolfram, 1996) or MAPLE™
can be readily programmed to generate graphical representations. These are also dedicated
packages for dynamical systems. (see, e.g. Ermentrout (2002)).

Here we also indicate that, if such facilities are not available, quite unsophisticated methods
can work well if they are supported by analytical reasoning, and simple precautions are taken.
Some BASIC programs for computing phase diagrams are also given by Acheson (1997).

We consider autonomous equations of the form

In plotting a phase path we proceed step-by-step in some way from the initial point xg, yo:
x(to) = x0,  y(f0) = yo. (3.18)

The simplest step-by-step method is Euler’s, using ¢ as a supplementary variable, which we use
as the basis of discussion.
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Let the length of the time step be &, assumed small; and let (xq, y0), (x1,¥1), (x2,¥2),. .., be
the points on the phase path at times tg, 19 + h,t9 + 2h,... . Assume that (x,, y,) is known.
Then, writing x(fg + nh) =~ (X,401 — xu)/h, Y(to + nh) ~ (yue1 — yu)/h, eqn (3.17) becomes
approximately

(Xn+1 — Xn)/h = P(xn5 Yn), n+1 — yn)/h = Q(xns yn)s

and, after rearrangement,

Xnt1 = Xn +hP (Xp, Yn), Y41 = Yn +h O (Xn, yn)- (3.19)

The point (x,+1, yu+1) is recorded and we proceed to the next step. The danger of progressively
increasing error is present, even when # is very small so that good accuracy is ostensibly being
obtained: the reader should see, for example, Cohen (1973) for a discussion of error.

The point which concerns us here is the general unsuitability of 7 (time) as the parameter for
the step-by-step construction of phase paths. The difficulty is shown schematically in Fig. 3.21,
where a path is shown approaching a node, and passing near a saddle. Notionally equal time
steps are marked. Since x,y, or P, Q, are small near an equilibrium point, progress is very
uneven.

It is preferable to use arc length, s, as the parameter, which gives equally spaced points along
the arc. Since 852 = 8x2 + §y2, (3.17) with parameter s becomes

dx P dy 0

R T R S 1 R .

(s is measured increasing in the direction of ¢ increasing). Letting & now represent the basic step
length, (3.20) leads to the iterative scheme

Xp41 = Xp + hU (xp, yy)a Yn41 = Yu + hV (xn, yy) (3.21)

with the initial values (xg, yo) given.

Saddle point

Figure 3.21 Equal time steps near equilibrium points.
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Improved processes, such as the Runge-Kutta method (Cohen 1973) are generally to be
preferred, and can easily be programmed. It is desirable to have a program which prints out
only after a predetermined number of calculation steps. In this way it can be arranged, for
example, to produce a point every centimetre of arc along a phase path, the interval being
reduced if the path is turning rapidly.

In a practical plot it is helpful, if possible, to locate and classify the equilibrium points and to
know at least whether limit cycles are likely to appear. Saddle points in particular are difficult
to locate closely by plotting paths. The location of equilibrium points may be obtained by
algebraic or numerical solution of the equations P(x,y) = Q(x,y) = 0. Classification on the
basis of linear approximation may not be possible, for example when P or Q have a zero linear
expansion, or when the linear approximation predicts a centre, which may become a spiral in
the presence of nonlinear terms (as in Problem 2.7), or in certain other cases. In such cases
many exploratory plots may have to be made near the equilibrium point before an adequate
characterization is obtained.

By reversing the sign of 4 in the input to suitable programs, a plot ‘backwards’ from the
starting point is obtained. This is useful to complete a path (Fig. 3.22(a)) or to get close to an
unstable node (Fig. 3.22(b)) or spiral.

It may be difficult to distinguish with confidence between certain cases, for example between
a node whose paths appear to wind around it and a genuine spiral (Fig. 3.23). A display
which appears to represent a spiral may, on scaling up the neighbourhood of the origin, begin
to resemble a node, and conversely. This consideration applies, in principle, to all numer-
ical and plotted data: it is impossible to deduce from the data alone that some qualitative
deviation does not appear between the plotted points. However, in the case of equilibrium
points and limit cycles there may be genuine uncertainty, and it is preferable to estab-
lish their nature analytically and to determine the directions of separatrices when this is
possible.

A limit cycle is a feature requiring some care. The ‘model’ of a limit cycle which it is useful
to have in mind is a pattern of spirals inside and outside the cycle as in Fig. 3.18. The figure
shows a stable limit cycle, for which all nearby paths drift towards the limit cycle. If they all
recede (reverse the arrows) the limit cycle is unstable. A semi-stable limit cycle can also occur,
in which the paths approach on one side and recede on the other.

(b)

V{Va

Figure 3.22 Illustrating reversal of step sign.
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Figure 3.23 (a) Small-scale plot (spiral?); (b) large-scale plot (node?).
4]
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Figure 3.24 Limit cycle for the van der Pol equation ¥ + (x> — 1)1 +x = 0.

Both the limit cycle and the neighbouring paths can diverge very considerably from the
idealized pattern of Fig. 3.18; for example Fig. 3.24 shows the limit cycle for van der Pol’s
equation

F+ex?—Di+x=0

with a moderate value for the parameter ¢. In general there is no way of finding a single point,
exactly lying on the cycle, from which to start; the cycle has to be located by ‘squeezing’ it
between inner and outer spirals. Clearly it is helpful to reverse the sign of ¢ (or of 4 in the
program input) if necessary, so as to approach rather than recede from the cycle during the
process of locating it.
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3.6 Homoclinic and heteroclinic paths

A separatrix is, generally, a phase path which separates obvious distinct regions in the phase
plane. It could be any of the paths which enter or emerge from a saddle point; or a limit
cycle; or a path joining two equilibrium points. It is not a precise term. However, certain types
of separatrix are important in later work, and we shall define them here in the context of
equilibrium points.

Any phase path which joins an equilibrium point to itself is a form of separatrix known as
a homoclinic path, and any phase path which joins an equilibrium point to another is known
as a heteroclinic path. For plane autonomous systems this means that homoclinic paths can
only be associated with saddle points (or some generalized type of saddle) since both outgoing
and incoming paths are required of the equilibrium point. On the other hand it is possible
for heteroclinic paths to join any two hyperbolic equilibrium points, that is (see Section 2.5)
any two (including the same type) from the list of a saddle point, a node or a spiral. Phase
paths which join the same, or two different, saddles are also known as saddle connections.
Figure 3.25 shows some examples (dashed lines) of homoclinic and heteroclinic paths.

Example 3.10 Find the equations of the homoclinic phase paths of the system
i=y,  y=ax-xl. (i

Find also the solutions for x in terms of ¢ on the homoclinic paths.

The equilibrium points occur where y = x —x3 = 0 at (0, 0), (&1, 0). The origin is a saddle point whilst x = +1
are both centres. The phase paths satisfy the separable differential equation

dl _x(1 —x2)
dx y ’

(b

Figure 3.25 Dashed curves show; (a) homoclinic path of A; (b) two heteroclinic paths joining A and B; (¢) a
saddle-spiral connection; (d) two homoclinic paths of A.
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; (b) homoclinic solutions x = +./2sech in the (x, ) plane.

(b)

3

Figure 3.26 (a) Homoclinic pathsof ¥ =y, y =x — x

which can be integrated to give
R T W)

where C is a constant. Homoclinic paths can only be associated with the saddle point at the origin. The phase
paths approach the origin only if C = 0. There are two such paths, both given by
=t o Lt

one over the interval 0 <x <./2, and one over —/2 < x < 0. The homoclinic paths are shown in Fig. 3.26(a).
The time solutions for the homoclinic paths can be found by integrating

dr\2 5 1,
(E) =X —E.x.

Then separating variables

/dix—i(z_t)
x\/(l—%xz)_ 0%

where t( is a constant. Using the substitutions x = +./2sech u, it follows that
/du =+ —19) or u==x(t—r1g).

Hence the homoclinic solutions are x = =+ 2sech (¢ — 1) for any g since x — 0 as t — =oo. The solutions
with 79 =0 are shown in Fig. 3.26(b): other choices for 7y will produce translations of these solutions in the ¢
direction. )
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=0

e>0

<0

Figure 3.27 Homoclinic bifurcation of ¥ + ex —x +x3 + 0 ate = 0.

e

Figure 3.28 An illustration of Heteroclinic bifurcation.

Consider now a perturbation of the system in Example 3.9, namely
)'c'+6)'c—x+x3=0, X =y,

where ¢ is a small parameter. If ¢ > 0 then the term sx indicates damping, and if ¢ <0, its
effect produces negative damping. The equilibrium points at (+1,0) become stable spirals
if £ >0, and unstable spirals if ¢ < 0. As ¢ increases through zero, the path changes from a
heteroclinic spiral-saddle connection (¢ < 0) to a homoclinic saddle connection (¢ = 0) to a
heteroclinic saddle-spiral connection (¢ > 0), as shown in Fig. 3.27. This transition is known
as homoclinic bifurcation. A perturbation method for detecting homoclinic bifurcation is given
in Section 5.12.

An illustration of transition through heteroclinic bifurcation as a parameter varies, is shown
in Fig. 3.28.

Problems

3.1 By considering the variation of path direction on closed curves round the equilibrium points, find the index
in each case of Fig. 3.29.

3.2 The motion of a damped pendulum is described by the equations

2sine,

6 = w, w=—kw—v
where k (>0) and v are constants. Find the indices of all the equilibrium states.

3.3 Find the index of the equilibrium points of the following systems: (i) x =2xy, y = 3x2 - yz; (i) x = y2 — x4,

y=x3y; (i) i =x —y, 5 =x —y%.
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3.4 For the linear system x = ax + by,y = cx + dy, where ad —bc #0, obtain the index at the origin
by evaluating eqn (3.7), showing that it is equal to sgn (ad — bc). (Hint: choose T to be the ellipse
(@x +by)? + (cx +dy)* =1.)

3.5 The equation of motion of a bar restrained by springs (see Fig. 3.30)

Figure 3.29

Conductor

Figure 3.30

and attracted by a parallel current-carrying conductor is
X4+cfx—Xx/(a—x)}=0,

where c (the stiffness of the spring), @ and A are positive constants. Sketch the phase paths for —x¢ < x < a,

where x( is the unstretched length of each spring, and find the indices of the equilibrium points for all
A > 0.

3.6 Show that the equation ¥ — e(1 — x — ¥2)% 4+ x = 0 has an equilibrium point of index 1 at the origin
of the phase plane x, y with x = y. (It also has a limit cycle, x = cost). Use eqn (3.7), with T" a circle of
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3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

Problems

radius a to show that, for all a,

27 de
/ - —5 - =27.
0 1—2¢(1—a?)sinbcosd +e2(1 —a?)2sin? 6

A limit cycle encloses N nodes, F spirals, C centres, and S saddle points only, all of the linear type of
Section 2.5. Show that N+ F+C — S = 1.

Given the system
Xx=X(x,y)cosa — Y(x,y)sina, y=X(x,y)sine+ Y(x,y)cosa,

where o is a parameter, prove that the index of a simple closed curve which does not meet an equilibrium
point is independent of « (See also Problem 2.41).

Suppose that the system ¥ = X(x) has a finite number of equilibrium points, each of which is either a
node, a centre, a spiral, or a saddle point, of the elementary types discussed in Section 2.5, and assume
that Ioo = 0. Show that the total number of nodes, centres, and spirals is equal to the total number of
saddle points plus two.

Obtain differential equations describing the behaviour of the linear system, x = ax + by, y = cx +dy, at
infinity. Sketch the phase diagram and analyse the system x = 2x — y, y = 3x — 2y near the horizon.

A certain system is known to have exactly two equilibrium points, both saddle points. Sketch phase
diagrams in which
(i) a separatrix connects the saddle points;

(ii) no separatrix connects them.

For example, the system & = 1 — x2, y = xy has a saddle correction joining the saddle points at (£1,0).
The perturbed system % = 1 — x2, y = xy +ex? for 0 < ¢ < 1 breaks the saddle correction (heteroclinic
bifurcation).

Deduce the index at infinity for the system & = x — y, ¥ = x — y2 by calculating the indices of the
equilibrium points.

Use the geometrical picture of the field (X, Y) in the neighbourhood of an ordinary point to confirm
Theorem 3.1.

Suppose that, for the two plane systems X1 = X1(x1),%2 = X3(x2), and for a given closed curve T,
there is no point on I' at which X1 and X are opposite in direction. Show that the index of " is the same
for both systems.

The system X =y, y=x has a saddle point at the origin. Show that the index of the origin for the
system X = y + cx2y, y = x — cy? is likewise —1.
Use Problem 3.14 to show that the index of the equilibrium point x = 0, x = 0 for the equation
X + sinx = 0 on the usual phase plane has index 1, by comparing the equation ¥ +x = 0.

The system
X=ax+by+P(x,y), y=cx+dy+Q(x,y)

has an isolated equilibrium point at (0,0), and P(x,y):O(rz), Q(x,y):O(rz) as r— 0, where
r2=x2+y2. Assuming that ad — bc # 0, show that the origin has the same index as its linear

approximation.

Show that, on the phase plane with x =y, y=Y(x,y), Y continuous, the index IT of any simple closed
curve I that encloses all equilibrium points can only be 1, —1, or zero.

Letx =y, y = f(x,A), with f,df/0x and 3 f /A continuous, represent a parameter-dependent system
with parameter A. Show that, at a bifurcation point (Section 1.7), where an equilibrium point divides as
A varies, the sum of the indices of the equilibrium points resulting from the splitting is unchanged. (Hint:
the integrand in eqn (3.7) is continuous.)
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Deduce that the equilibrium points for the system % =y, y = —Ax +x> consist of a saddle point for
A < 0, and a centre and two saddles for A > 0.
Prove a similar result to that of Problem 3.17 for the system x =y, y = f(x, y, A). Deduce that the system
=1y, =—Ax —ky—x3, (k > 0), has a saddle point at (0, 0) when A < 0, which bifurcates into a stable
spiral or node and two saddle points as A becomes positive.

A system is known to have three closed paths, Cq, Cy, and C3, such that C», and C3 are interior to C; and
such that Cy, C3 have no interior points in common. Show that there must be at least one equilibrium
point in the region bounded by Cy, C;, and C3.

For each of the following systems you are given some information about phase paths and equilibrium
points. Sketch phase diagrams consistent with these requirements.
(i) x% + y2 = 1 is a phase path, (0, 0) a saddle point, (:I:%, 0) centres.

(i) x2 + y2 =1 is a phase path, (—%, 0) a saddle point, (0, 0) and (%, 0) centres.
(iii) x2 + y2 =1, x2+ y2 = 2 are phase paths, (0,:&%) stable spirals, (:l:i,O) saddle points, (0, 0) a
stable spiral.

Consider the system
i=ye-2), $=xQ-2+1, P4y +=1

which has exactly two equilibrium points, both of which lie on the unit sphere. Project the phase diagram
on to the plane z= —1 through the point (0,0,1). Deduce that Iooc =0 on this plane (consider the
projection of a small circle on the sphere with its centre on the z axis). Explain, in general terms, why the
sum of the indices of the equilibrium points on a sphere is two.
For a certain problem, the phase diagram on the sphere has centres and saddle points only, and it has

exactly two saddle points. How many centres has the phase diagram?

Show that the following systems have no periodic solutions:

() i=y+x, y=xty+y%

(i) i =y, J=—-+x>+2ty—x

(Dulac’s test) For the system x = X(x,y),y = Y(x,y), show that there are no closed paths in a simply
connected region in which 8(pX)/dx + 3(pY)/dy is of one sign, where p(x,y) is any function having
continuous first partial derivatives.

Explain in general terms how Dulac’s test (Problem 3.23) and Bendixson’s negative criterion may be
extended to cover the cases when 8(pX)/0x 4+ d(pY)/3dy is of one sign except on isolated points or curves
within a simply connected region.

For a second-order system ¥ = X (x), curl(X) =0 and X #0 in a simply connected region D. Show that
the system has no closed paths in D. Deduce that

x=y+2xy, y=x+x2 -y

has no periodic solutions.

In Problem 3.25 show that curl(X) =0 may be replaced by curl(y» X) = 0, where ¥ (x, y) is of one sign
in D.

By using Dulac’s test (Problem 3.23) with p = 2%, show that
i=y,  y=-x—y+at+y?

has no periodic solutions.

Use Dulac’s test (Problem 3.23) to show that # =x(y — 1), y =x 4+ y — 2y%, has no periodic solutions.
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3.29 Show that the following systems have no periodic solutions:

=y, y=1+x>—(1-x)y;

(i) x

(ii) i =—(1 -0 +xy2, y=y+y%
(i) % =2xy + 23, y=—x2+y—y>4y3
(iv) i =x, y=14x+y%

(V) i=y, y=-1-x%
(vi) i=1—x3 +y, y =2xy;

)

(vii) ¥ =y, ¥=(1+x2)y+x3%;

3.30 Let D be a doubly connected region in the x,y plane. Show that, if p(x, y) has continuous first partial
derivatives and div(pX) is of constant sign in D, then the system has not more than one closed path in
D. (An extension of Dulac’s test Problem 3.23.)

3.31 A system has exactly two limit cycles with one lying interior to the other and with no equilibrium points
points between them. Can the limit cycles be described in opposite senses? Obtain the equations of the
phase paths of the system

F=sinmr, 0 =cosmr

as described in polar coordinates (r, 6). Sketch the phase diagram.

3.32 Using Bendixson’s theorem (Section 3.4) show that the response amplitudes a,b for the van der Pol
equation in the ‘van der Pol plane’ (this will be discussed later in Chapter 7), described by the equations

2
r= J(az +b2),

.1 1 -1 r
b=78<1—7r2>b+w a—+ —,
1)

have no closed paths in the circle r < /2.

3.33 Let C be a closed path for the system ¥ = X (x), having D as its interior. Show that
/ div(X)dx dy = 0.
D
3.34 Assume that van der Pol’s equation in the phase plane

x=y, y=—e(x? -y —x

has a single closed path, which, for ¢ small, is approximately a circle, centre the origin, of radius a. Use
the result of Problem 3.33 to show that approximately

V(@ —x? )
/ / (x —1dydx =0,
—a J—/(a?>—x2)

3.35 Following Problems 3.33 and 3.34, deduce a condition on the amplitudes of periodic solutions of

and so deduce a.

X+eh(x,x)x +x=0, |e|gK1.
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3.37

3.38

3.39

3.40
3.41

3.42

3: Geometrical aspects of plane autonomous systems

For the system
X +eh(x,X)x + g(x) =0,

suppose that g(0) = 0 and g’(x) > 0. Let C be a closed path in the phase plane (as all paths must be) for
the equation

i+g(x)=0

having interior C. Use the result of Problem 3.33 to deduce that for small ¢,C approximately satisfies
/D{h(x,y) +hy(x,y)y}dxdy = 0.
Adapt this result to the equation
X+ e(x2 —a)x +sinx =0,
with ¢ small, 0 <o « 1, and |x| < %ﬂ. Show that a closed path (a limit cycle) is given by

y2 =2A+2cosx,
where A satisfies
cos™! (—A)
f (x2 —a)/{2A +2cosx}dx = 0.
—cos—1(—=A)
Consider the system
i=Xx,y) = -2 +y%)y,
¥ =Y(x,y) =bx+(1—x2 =)y

Let C be the circle x2 + y2 = a2 with interior R. Show that

// div(X,Y)dxdy =0
R

only if a = 1. Is C a phase path (compare Problem 3.33)?

The equation ¥ + Fptanhk(x — 1) + x =0, Fy > 0, k> 1, can be thought of as a plausible continuous
representation of the type of Coulomb friction problem of Section 1.6. Show, however, that the only
equilibrium point is a stable spiral, and that there are no periodic solutions.

Show that the third-order system x1 =x3, Xp = — x1, x3=1— (x% + x%) has no equilibrium points but
nevertheless has closed paths (periodic solutions).

Sketch the phase diagram for the quadratic system x = 2xy, y = y% — x2.

Locate the equilibrium points of the system
E=x( 4yt -1, F=yed -0,

and sketch the phase diagram.
Find the equilibrium points of the system

i=x(1—y%), y=x—(+e"y.

Show that the system has no closed paths.
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3.43 Show using Bendixson’s theorem that the system
)’C=)C2+y2, y=y2+xzex

has no closed paths in x + y > 0 or x + y < 0. Explain why the system has no closed paths in the x, y

plane.

3.44 Plot a phase diagram, showing the main features of the phase plane, for the equation ¥ + e(1 — x2 —

#2)i4+x=0,usingi=y,e=0.1ande=35.
3.45 Plot a phase diagram for the damped pendulum equation ¥ + 0.15x + sinx = 0. See Fig. 3.31.

Figure 3.31 Phase diagram for the pendulum equation with small damping.

3.46 The system
. 1 2 3,2, 2
= — 1) ==
x 26()y{(w ) 4ﬂ(x +y )},

L foa 32 20T
y—zwx{(w 1) 4/3(x +y)}+2w

occurs in the theory of the forced oscillations of a pendulum. Obtain the phase diagram when w =
0.975,T" = 0.005, p = — 1.

3.47 A population of rabbits R(r) and foxes F(¢) live together in a certain territory. The combined birth and
death rate of the rabbits due to ‘natural’ causes is aq > 0, and the additional deaths due to their being
eaten by foxes is introduced through an ‘encounter factor’ 81, so that

dr _ R — B4 RF
Pl B1RF.

The foxes die of old age with death rate 8 > 0, and the live birth rate is sustained through an encounter
factor «y, so that (compare Example 2.3)

dr _ RF — o F
dr @2 20

Plot the phase diagram, when a7 =10, 81 =0.2, ay =4 x 1073, g =0.2. Also plot typical solution
curves R(¢) and F(¢) (these are oscillatory, having the same period but different phase).

3.48 The system

2w

e | 1, r
V=3 x+zall——r)y+ —,
w w

1 1 21
)'czfoz(l—fr2>x—7w y (r2=x2+y2),
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occurs in the theory of forced oscillations of the van der Pol equation (Section 7.4, and see also
Problem 3.32). Plot phase diagrams for the cases
(i) e =1,T = 0.75,0 = 1.2;
(i) @ = 1,T = 2.0,0 = 1.6.
The equation for a tidal bore on a shallow stream is
d*n dy

=0 _ = 2_
Sdg d§+n n =0,

where (in appropriate dimensions), 1 is the height of the free surface, and & =x — ¢t where c is the wave
speed. For 0 <& « 1, find the equilibrium points of the equation and classify them according to their
linear approximations.

Plot the phase paths in the plane of n, w, where

dp dw 2
E_w, 5@—’74‘“)—7]

and show that a separatrix from the saddle point at the origin reaches the other equilibrium point.
Interpret this observation in terms of the shape of the wave.

Determine the nature of the equilibrium point, and compute the phase diagram for the Coulomb friction
type problem ¥ + x = F(X) where

Foy = | 7600 =D, ly—=1l<4
Y= —[1+4 1.4exp{—0.5|y — 1| + 0.2}Isgn(y — 1), |y — 1| > 0.4.

(See Fig. 3.32, and compare the simpler case shown in Section 1.6.)

(a) Fy)

(b) y

2

-3

Figure3.32 (a) Typical Coulomb dry friction force F(y) in terms of slip velocity y; (b) corresponding phase diagram.
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Problems

Compute the phase diagram for the system whose polar representation is

F=r(l—r), 6=sin®(l0).

Compute the phase diagrams for the following systems: (i) x =2xy, y = y2 +x2; (i) i = 2xy, y= X2 - yz;
(iii) x =x3 — 2x2y, y =2xy% — y3.
Obtain the heteroclinic phase paths for the system # = y, y = —x + x>. Show that their time solutions

are given by
x = +tanh [%JZ(I — to)].

Obtain the heteroclinic phase paths of X 4+ sinx = 0, x = y. (This is a periodic differential equation in x.
If the phase diagram is viewed on a cylinder of circumference 27, then heteroclinic paths would appear
to be homoclinic.)

Find the homoclinic paths of ¥ — x + 3x° = 0, £ = y. Show that the time solutions are given by
x = +/[sech(r —1p)].

Find all heteroclinic phase paths of x = y(1 — x2), 3y = —x(1 — y2), (see Example 2.1).
The problem of the bead sliding on the rotating wire was discussed in Example 1.12, where it was shown
that the equation of motion of the bead is

afl = g(hcosf — 1) sin 6.
Find the equations of all homoclinic and heteroclinic paths carefully distinguishing the cases 0 <A <1,
A=1and A > 1.

Consider the equation X —x(x —a)(x —b) = 0, 0 < a < b. Find the equation of its phase paths. Show that
a heteroclinic bifurcation occurs in the neighbourhood of 5 = 2a. Draw sketches showing the homoclinic
paths for b < 2a and b > 2a.

Show that the time solution for the heteroclinic path (b = 2a) is

2a

x= 1+ e—a/2(t—19)

Show that
X = 4(762 + yz)y —6xy, y= 3y2 —3x2_ 4)c(x2 + yz)

has a higher-order saddle at the origin (neglect the cubic terms for x and y, and show that near the origin
the saddle has solutions in the directions of the straight lines y = + x/3, x =0. Confirm that the phase
paths through the origin are given by

2 +y%)? =x(3y% — x2).

By plotting this curve, convince yourself that three homoclinic paths are associated with the saddle point
at the origin.

Investigate the equilibrium points of
= [16Q2x2 +2y2 —x) — 1], y=x— Qx%+2y* —x)(16x — 4),

and classify them according to their linear approximations. Show that homoclinic paths through (0, 0)
are given by

2
<x2+y2 - %x) - %6()62+y2> =0,

and that one homoclinic path lies within the other.
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The following model differential equation exhibits two limit cycles bifurcating through homoclinic paths
into a single limit cycle of larger amplitude as the parameter ¢ decreases through zero:

i+@r -t It reoi—x+ad=o.
1
Let |¢] < 5.

(a) Find and classify the equilibrium points of the equation.

(b) Confirm that the equation has phase paths given by

y=x &, y =Xx.

214
Find where the paths cut the x-axis.

(c) As ¢ decreases through zero what happens to the limit cycles which surround the equilibrium point
at x = £1? (It could be quite helpful to plot phase paths numerically for a sample of ¢ values.) Are
they all stable?

Classify the equilibrium points of ¥ = x — 3x2, ¥ = y. Show that the equation has one homoclinic path
given by y2 = x2 — 2x3. Solve this equation to obtain the (x,) solution for the homoclinic path.

Classify all the equilibrium points of ¥ = y(2y* — 1), y = x(x% — 1), according to their linear
approximations. Show that the homoclinic paths are given by

2520 - 1) = 2% - 2),

and that the heteroclinic paths lie on the ellipse x2 + /2y% = %(2 +4/2), and the hyperbola x — /2y? =
%(2 — 4/2). Sketch the phase diagram.

A dry friction model has the equation of motion ¥ + x = F(x), where

—M()’—l), Iy_llfaa
F =
) { —pesgn(y — 1) [y—1]> e,

where 0 < & < 1 (see Fig. 3.33). Find the equations of the phase paths in each of the regions y >
l4+el—-e<y<l4egy<l-—e.

ue \
1 1 L y
o 1-¢ \ l+¢
—ue |

Figure 3.33

Locate and classify the equilibrium points of
)'c=x2—1, y:—xy—l—e(xz—l).

Find the equations of all phase paths. Show that the separatrices in |x| < 1 which approach x = £1 are
given by

y= 8[%/(\/(1 -+ %sin_l xF %n]/\/(l —x2).

Sketch typical solutions for ¢ >, =, < 0, and confirm that a heteroclinic bifurcation occurs at & = 0.
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Show that the displacement d(x) in the y direction between the separatrices for —1 < x < 1 is
given by

e

2J/(1—x2)

(This displacement is zero when ¢ = 0 which shows that the separatrices become a heteroclinic path
joining (1, 0) and (—1, 0) at this value of ¢. This separatrix method is the basis of Melnikov’s perturbation
method in Chapter 13 for detecting homoclinic and heteroclinic bifurcations.)

d(x) =

Classify the equilibrium points of the system
=y,  y=xd-x)+k?

according to their linear approximations. Find the equations of the phase paths, and show that, if
k = —./(3/2), then there exists a homoclinic path given by

y = x2(1 - \/(%)X)
in x > 0. Show that the time solution is given by

X = \/(%)sechz%(t —1p).

An oscillator has an equation of motion given by X + f(x) = 0, where f(x) is a piecewise linear restoring
force defined by

—X |x| Saa
(x sgn(x) —a) —a, |x|> a.

f(X)={

where a, b > 0. Find the equations of the homoclinic paths in the phase plane.

Consider the system
X=y (Zy2 —3x%+ %x“) ,
y = y2 <3x — %x3> - <4x3 — %xs + %)ﬂ) .
Find the locations of its equilibrium points. Verify that the system has four homoclinic paths given by

yzzxz—x4 and y2=2x

2104
Show also that the origin is a higher-order saddle with separatrices in the directions with slopes £1, &./2.

Find and classify the equilibrium points of
)'c=a—x2, )')=—y+(x2—a)(l—2x)

for all a. Show that as a decreases through zero, a saddle point and a node coalesce at a = 0 after which
the equilibrium points disappear. Using the substitution y = z + x% — a, determine the equations of the
phase paths. Show that the phase path connecting the saddle point and the node is y = x2 — g for a > 0.
Compute phase diagrams for a = 0 and a = :t%.

Locate and classify the equilibrium points of
i=1-x%, y=—-(+x*—1Dx?=2x(1-x?

according to their linear approximations. Verify that the phase diagram has a saddle-node connection
given by y = 1 — x2. Find the time solutions x(r), y(¢) for this connection. Sketch the phase diagram.
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Consider the piecewise linear system

)‘C:)C, y:_ya |X—Y|§1’
X:y+1, y=1-ux, X—yZL
x=y—-1, y=-1-nx, x—y<1
Locate and classify the equilibrium points of the system. By solving the linear equations in each region

and matching separatrices, show that the origin has two homoclinic paths.

Obtain the differential equations for the linear system
X =ax +by, y=cx+dy, (ad # bc),

in the U-plane (Fig. 3.16) using the transformation x = 1/z,y = u/z.
Under what conditions on A = p2 —4q, p = a+d, q = ad — bc does the system on the U-plane have
no equilibrium points?

Classify all the equilibrium points of the system
F=X0ny) = 1=x)@+2y), §=Y0ry) ==y (=2x+y).

Draw the isoclines X (x,y) = 0 and Y (x,y) = 0, and sketch the phase diagram for the system. A phase
path starts near (but not at) the origin. How does its path evolve as 7 increases? If, on this path, the
system experiences small disturbances which cause it to jump to nearby neighbouring paths, what will
eventually happen to the system?



Periodic solutions;
averaging methods

Consider an equation of the form ¥ + ¢h(x, %) +x =0 where ¢ is small. Such an equation is
in a sense close to the simple harmonic equation ¥ + x = 0, whose phase diagram consists of
circles centred on the origin. It should be possible to take advantage of this fact to construct
approximate solutions: the phase paths will be nearly circular for & small enough. However,
the original equation will not, in general, have a centre at the origin. The approximate and the
exact solutions may differ only by a little over a single cycle, but the difference may prevent the
paths from closing; apart from exceptional paths, which are limit cycles. The phase diagram will
generally consist of slowly changing spirals and, possibly, limit cycles, all being close to circular.

We show several methods for estimating the radii of limit cycles and for detecting a centre.
Extensions of the methods permit determination of the stability and the period of limit cycles,
the shape of the spiral path around limit cycles, and amplitude—frequency relations in the case
of a centre.

Similar estimates are successful even in very unpromising cases where ¢ is not small and
the supporting arguments are no longer plausible (see Example 4.12 and Section 4.5). In such
cases we can say that we are guided to the appropriate sense of how best to fit a circle to a
non-circular path by arguments which are valid when ¢ is small.

4.1 An energy-balance method for limit cycles

The nonlinear character of isolated periodic oscillations makes their detection and construction

difficult. Here we discuss limit cycles and other periodic solutions in the phase plane x = y,

y = Y(x,y), which allows the mechanical interpretation of Section 1.6 and elsewhere.
Consider the family of equations of the form

X+eh(x,x)+x=0 (4.1)

(note that the equation ¥ + eh(x, %) + w?x = 0 can be put into this form by the change of
variable T = wt). Then on the phase plane we have

xX=y, y=—¢eh(x,y) —x. (4.2)

Assume that |¢| < 1, so that the nonlinearity is small, and that (0, 0) = 0, so that the origin

is an equilibrium point. Suppose we have reason to think that there is at least one periodic

solution with phase path surrounding the origin: an appraisal of the regions of the phase plane

in which energy loss and energy gain take place might give grounds for expecting a limit cycle.
When ¢ = 0, eqn (4.1) becomes

i+x=0, (4.3)
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called the linearized equation. Its general solution is x(#) = a cos(t + «), where a and « are
arbitrary constants. So far as the phase diagram is concerned, we may restrict @ and « to the
cases

a>0, a=0.

Since different values of @ simply correspond to different time origins, the phase paths and repre-
sentative points remain unchanged. The family of phase paths for (4.3) is given parametrically by

X = acost, y = —asint,

which is the family of circles x2 4+ y? = a?. The period of all these motions is equal to 2.

For small enough & we expect that any limit cycle, or any periodic motion, of (4.1) will be
close to one of the circular motions (4.4), and will approach it as ¢ — 0. Therefore, for some
value of a,

x(t) ®acost, y()~ —asint and T ~2mw (4.4)

on the limit cycle, where T is its period.
From (1.47), (with ¢h in place of & and g(x) = x) the change in energy,

) =120 + 1y* ),

over one period 0 <7 < T, is given by

T
E(T)—&0) = —8[0 h(x (1), y())y(t) dt.

Since the path is closed, & returns to its original value after one circuit. Therefore

T
/O h(x (), y(®)y(t)dr =0

on the limit cycle. This relation is exact. Now insert the approximations (4.4) into the integral.
We obtain the approximating energy balance equation for the amplitude a > 0 of the periodic
motion

2
EQm) —£(0) :sa/ h(acost,—asint)sintdt =0 (4.5)
0
or

2w
/ h(acost,—asint)sintdr =0, (4.6)
0

(after getting rid of the factor (—&a)). This is an equation which, in principle, can be solved for

the unknown amplitude a of a limit cycle. In the case of a centre it is satisfied identically.

Example 4.1 Find the approximate amplitude of the limit cycle of the van der Pol equation
i+e(x?—Di+x=0 (4.7)

when ¢ is small.



4.1 An energy-balance method for limit cycles

Positive damping INegative damping! Positive damping
Figure 4.1 Phase diagram for the van der Pol equation ¥ + e(x? — 1)i + x = 0 with & = 0.1. The limit cycle is the

outer rim of the shaded region.

Here
2
h(x,y) = (x = Dy.

assuming that x & a cost, the energy balance equation (4.6) becomes

/0277 {(az cos2t — 1) sint} sintdr = 0.
1

This leads to the equation Zaz — 1 = 0, with the positive solution a = 2. Figure 4.1 shows the limit cycle for
¢ = 0.1, as obtained numerically.

As ¢ becomes larger, the shape of the limit cycle becomes significantly different from a circle although the
amplitude remains close to 2. This is shown in Fig. 4.2(a) for the case ¢ = 0.5. The corresponding time solution
is shown in Fig. 4.2(b); the period is slightly greater than 2. )

By an extension of this argument the stability of a limit cycle can also be determined. Taking
the model of a limit cycle as conforming to the type shown in Fig. 4.1, we should expect
that unclosed paths near enough to the limit cycle, spiralling gradually, will also be given by
x~a(t)cost, y~ —a(t)sint, where a(r) is nearly constant over a time interval (not now an
exact ‘period’) of 0 < ¢ < 2.

Denote the approximation (4.6) by g(a)

2
gla) = 8a/ h(acost,—asint)sint dt; (4.8)
0

and let a ~ ap (>0) on the limit cycle. Then, by (4.6)

glap) =0
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Yy
(a) /\
1
i/
) /\

Figure4.2 (a)Phase diagram and (b) time solution for the limit cycle of the van der Pol equation ¥+&(x2 —1)i+x = 0
with ¢ = 0.5.

by (4.6). If the limit cycle is stable, then along nearby interior spiral segments (a < ag), energy
is gained, and along exterior segments (a > ag), energy is lost. This is to say, for some value of
>0,

g(a) >0 when ayp—8 <a < ag,

(4.9)
g(a) <0 when ag <a <ap+3.

Similarly if the signs of the inequalities are both reversed, the limit cycle is unstable. Therefore
the existence and stability of a limit cycle of amplitude ag are determined by the conditions

g(ap) =0, stable if g'(ap) < 0, unstable if g'(ag) > 0. (4.10)

Note that the signs of these inequalities are reversed when the sign of ¢ is reversed. (The case
g(ap) is >0 or <0 on both sides also implies instability, but this is not shown by testing the
sign of g’(xg), because its value is zero in these cases.)

Example 4.2  Check the stability of the limit cycle in Example 4.1.
From eqn (4.8)

27
gla) = —wz/ (a2 cost — 1) sin? ¢t dt = —ea’n (%az — 1) .
0

Therefore,

g ) = —67‘[01(612 —2).
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Putting ag = 2 from Example 4.1
g ) = —4ne.
By (4.10) the cycle is therefore stable when & > 0, unstable when ¢ < 0. ®

Direct differentiation of (4.8) with respect to a gives an alternative criterion for stability.
From (4.8),

2w 2w oh
g’(a):s/ hsintdl—l—sa/ — sint dt
0 0

da

27 2 oh 2 oh
:s[—hcost] —I—s/ —costdl—l—saf —sint dr
0 0 at o Oda

(integrating the first term by parts). But by the chain rule applied to k(a cost, —asin )

oh
— = —ahq sint — ahy cost
Jat
and
oh
— = hycost — hpsint,
da
where we use the notation
oh oh
M) = 20 gy = 2
ou v

Therefore
2
g'(a) = —¢a / hy(acost,—asint)dt.
0
For stability we require g’(ap) < 0 which is equivalent to
27
8/ hy(agcost, —ag sint)dt > 0, (4.11)
0

where ag is a positive solution of (4.6).

Example 4.3 Check the stability of the limit cycle in Example 4.1, using (4.11).

In this case h(x,y)=(x% — 1)y and hy(x,y) =x2—1. The approximate solution for the limit cycle is, from
Example 4.1, x =2 cost. Equation (4.11), with ay = 2, gives

27
8/ (4 cos? 1 — 1dt = 2ne
0

so that the cycle is stable if ¢ > 0. )
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Exercise 4.1
For |¢| <« 1, find the approximate amplitudes of the limit cycles if

Ftex?—DE2—6)i+x=0, 0<e<]l.

Find the function g(a) and the stability of the limit cycles.

4.2 Amplitude and frequency estimates: polar coordinates

Consider again the equation
X+eh(x,x)+x =0,
and the equivalent system
X =y, y=—¢ch(x,y) —x, (4.12)

and suppose that it has at least one periodic time solution, corresponding to a closed path.
Let any phase path of (4.12) be represented parametrically by time-dependent polar
coordinates a(t), 0(r). By eqn (1.58), the polar coordinate form of (4.12) becomes

a = —¢chsinb, (4.13)

6=—-1—¢ca 'hcos 0, (4.14)
and the differential equation for the phase paths is therefore

da ehsinf

da _ , 415
dd9 1+4+ea1hcosh ( )

where, for brevity, & stands for h(a cos8, a sin ). These equations hold generally, whether ¢ is
small or not.

Figure 4.3(a) shows a closed path, which may be a limit cycle or one of the curves constituting
a centre. Let its time period be T. Then a(r), 0(r) and therefore & all have time period T, meaning
that along the closed path a(fo+T) = a(p) for every fg, and so for the other variables. Regarded
as functions of the angular coordinate 6, all the variables in the problem have 6-period 27,
exactly. As indicated in Fig. 4.3(b), when ¢ increases, 0 decreases. The direction along the path
for 1 increasing is clockwise, following the general rule for the phase plane with y = x; the
positive direction for the polar coordinate 6 is counterclockwise. A typical cycle of a closed
path is therefore described by the end conditions:

a=ag, 0 =2m, att=0,
(4.16)
a=ayp, 6=0, atr=T.
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———s=0  ®
e#0

\

Figure 43 (a) A limit cycle and its approximating phase diagram for ¢ =0. (b) Showing the relation between
0 and 1.

Now suppose that ¢ is small: |¢] <« 1. As described in the previous section, we expect that the
closed path will consist of a small distortion, or perturbation, of one of the circular paths of
the linearized system ¥ +x = 0, or of x = y, y = —x, which are indicated as broken lines in
Fig. 4.3(a). We shall give more precision to this idea, and also provide estimates of the period
T and the circular frequency w = 27 /T, by approximating to eqns (4.13), (4.14), and (4.15)
for small values of e.

By expanding the right-hand side of (4.15) in powers of ¢ we obtain

da . 2
0= ehsind + O(e”). (4.17)

Integrate (4.17) with respect to 0, over the range 6 = 27 decreasing to 6 = 0. We obtain
a@) —an)=0(), or a(@)=ap+ O(e), (4.18)

since a(2m) = ap, from (4.16). The deviation from a circular path of radius ag is therefore
small, of order of magnitude &.
Integrate (4.17) over the full range of the cycle (4.16), from 6 = 27 to § = 0. We obtain

0
ap—agp=0= 8/ h(acosB, asinf)sind do + O(?),
2

g

or

2w
0= —/ h(acosf, asinf)sinfdod + O(s),
0



4 : Periodic solutions; averaging methods

after cancelling the factor ¢ and reversing the direction of the integral. Now substitute for a
from (4.18) and expand %(a cos 8, asin9) under the integral sign: we have

2w
/ h(apcos®, apsinf)sinf df = O(e).
0

Since the integral on the left does not depend on ¢, a necessary condition for the phase path
to be closed is that

2w
/ h(agcos®, apsinf)sind do = 0. (4.19)
0

This serves as an equation for the approximate amplitude ag of the cycle. The similar-looking
condition (4.7) is recoverable by integrating the expression (4.14) for 6 with respect to ¢,
obtaining

0=2m —t+ O(e). (4.20)

When this is substituted into (4.19) and the leading term in the expansion of & retained, we
have (4.6) again.
To obtain the period of the cycle, T, put

T 0
T:f dr:/ d_9
0 2 0

From (4.14), therefore,

r _/27{ de
“Jo 1+ea'h(acosh, asin®)cosd’

Substitute a = ag + O(¢), retain the leading terms, then expand 1/{1 + saalh cos 0} to order ¢.
We then have

2
T = / {1 - saglh(ao cos 0, apsinf) cos + 0(82)}d8
0

, (4.21)
T
~2m — — h(agcosf, apsinf)cosf dé,
ao Jo
the error being of order &2.
The circular frequency of the periodic oscillation is
27 27
w=—=~1+ / h(agcosf, apsinf)cos6 db, (4.22)
T 2mwag Jo

with error of order &2.

Example 4.4 Obtain the frequency of the limit cycle of the van der Pol equation
5c'+8(x2—1))'c+x:0

correct to order €.
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Since h(x, %) = (x2 — 1)x and the amplitude ag = 2 to order ¢ (from Example 4.1), eqn (4.22) gives

2T
w=1+i[ (4cos2 6 — 1)(2sin6) cos 6 db
4 Jo

=1+ zero

(since the integrand is an odd function about § = ). The frequency is 1, with error 0(&2). °

Example 4.5 Obtain the relation between frequency and amplitude for moderate-amplitude swings of the
pendulum equation X + sinx = 0.

At first sight this equation seems to have nothing to do with the previous theory. However, write the

approximation appropriate to moderate swings:
; ~y _ 1.3
sinx ~ x — zx

(with error about 1% when x = 1, corresponding to an angular displacement of 57.3°). The approximate
equation is

X—%xz'—i—x:o.

This equation is a member of the family of equations ¥ + ex3 4+ x = 0, with & = —%, which is of the right type,
with

h(x,x) = x3.
The equation (4.19) for the amplitude ag becomes
27
ag / cos> sinf do = 0.
0
The integrand is an odd function about § = 7, so the equation is satisfied identically for all ag. This is to be

expected since the origin x = 0,y = 0 in the phase plane is a centre.
For the frequency w, (4.22) becomes

I e S
w=1+ / ay cos” 6 do
2mag Jo

fore = —% and for all ag. By carrying out the integration we obtain

_ 1 2
o=1- 1eap,

the result being closely correct for moderate amplitudes. The frequency decreases (and the period increases)
with amplitude for the pendulum. [ )

Example 4.6 Obtain an approximation to the amplitude and frequency of the limit cycle for Rayleigh’s
equation X + e(%x3 —x)+x=0.

Here, h(x,x) = (%xz - 1))&. Equation (4.19) becomes

2w 1
/ <fa% sinZ 0 — 1) sin20.do = 0,
0 3

which can be verified to have the solution ag = 2. The frequency equation (4.22) becomes

& 27 4 2
w:l—i——/ <§sin 9—1>sin9c039d9
0
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with error O(e%). But the integral is zero since the integrand is an odd function about 6 = 7. Therefore the
frequency is given by

o=1+ 0(?). °

Exercise 4.2
Find the approximate amplitude of the limit cycle of the system

Ftelx?—Di—x3]+x=0, 0<e<1.
Show that its frequency w is given by

w=1 —%8+0(82).

4.3 An averaging method for spiral phase paths

The general pattern of the phase diagram for the system
).C:ya )"=—8h(x>)’)—xa |8| <<1

in a bounded region containing the origin is of slowly expanding or contracting spiral phase
paths, which may include closed paths, surrounding the origin. This is shown by eqns (4.13)
and (4.14). A representative point with polar coordinates a(r),0(t) moves round the origin
repeatedly at an angular speed 6 &~ —1, whilst the distance a(r) from the origin changes slowly.
We shall obtain an approximate differential equation for the phase paths.

Equation (4.15) for the paths in polar coordinates can be written

j—g = ¢gh(a(®@)cosf,a(®)sinb)sinb + 0(82). (4.23)
The function h(a(8) cosf,a(0)sinf)sin@ is not in general periodic in @ because a(9) is not
periodic on a spiral. Nevertheless we can construct an expansion of 4 sin 6 as a pseudo-Fourier
series for all values of 9 as follows.

Firstly, treat a as if it were an arbitrary constant parameter. Then h(a cos0,asinf)sin@ is
periodic with period 27, so it can be represented by an ordinary Fourier series, valid for all 6
and for every fixed value of a:

[e.e]
h(acosf,asinf)siné = pg(a) + Z{pn (a) cosnb + gn(a) sinnb},

n=1

in which the coefficients are given by

1 2
pola) = —/ h(a cosu,asinu) sinu du; (4.24)
27 Jo
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and

1 21
pr(@y _ —/ h(a cosu,asinu)sinu COSTHEN 4y
qn (a) 2T 0 siInnu

for n > 1. Since these formulae are correct for every constant value of a, they still hold good if
we put a(f) in place of a wherever it appears. The differential equation (4.23) then becomes

o

j—g =¢epola) + ¢ Z{pn (a) cosnb + gn(a)sinnd} + 0(82), (4.25)
n=1

in which a is a function of  throughout.

Every term on the right of (4.25) contributes something to the solutions a(f). However, we
shall show that, correct to order ¢, the increment in a(6) over any complete ‘loop’ 6y < 0 <
0o + 27 of the spiralling phase paths depends only on the single term ¢ py(a).

On one loop of a phase path, 6y <6 < 6y + 27, put

a(fp) = ay, a(@p +2m) = as.

We require the increment a; — aq. By (4.18), a(@) = a1 + O(e) on the loop. Substitute this
into the terms under the summation sign in (4.25), obtaining p,(a) = pn(a1) + O(¢), gu(a) =
gn(a1) + O(g); then (4.25) becomes

da > ,

35 =@ +e Y {pu(ar) cosnb + gu(a) sinnf} + O(?). (4.26)
n=1

Integrate (4.26) over the range 6y < 6 < 6y + 2x. The integral over each term under the

summation sign is zero, and we are left with

Oo+2m
a—ay = a/ po(a®))do + 0(&?).
o

Therefore, to this order of accuracy, the increment over one loop depends only on pg(a). The
contribution of the higher harmonics in (4.26) to the increment is only O (¢2).

Consider now the differential equation that is left over from (4.26) after eliminating then > 1
terms which, on average, have an effect of order 2. It is

d
5 = ePol@), (4.27a)
where
1 27
pola) = . / h{a(®) cosu,a(9)sinu}sinu du. (4.27b)
0

The integral (4.27b) can, in principle, be evaluated and the approximate differential equa-
tion (4.27a) solved to give a(9).
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To interpret these equations: pg(a) is nearly equal to the average value of hsin9 over any
loop with polar coordinates a(6), 6. Thus the function % sin @ in the original differential equa-
tion (4.23) has been replaced by this average value. The influence of the higher harmonics in
hsin @ within any particular loop is disregarded, but the curves generated by (4.27) are still
nearly circular for ¢ small enough, and the separation between successive loops of a phase path
from point to point is correct to order ¢. This process is representative of a group of procedures
called averaging methods (Krylov and Bogoliubov 1949).

The usual equation for a limit cycle is obtained from (4.27b) by putting pg(a) = 0.

Approximate equations of the same type for the time variation of a(¢),6(r) may be derived
from (4.27). Put

da dadb da
_——= ——— = —— (0]
& ~dgdi ~ s 00
from (4.14). From (4.27a), this becomes
d
d—‘t’ = —epo(a) (4.28)
with po(a) given by (4.27b).

By a process of averaging similar to that leading up to eqn (4.27a, b) we can also obtain the

equation for 0(z):

de

_ 1 _ -1 2
o =—l-ea ro(a)+0<£ ) (4.29)

where

1 2
rola) = — / h{a cosu,asinu} cosu du. (4.30)
2w 0

Example 4.7  Find approximate time solutions of van der Pol’s equation
Fte?—Di+x=0,

for small positive e.
From (4.24),

2
po(a) = %/O (a2 cos®u — l)sin2 udu = %a (%az — 1).

We have the approximate equation (4.28), for the radial coordinate:

(31—6; = —%sa <%a2 - 1) .

The constant solution a = 2 corresponds to the limit cycle. The equation separates, giving

da 1
/ m = —gg(t + C)s
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where C is a constant. By carrying out the integration we obtain
—% loga + %log la? — 4| = —%s(t +O).

With the initial condition a(0) = aq, the solution is

2
(1= (1= @ apyeeny /2

a(t)

which tends to 2 as t — o0o. It is easy to verify from eqn (4.30) that ro(a) = 0. Equation (4.29) therefore gives
0(t) = —t + 01 where 61 is the initial polar angle. The frequency of the spiral motion is therefore the same as
that of the limit cycle to our degree of approximation. Finally, the required approximate time solutions are
given by

o (1) cos6(F) 2 cos(t — 61) °
x(t) = a(t)cos = .
{1—(1— 4/a})eer}1/2
Example 4.8 Find the approximate phase paths for the equation
X+e(x—Di+x=0.
We have h(x,y) = (|]y| — 1)y. Therefore, from (4.27b),
a 27
pola) = —f (lasin®| — 1)sin% 6 do
2w Jo
a b4 27
=— / (asing — 1)sin® 6 do +/ (—asing — 1)sin®6 do
27 \Jo T
T 1 4 1
= %2/(; (asinf — 1)sin29d9 = ;a <§a - iﬂ')
There is a limit cycle when pg(a) = 0; that is, at a = %n = ay, say. Equation (4.27a) becomes
da 4¢ ( )
— = —al(a —ap).
do  3n 0
The spiral path satisfying @ = a1 at 6 = 6y is given in polar coordinates by
4a
a(®) = a0/<1 -(1- (ao/al))eXP[eT;W - 91)})-
Alternatively, eqn (4.28) gives a as a function 7. o

Exercise 4.3
Find the limit cycle and approximate spiral paths of

Ft+e@?—liDi+x=0, 0<e<x1

expressed as 0, as a function of a in polars.
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Exercise 4.4
Find the limit cycle and approximate spiral paths of

Fte? 42— Di+x=0, 0<e<1.

4.4 Periodic solutions: harmonic balance

One of the most straightforward practical methods for estimating periodic solutions is
illustrated by the following examples.

Example 4.9 Find an approximation to the amplitude and frequency of the limit cycle of van der Pol’s equation
¥+e(x?—1i+x=0.

Assume an approximate solution x = a cos wt. (The prescription of zero value for the phase is not a limitation;
in the case of an autonomous equation we are, in effect, simply choosing the time origin so that x(0) = 0.) We
expect the angular frequency w to be close to 1 for small |¢|. Write the equation in the form

¥+x=—e(?—1)i.

Upon substituting the assumed form of solution we obtain

2

(—w2 + 1)a coswt = —e(a2 cos” wt — 1)(—aw sin wt)

3

= eaa)(%az — 1)sinwt + %ea wsin 3wt,

after some reduction. The right-hand side is just the Fourier series for eh(x,x): it is easier to get it this way
than to work with the equations of the last section. Now, ignore the presence of the higher-harmonic term
involving sin 3wt, and match terms in cos wt, sin wt. We find

1-w?=0
from the cos wt term, and
%az —-1=0

from the sin wt term. Choosing positive values, the second equation gives a = 2, and the first w = 1 (the signs
are equivalent), as in several earlier examples. [ )

Example 4.10 Obtain the amplitude—frequency approximation for the pendulum equation ¥ + x — %x3 =0.

Assume an approximate solution of the form x = a cos wt. We obtain, after substituting in the given equation:
—w?a cos wt + a cos wt — %a3 (% cos wt — % cos 3a)t) =0.
Ignore the higher harmonic and collect the coefficients of cos wt. We find that
a[(l — wz) — %az] =0.
Therefore the frequency—amplitude relation becomes

w:J(l—%al)%l—%az



4.4 Periodic solutions: harmonic balance

for amplitude not too large (compare Example 4.5). The existence of solutions for @ corresponding to a range
of values of a > 0 indicates that in this case the origin is a centre. °

For the general equation
X+eh(x,x)+x =0, (4.31)

suppose that there is a periodic solution close to a cos wt and that h(a cos wt, —aw sin wr) has
a Fourier series, the constant term (which is its mean value over a cycle) being zero:
h(x,x) ~ h(acoswt,—aw sin wt)

= Aq(a) coswt + Bi(a) sinwt + higher harmonics,

where

21 /w
Aq(a) = ;f h(a cos wt, —aw sin wt) cos wt dt,
0

2n/w

w . .

Bi(a) = ;/ h(a cos wt, —aw sin wt) sin wt dt.
0

Then (4.31) becomes
(1 — w?)a coswt + £A1(a) coswt + By (a) sinwt + higher harmonics = 0. (4.32)
This equation can hold for all ¢ only if
(1-w®a+eAi(a)=0,  Byi(a) =0, (4.33)

which determine a and .

It will not be possible in general to ensure that full matching is obtained in (4.32): since the
solution is not exactly of the form a cos wr we should ideally have represented the solution by a
complete Fourier series and matching could then in principle be completed. A way of justifying
the non-matching of the higher harmonics is to regard them as additional, neglected input (or
forcing terms) to the linear equation ¥ +x = 0. The periodic response of this equation to a force
K cosnwt is equal to —K cos nwt /(n*w?* — 1), and is therefore of rapidly diminishing magnitude
as n increases.

The method can also be applied to nonlinear equations with a periodic forcing term, and is
used extensively in Chapter 7.

Exercise 4.5
Obtain the amplitude and frequency approximation for

Ft+e(xP-Di+x=0, 0<e<1.
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4.5 The equivalent linear equation by harmonic balance

The method of harmonic balance can be adapted to construct a linear substitute for the original
nonlinear equation; the process can be described as pseudo-linearization. We illustrate the
process by an example.

Example 4.11 Obtain approximate solutions to the van der Pol equation
5c'+8(x2—1))'c+x:0

using an equivalent linear equation.

The phase diagram for this by now familiar equation consists of a limit cycle and spirals slowly converging on
it when ¢ is small and positive. We shall approximate to e(x?2 — 1) = eh(x, %) on any one ‘cycle’ of a spiral:
this nonlinear term is already small and a suitable approximation retaining the right characteristics should be
sufficient. Suppose, then, that we assume (for the purpose of approximating & only) that x = a coswt and

X = —awsin wt, where a,  are considered constant on the limit cycle. Then
5(x2 —Dx~ —s(a2 cos® wt — Daw sin wt
= —eaw(§a? 1) sinwr — fea sin3or. (4.34)

(compare Example 4.9). As in the harmonic balance method, we neglect the effect of the higher harmonic, and
see that since —aw sin wt = x on the limit cycle, eqn (4.34) can be written as

e — 1)k ~ 8(%[12 - 1)x. (4.35)
We now replace this in the differential equation to give the linear equation

.. 12 . _

i+e(fa—1)i+x=0. (4.36)
This equation is peculiar in that it contains a parameter of its own solutions, namely the amplitude a. If
a = 2 the damping term vanishes and the solutions are periodic of the form 2 cos¢; hence @ = 1. This is an
approximation to the limit cycle.

The non-periodic solutions are spirals in the phase plane. Consider the motion for which x(0) = ag, x(0) = 0:
for the next few ‘cycles’ aq will serve as the amplitude used in the above approximation, so (4.40) may be written

i+e(faf—1)i+x-0.
With the initial conditions given, the solution is

x(t) = %) e*[B cos Bt — a sin Bt],

where
a= %8(1—%0(2)), B = %\/[4—82(1—%0(2))].

It can be confirmed, by expanding both factors in powers of ¢t, that so long as e « 1 this ‘solution’ agrees
with the approximate solution found in Example 4.7. Damped or negatively damped behaviour of the solutions
occurs according to whether ag > 2 or ag < 2; that is, according to whether we start outside or inside the limit
cycle. )
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Example 4.12  Find the frequency-amplitude relation for the equation X + sgn(x) = 0 and compare it with
the exact result using an equivalent linear equation.

It can be shown that the system x = y, y = —sgn(x) has a centre at the origin: the behaviour is that of a particle
on a spring, with a restoring force of constant magnitude as shown in Fig. 4.4(a).

@) sgn(x)

-1

(b)

sgn(a cos wt)
d f—

t

5720w 372w -n2w w2w 3n2w 572w
i i ' 4 i i i

Figure 4.4 (a) Graph of sgn(x); (b) graph of sgn(a cos(wt)).

Suppose the oscillations have the form a cos wt approximately. Then sgn(x) = sgn(a cos wt). This has the
shape shown in Fig. 4.4(b). The period is 27 /w and we shall approximate to sgn(a cos wt) by the first term in
its Fourier series on the interval (0,27 /w):

sgn(a coswt) = Aq(a) cos wt + higher harmonics

(the constant term is zero, and there is no sine term since the function is even) where

w [27/o
Aq(a) = - -/O sgn(a cos wt) cos wt dt

1 2
— / sgn(a cosu) cosu du
T Jo

1 /2 3/2 2n 4
— / cosudu—/ cosudu—}—/ cosudu | = —.
T \JO /2 37/2 us

Therefore sgn(x) is replaced by (4/m) coswt, which in turn is replaced by (4/7)x/a. The equivalent linear
equation is then

4
i+ —x=0.
Ta

The solution, having any amplitude a, of the form a cos wrt is

4\ 172
x(t) = acos |:<> ti| .
Ta

L2
- J@a)

Therefore
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and the period T is given by

2
T =2 = 23/241/2 ~ 5.568 /a.
1)
The exact period can be found as follows. When x > 0, ¥ = —1. The solution for x > 0 is therefore

x(t) = —3t* +ar + B.
The solution for which x(0) = 0 and X(%Te) = 0, where T is the exact period, is ( — %12 + %Tet).
Further, x = a when t = %Te, so that
Te = 4/(2a) =~ 5.67./a,
which compares very favourably with the above estimate. )

Example 4.13  Obtain the period—amplitude relation for the Poisson-Boltzmann-type equation ¥ + (e* —
e™) = 0 using an equivalent linear approximation.

When x = acoswt,
e¥ —e TN = gdCOSWN _ omaCOsWl _ A (g) cos wt + higher harmonics

(there is no sin wt term since the function is even), where

w [27/w
Al(a)z ;A (eacosa)t_e—acoswt)coswtdt

1 2w
— 7‘/ (ea cosu _ ,—a cosu) cos u du.
T Jo

These integrals are expressible in terms of the modified Bessel function I; which has the integral representation
(Abramowitz and Stegun 1965)

1 g
N(z) = ;/(; e? oS cosu du,

and we find that

AL(@) = 411 (a).

Neglecting the higher harmonics, we write the equation as
X+ (4I1(a)/a)x = 0.

The frequency w is therefore given by

w =2\/(I1(a)/a)
and the period T by

T =ny/(a/l1(a)).

Note that a is unrestricted in these equations—it can be verified that x = 0 is a centre for the original equation
(see Problem 1.21). ®



Problems

Exercise 4.6

Find the equivalent linear equation for i + (x> +%2)x =0, and the resulting frequency-
amplitude approximation. What restrictions must be imposed on the amplitude? Find the
exact equation of the phase paths, and confirm that x4 y? = 11is a phase path corresponding
to frequency w = 1, amplitude a = 1.

Problems
4.1 By transforming to polar coordinates, find the limit cycles of the systems
(i) #=y+x(l—x2—y}, j=-x+y(1-x2—y%);
(i) £ =02 +y? = Dx =y 457, §=02+y2 = Dy +ad/( +y7);
and investigate their stability.

4.2 Consider the system

F=y4+xf0?),  y=—x+yf03),

where 2 = x2 4+ y2 and f(u) is continuous on u > 0. Show that r satisfies
d(rz) 2 2
=2re f(ro).
P fo)
If f(rz) has n zeros, atr = ri, k = 1,2,...,n, how many periodic solutions has the system? Discuss their

stability in terms of the sign of f’(rkz).
4.3 Apply the energy balance method of Section 4.1 to each of the following equations assuming 0 <& < 1,
and find the amplitude and stability of any limit cycles:
(i) ¥ +e@? +i2 - Di+x =05
(i) ¥ +e(tid -5 +x=0;
(i) ¥4+ e(x* — i +x = 0;
(iv) X +¢ sin()c2 + )'cz) sgn(x) +x = 0;
(v) ¥ +e(jx] —Dx +x =0
(vi) X +e(x —=3)x+Di+x=0;
(vil) X +e(x —=3)(x + 1)x +x = 0.
4.4 For the equation x + e(x% + % — 4)x 4+ x = 0, the solution x = 2 cos is a limit cycle. Test its stability,

using the method of Section 4.1, and obtain an approximation to the paths close to the limit cycle by the
method of Section 4.3.

4.5 For the equation X + &(|x| — 1)x + x = 0, find approximately the amplitude of the limit cycle and its
period, and the polar equations for the phase paths near the limit cycle.

4.6 Repeat Problem 4.5 with Rayleigh’s equation, X + 8(%)&3 —X)+x=0.
4.7 Find approximately the radius of the limit cycle, and its period, for the equation

F+e?—Ditx—ex’=0, 0<e<l.
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Show that the frequency—amplitude relation for the pendulum equation, X + sinx =0, is w? = 2J1(a)/a,
using the methods of Section 4.4 or 4.5. (J1 is the Bessel function of order 1, with representations

2 (/2 > (_1yr(lg2n+l
Ji(a) = ;/(; sin(a cosu) cosu du = Z %
n=0 : :
2

Show that, for small amplitudes, w = 1 — 1—1661 .

In the equation
X+ eh(x,x)+gx)=0

suppose that g(0) =0, and that in some interval |x| < §, g is continuous and strictly increasing. Show that
the origin for the equation X 4+ g(x) =0 is a centre. Let ¢(z,a) represent its periodic solutions near the
origin, where a is a parameter which distinguishes the solutions, say the amplitude. Also, let T'(a) be the
corresponding period.

By using an energy balance argument show that the periodic solutions of the original equation satisfy

T@
/0 h(¢,6)é dr = 0.

Apply this equation to obtain the amplitude of the limit cycle of the equation
X +8(x2 —Dx + v2x = 0.
For the following equations, show that, for small ¢ the amplitude a(¢) satisfies approximately the equation
given.
(i) i+eax*—2)i+x=0, 16a=—sca(a* - 16);
(ii) ¥ 4 esin(x? + i2)sgn(x) + x =0, mwa = —e2asin(a?);
(i) ¥ +e(? —Did+x=0, 16a=—ea®(@@* - 6).

Verify that the equation
i4eh(x? +3% - Di+x=0,

where h(u) is differentiable and strictly increasing for all u, and h(0) = 0, has the periodic solutions
x = cos(t +a) for any a. Using the method of slowly varying amplitude show that this solution is a stable
limit cycle when & > 0.

Find, by the method of Section 4.5 the equivalent linear equation for
F4e(?+i2 - Di+x=0.
Show that it gives the limit cycle exactly. Obtain from the linear equation the equations of the nearby

spiral paths.

Use the method of equivalent linearization to find the amplitude and frequency of the limit cycle of the
equation

Ftet—Did+x+ex =0, 0<e<xl

Write down the equivalent linear equation.

The equation X 4+ x3 = 0 has a centre at the origin of the phase plane with x = y.
(i) Substitute x = acoswrt to find by the harmonic balance method the frequency—amplitude relation
® = ./3a/2.



4.15

4.16

4.17

4.18

4.19

Problems

(ii) Construct, by the method of equivalent linearization, the associated linear equation, and show how
the processes (i) and (ii) are equivalent.

The displacement x of relativistic oscillator satisfies
mok + k(1 — (&/c)2)3/?x = 0.

Show that the equation becomes X + (a/a)x = 0 when linearized with respect to the approximate solution
x = acoswt by the method of equivalent linearization, where

3/2
1 an 2.2
O{:f‘/\ acosze<l—a Z) sin? do.
T Jo

m c

Confirm that, when a?w? /c? is small, the period of the oscillations is given approximately by

2
mg 3a“k
271\/<7) (1 + 16m062) .

Show that the phase paths of the equation i + (x + £2)x = 0 are given by

2
e (y2 + x2 — 1) = constant.

Show that the surface e”‘2 (y2 +x2 — 1) = z has a maximum at the origin, and deduce that the origin is
a centre.

Use the method of harmonic balance to obtain the frequency—amplitude relation w? = 3a2/(4 — a?)
for a < 2, assuming solutions of the approximate form a cos wt. Verify that cosr is an exact solution,
and that w = 1, a = 1 is predicted by harmonic balance.

Plot some exact phase paths to indicate where the harmonic balance method is likely to be unreliable.

Show, by the method of harmonic balance, that the frequency—amplitude relation for the periodic
solutions of the approximate form a cos wt, for

5é—x+ozx3=0, a >0,

isw? = 3aa? — 1.
By analysing the phase diagram, explain the lower bound 2/./(3«) for the amplitude of periodic
motion. Find the equation of the phase paths, and compare where the separatrix cuts the x-axis, with the

amplitude 2/./(3a).

Apply the method of harmonic balance to the equation X +x —ax2 =0, a > 0, using the approximate
form of solution x = ¢ + a cos wt to show that,
1 1
wr=1— 2ac, ¢c=———/(1— Zazaz).
200 2w

Deduce the frequency—amplitude relation
w=(1- 20{2512)1/4, a <1/(/2a).

Explain, in general terms, why an upper bound on the amplitude is to be expected.

Apply the method of harmonic balance to the equation ¥ —x +x> = 0 in the neighbourhood of the centre
at x = 1, using the approximate form of solution x = 1+c+a cos wt. Deduce that the mean displacement,
frequency, and amplitude are related by

wr =3t +6c+2+ %az, 2¢3 +6c% +c(4 —|—3a2) +3a2 =0.



4.20

4.21

4.22

4.23

4.24

4 : Periodic solutions; averaging methods

Consider the van der Pol equation with nonlinear restoring force
)'c'—l—&(xz —Dx+x —ax? = 0,

where ¢ and o are small. By assuming solutions approximately of the form x = ¢ + a cos wt + b sin wt,
show that the mean displacement, frequency, and amplitude are related by

c=2a, o*=1-4a% a*+b*=41-40?

Suppose that the nonlinear system
. x
x = p(x), wherex = [ y:|

has an isolated equilibrium point at x = 0, and that solutions exist which are approximately of the form

izB[cgswt]’ Bz[a b]‘

sin wt c d

Adapt the method of equivalent linearization to this problem by approximating p(x). by its first harmonic
terms:

plE®)} =C [“’S“”],

sin wt

where C is a matrix of the Fourier coefficients. It is assumed that
27 /w
/ pix(H)}dr = 0.
0

Substitute in the system to show that
BU =C, whereU=|: g) @ i|

Deduce that the equivalent linear system is
¥=BUB ¥ =cuc 3,

when B and C are nonsingular.

Use the method of Problem 4.21 to construct a linear system equivalent to the van der Pol equation
. - 2
=y, y=-x—e"—1y.

Apply the method of Problem 4.21 to construct a linear system equivalent to

x| e 1 x| 0
y| 7| -1 e y —ex? y |’
and show that the limit cycle has frequency given by w? = 1 — 5¢2 for & small.
Apply the method of Problem 4.21 to the predator—prey equation (see Section 2.2)
X=x—xy, y=-y+xy,
in the neighbourhood of the equilibrium point (1, 1), by using the displaced approximations

xX=m-+acoswt +bsinwt, y=n-+ccoswt+dsinwt.



Problems

Show that
m=n, wr=2m—1 and a*+b*=c*+4>.

4.25 Show that the approximate solution for oscillations of the equation

in the neighbourhood of x = 1 is x = ¢ + a cos wt where

) (152 —15c+4) 5, 231 -o)
YT T 2@—y T 31

4.26 Use the method of Section 4.2 to obtain approximate solutions of the equation
Fteid+x = 0, lelk1.

4.27 Suppose that the equation ¥ + f(x)x + g(x) = 0 has a periodic solution. Represent the equation in the
(x,y) phase plane given by x = y — F(x), y = —g(x), where

Flx) = /Ox Fadu
(this particular phase plane is known as the Liénard plane). Let
v,y = 12 + fo " gdu,
and by considering dv/dr on the closed phase path C show that

/ F(x)dy =0.
C

On the assumption that van der Pol’s equation i +é&(x2—1)i+x=0 has a periodic solution
approximately of the form x = A cos wt, deduce that A ~ 2 and o ~ 1.

4.28 Apply the slowly varying amplitude method of Section 4.3 to
X—esini+x=0 (0O<exl)),
and show that the amplitude a satisfies
a=c¢eJi(a)
approximately. [Use the formula
1 T
Ji(a) = — / sin(a sinu) sinu du
T Jo
for the Bessel function Jq(a): see Abramowitz and Stegun (1965, p. 360).

Find also the approximate differential equation for 6. Using a graph of J;(a) decide how many limit
cycles the system has. Which are stable?



This page intentionally left blank



Perturbation methods

This chapter describes techniques for obtaining approximations to periodic time solutions of
nearly linear second-order differential equations subject to a harmonic forcing term, and to
limit cycles of autonomous equations. The approximations take the form of an expansion in
integer powers of a small parameter, having coefficients that are functions of time. There is some
freedom in assigning the time-dependent coefficients; this is utilized to produce uniformly valid
approximations under different circumstances, depending on the values of the main parameters
of the equation. It is also shown how a homo-clinic path can be approximated by using similar
methods. The processes reveal physical features having no analogue in linear theory, despite
the fact that the equations considered have small nonlinearities.

5.1 Nonautonomous systems: forced oscillations

Up to the present point, apart from a brief reference in Section 1.2, we have considered only
autonomous systems. Differential equations of the form

X = fx,x,0), (5.1)
and first-order systems having the general form
).CZX()C,y,l), ).IZY(X,y,l), (52)

in which the clock time r appears explicitly, are called nonautonomous, and are the main subject
of this chapter.

The states of the system, given by the pair of values (x, x) or (x, y), have the same meaning as
before (for the equation (5.1) we usually define y = x). If an autonomous system passes through
a particular state (xg, yo) at time ¢ = fg, these initial conditions determine the succession of states
in the motion uniquely independently of 7y and they constitute a unique phase path through
the point (xq, yp). However, nonautonomous equations generate an infinite number of phase
paths through every point (xg, yo); a different one, in general, for every value of #y. This can
be seen by evaluating the slope of a particular phase path passing through (xq, yp) at time .

From (5.2)
(&) i reomo
dx (x0,0510) X X(x0,y0,70)
the slope depends on the value of 7y, whereas for autonomous equations it is independent of #.

This greatly reduces the usefulness of a phase-plane representation, which no longer consists
of a pattern of distinct, non-inter-secting curves whose structure can easily be grasped.



5: Perturbation methods

In this chapter we shall obtain approximations to periodic solutions of nonautonomous
equations of a particular type. Two examples are the forced pendulum equation and the forced
van der Pol equation, given by

5c'—|—kfc+w%x+8x3 = F coswt
and
X+ s:()c2 —Dx+ w%x = F coswt,

where ¢ is a small parameter. When ¢ = 0 these equations become linear. The term on the
right, F cos wt, is called a harmonic forcing term, and can be thought of as an external force
of amplitude F and circular frequency w applied to a unit particle on a nonlinear spring, as
shown in Fig. 1.10. The forcing term tries to drive the system at frequency w against its natural
tendency to perform free oscillations or other motions described by the homogeneous equations

5c'—|—kfc+w%x+8x3=0 or 5c'+8(x2—1))'c—|—w%x=0.

It will be shown that although these systems are close to linear by virtue of the smallness
of the nonlinear terms, which have a factor ¢, large-scale phenomena are produced which are
quite unlike those associated with linear equations. With nonlinear equations small causes do
not necessarily produce small effects on a global scale.

For convenience of reference we summarize the properties of the solutions of the equation
that represents a damped linear oscillator with a harmonic forcing term:

X+ kx + w%x = F cos wt, (5.3a)
where k > 0, wp > 0, > 0 and F are constants, and the damping coefficient k is not too large:
0 <k <2wp. (5.3b)

This is the equation of motion of the mechanical system in Fig. 5.1. The block has unit mass,
the stiffness of the spring is equal to ®3, and the friction is proportional to the velocity through
the constant k. The coordinate x is measured from the position of the mass when the spring
has its natural length.

The general solution of (5.3a) in the standard form:

Particular solution + the complementary functions

Damper Unit mass

External force
e
F cos 0t

S g pu—

Spring

Figure 5.1



5.1 Nonautonomous systems: forced oscillations

(the complementary functions consisting of the general solution of the corresponding homoge-
neous equation ¥ + kx + w%x =0)is

1
x(t) = Fcos(wr — y) T+ Ce*%kt cos |:<a)2 — 1l’€2>2 t — ¢:| . (5.4)
[(w% — 02)2 + k20?]2 4

In the first term, y is equal to the polar angle of the complex number (w% — w?) + ikw on
an Argand diagram. In the second term (the complementary functions) C and ¢ are arbitrary
constants, adjustable so as to conform with any given initial conditions x(f9) = xg, X(fp) = yo.
This term always tends to zero as t — oo due to the factor e~(1/2%; it is described as a transient
term. All solutions of (5.3) therefore drift into the same state of steady oscillation, described

by the particular solution x,(t) where
x,(1) = F cos(t — y)/[(@? — o?)* + K212, (5.5)

which has the same frequency as the forcing term F cos wt, but is out of phase with it by an angle
y. This term of (5.4) is also called the forced oscillation, the second term the free oscillation,
when it is necessary to distinguish them.

The amplitude A of (5.5) is given by

A = |FI/[(0} — oM)? + Ko?]2.

Suppose we conduct experiments on the system in Fig. 5.1. by varying the forcing frequency
w, in order to find how the amplitude A varies in response. For a fixed value of k, A attains its
maximum value when (w% — w?)? 4+ k*w? takes its minimum value with respect to w?, which
occurs when

_ 2 1,2
o = wy — 7k%,
and then

1
A= Amax = |FI/ [k(@] = }H)2 ]

Suppose now that k is very small. These expressions show that when w takes values close to
w0, Amax becomes very large, and the system is said to be in a state of resonance. A more detailed
analysis shows that under these conditions the phase angle y in (5.4) is such that the applied
force F cos wt, with w? = @} — %kz, is timed so that it always gives the maximum reinforcement
to the tendency of the system to follow its free oscillations. In this way the amplitude builds up
to a large value.

The case when k = 0 in (5.3a) is special in that the second term in the general solution (5.4)
is not a transient; it does not decay with time. The solutions are periodic only for exceptional
values of w and wq (specifically, when w = (p/q)wo, where p and g are integers). There is a
permanent, but erratic state of oscillation which depends on the initial conditions. The general
solution of (5.3a) when k = 0 is

F
x(t) = ——— coswt + C cos(wot + ¢)
C()O —
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If Kk = 0 and @ = w( then (5.4) becomes meaningless, so we must revert to the differential
equation (5.3), which in this case takes the form

X+ w%x = F cos wot.

The general solution is
F .
x(t) = —tsinwot + C cos(wpt — @), (5.6)
2wq

the first term having different form from that in (5.4). The solutions consist of oscillations of
frequency wop whose amplitude increases to infinity as ¢ — +00, which amounts to an extreme
case of resonance, uncontrolled by damping.

The equation of motion of a damped pendulum with a harmonic forcing term is easy to
visualize, and leads to the consideration of an important family of nonlinear equations called
in general Duffing’s equations. In a standard form the pendulum equation is written

X+ kx + a)% sinx = F cos wt, (5.7)

where, in the usual notation, x is the angular displacement from the vertical; k = «/(ma?)
where m is the mass and a the length, and ax is the moment of the friction about the support;
a)% = g/a; F = M/(ma?*) where M is the amplitude of the driving moment about the support.
The physical dimensions of the coefficients in (5.7) are [T 2].

To envisage how a regular forcing moment might be applied to a pendulum at its support,
consider Fig. 5.2. The pendulum is constructed of a spindle (the support) rigidly attached is a
rod which carries the bob. The spindle is friction-driven by a close-fitting sleeve which is caused
to rotate independently about the spindle with angular velocity A cos wt. Supposing that the
contact area is lubricated by a viscous liquid, the driving moment M is proportional to the

Oscillating
sleeve

Figure 5.2 Friction-driven pendulum.



5.2 The direct perturbation method for the undamped Duffing’s equation

relative angular velocity between the spindle and the sleeve:

M = a(Acoswt — Xx),

where A is a constant. By adjusting (in imagination) the constants « and A, the equation (5.7)
may be generated for any value of F and any value of k > 0.

5.2 The direct perturbation method for the undamped
Duffing’s equation

Consider first the forced oscillation of an undamped pendulum,

)'c'—{—a)%sinx:Fcosa)t, (5.8)

in which, without loss of generality, we can suppose that wp >0, w >0, and F > 0 (since F <0
implies a phase difference that can be eliminated by a change of time origin and corresponding
modification of initial conditions).
Put
sinx ~ x — %x3
to allow for moderately large swings, which is accurate to 1% for |x| < 1 radian (57°). Then
eqn (5.8) becomes, approximately,

X+ w%x - %w%x3 = F coswt. (5.9)
Standardize the form of (5.9) by putting
t=wt, QP =0}/’ (Q2>0), [=F/o’ (5.10)
Then we obtain
x”+§22x—%§22x3 =Tcost, (5.11)

where dashes represent differentiation with respect to t. This is a special case of Duffing’s
equation, which is characterized by a cubic nonlinear term. If this eqn (5.11) actually arises by
consideration of a pendulum, the coefficients and variables are all dimensionless.

The methods to be described depend on the nonlinear terms being small. Here we assume
that %QZ is small and write

102 = . (5.12)
Then (5.11) becomes
x”+§22x—80x3 =TI"cosr. (5.13)

Instead of taking (5.13) as it stands, with ©, ', g9 as constants, we consider the family of
differential equations

x" + Q*x — x> =T cos T, (5.14)
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where ¢ is a parameter occupying an interval I, which includes ¢ = 0. When ¢ = ¢y we recover
(5.13), and when & = 0 we obtain the linearized equation corresponding to the family (5.14):

x" + Q*x =T cost. (5.15)
The solutions of (5.14) are now to be thought of as functions of both ¢ and t and we will write
x(&, 7).

The most elementary version of the perturbation method is to attempt a representation of
the solutions of (5.14) in the form of a power series in ¢:

x(g,1) :xo(r)+8x1(t)—|—82x2('c)+-~ 5 (5.16)

whose coefficients x;(t) are functions only of 7. To form equations for x;(z), i = 0,1,2,...,
substitute the series (5.16) into eqn (5.14):

(xf +ex] 4+ )+ Q(xp +ex1 +---) —e(xg +exy +---)° =T cos.

Since this is assumed to hold for every member of the family (5.14), that is for every ¢ on I,
the coefficients of powers of ¢ must balance and we obtain

x + Q%xp =T cos T, (5.17a)
xi + Q2xy = xg, (5.17b)
xy + Q%x) = 3x3x1, (5.17¢)

and so on.

We shall be concerned only with periodic solutions having the period, 2x, of the forcing
term. (There are periodic solutions having other periods: see Chapter 7; also, by a modification
of the present procedure as in Section 5.4, we shall find yet more solutions having period 27.)
Then, for all € on I, and for all 7,

x(e, T+ 2m) = x(e, 7). (5.18)
By (5.16), it is sufficient that for all
Xi(T+27) = x(1), i=0,1,2,.... (5.19)

Equations (5.17) together with the conditions (5.19) are sufficient to provide the solutions
required. The details will be worked out in Section 5.3; for the present, note that (5.17a) is the
same as the ‘linearized equation’ (5.15): necessarily so, since putting g9 = 0 in (5.13) implies
putting ¢ = 0in (5.16). The major term in (5.16) is therefore a periodic solution of the linearized
equation (5.15). It is therefore clear that this process restricts us to finding the solutions of the
nonlinear equation which are close to (or branch from, or bifurcate from) the solution of the
linearized equation. The method will not expose any other periodic solutions. The zero-order
solution xo(t) is known as a generating solution for the family of eqns (5.14).



5.3 Forced oscillations far from resonance

Exercise 5.1
Substitute the perturbation series

x(e,7) = x0(7) + £x1(7) + £2x2(7) + - -
into the equation
'+ Px+ef(x)=Tcost, 0<e<l,

where f(x) is a smooth odd function of x. Obtain the differential equation for xg, x1, x2,
and x3.

5.3 Forced oscillations far from resonance
Suppose that
Q # an integer. (5.20)

We now solve (5.17) subject to the periodicity condition (5.19). The solutions of (5.17a) are

r
ag cos Q21 + by sin Q1 + > cos T, (5.21)

Q-1

where ag, bg are constants. Since €2 is not an integer the only solution having period 27 is
obtained by putting ag = bg = 0 in (5.21); that is,

I
xo(7) = ) COST. (5.22)

-1
Equation (5.17b) then becomes

o4 /3 L
2 1 CoS° T = ————— —cosr-i—zcos T]).

" 2 _
x1+Qx1_( @ —1)3 \4

The only solution with period 27 is given by

r3 1 r3

e - 3
A2 1 cost+4(92_1)3(92_9) CoS 3T

x1(7) =

by eqn (5.20).
The first two terms of the expansion (5.16) provide the approximation
1‘*3

r 3
x(s,r):mcosz' +¢ CoST

@2

N 1 r3
4(Q2 —1)3(Q2

2
9 cos3r) + 0 (&%). (5.23)
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The series continues with terms of order ¢2, 3 and involves the harmonics cos 57, cos 77, and
so on. For the pendulum, ¢ = g9 = 6522 by (5.12).

The method obviously fails if Q2 takes one of the values 1,9,25, ..., since certain terms
would then be infinite, and this possibility is averted by condition (5.20). However, the series
would not converge well if Q% were even close to one of these values, and so a few terms of
the series would describe x(g,t) only poorly. Such values of € correspond to conditions of
near-resonance. 2 ~ 1 is such a case; not surprisingly, since it is a value close to resonance for
the linearized equation. The other odd-number values of Q2 correspond to nonlinear resonances
caused by the higher harmonics present in x3(e, 7), which can be regarded as ‘feeding-back’
into the linear equation like forcing terms. This idea is exploited in Chapter 7.

If Q is an even integer the straightforward procedure fails because (5.21) has period 27 for
all values of ag, bg. Their required values can only be established by carrying the terms forward
into the second stage (5.17b), as is done in Section 5.4 for a similar situation.

Example 5.1 Obtain an approximation to the forced response, of period 2m, for the equation x" + %x +
0.1x3 = cos 7.

Consider the family x” + %x + ex3 = cost: this is eqn (5.13) with Q = % and ¢g = —0.1. Assume that
x(e,7) = x09(t) + exq1(zr) + - --. The periodicity condition is met if xq(t),x1(z),..., have period 27. The
equations for xq, x1 are (see (5.17a,b))

xo + xo =CoSsT,

xl—}— xl_ xg.

The only 27 -periodic solution of the first equation is
xp(r) = —% CcoSs T,

and the second becomes
1 16

x/l/—l- X1 =g cosT+ 27 6 cos3t

The 25 -periodic solution is

x1(r) = 6‘7‘ COST — % cos3t.
Therefore,
x(e,t) = —% COST — & (6‘7‘ cosT + 945 COS3‘L’) + 0(52)
With ¢ = 0.1,

x(e,7) ~ —=1.570cost — 0.007 cos 37. )



5.4 Forced oscillations near resonance with weak excitation

Exercise 5.2
The perturbation procedure described above is applied to the equation

x”+%x—%x3 =Tcost

to find the 27-period solution. What is the maximum value that I' can take in order that
the leading coefficient of cos 7 in (5.23) is accurate to within 5% to order 22

5.4 Forced oscillations near resonance with weak excitation

Not only does the method of the previous sections fail to give a good representation near certain
critical values of 2, but it does not reveal all the solutions having the period 27 of the forcing
term. The only solution it can detect is the one which bifurcates from the one-and-only solution
having period 27 of the linearized eqn (5.15). More solutions can be found by, so to speak,
offering the nonlinear equation a greater range of choice of possible generating solutions by
modifying the structure so that a different linearized equation is obtained.

We will include damping in the approximate pendulum equation:

i+ ki + ofx — tofx? = Fcos wt. (5.24)
Corresponding to eqn (5.13) we have
x4+ Kx' + Q%x —gox> =T cost, (5.25a)
where
T=ot, Q= w%/a)z, g0 = %QZ, K =k/w, T =F/o. (5.25b)
Assume that I is small (weak excitation), and K is small (small damping) and therefore put

' =¢oy, K =¢ok v,k > 0). (5.26)

Suppose also that € is close to one of the critical resonance values 1, 3, 5, .... Consider the
simplest case Q2 ~ 1, which corresponds to near-resonance of the linearized equation, and write

Q2 =1+¢9/B. (5.27)
Equation (5.25) becomes
x" 4+ x =eo(y cost — kx' — Bx + x7). (5.28)
Now consider the family of equations

" +x=g(ycost —kx' — Bx +x), (5.29)
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with parameter ¢, in which y, «, 8 retain the constant values given by (5.26) and (5.27). When
& = go we return to (5.28). When ¢ = 0 we obtain the new linearized equation x” 4+ x = 0. This
has infinitely many solutions with period 2w, offering a wide choice of generating solutions

(compare (5.15) in which only one presents itself).
Now assume that x(¢, ) may be expanded in the form

x(e,7) = xo(t) + ex1(7) + szxz(r) + e,
where (by the same argument as led up to (5.19)), for all ¢
xi(t+2m)=x;(zr), i=0,1,2,....
Substitute (5.30) into (5.29). By the argument leading to (5.17) we obtain
xy +x0 =0,

x| 4 x1 = ycost —kxp — Bxo+ x5,

xy +xp = —kxy — Bx1 + 3x§x1,

and so on.
The solution of (5.32a) is

xo(t) = apgcost + bpsint
for every ag, bg. Now put (5.33) into (5.32b). After writing (see Appendix E)
cos’t = %cosr + %cos?ﬂ, sin® 7 = %sint — %sin3t
and making other similar reductions’ we have
x{ +x1 = {y — «bo + aol—B + 3(ag + bp)]} cos T
+ {kap + bol—B + %(a% + b(z))]} sin T

+ }‘ao(a% — 3b%) cos3t + %bo(3a§ — bé) sin 3.

(5.30)

(5.31)

(5.32a)
(5.32b)
(5.32¢)

(5.33)

(5.34)

The solution x1(t) is required to have period 27, but unless the coefficients of cost and
sin T in (5.34) are zero, there are no periodic solutions, since any solution would contain terms
of the form rcost, tsint (compare eqn (5.6)). Such non-periodic or otherwise undesirable
constituents of a solution are often called secular terms. We eliminate the secular terms by

T Often, the easiest way to carry out such calculations is to write the solution of (5.32a) as Age'” + Age™i?. Then

xg = (Age'™ + Age™ )3 = Age3ir + E.A%/ioeiI + complete conjugate.

The substitution Ay = %(ao —iby), ag real, by real, is left to the very end.



5.5 The amplitude equation for the undamped pendulum
requiring the coefficients of cos r and sin t to be zero:

kap — bo{p — 3(a§ + b})) = 0, (5.35a)
kb + aolp — 3@l + b)) = y. (5.35b)

These equations settle the values of ap and by. To solve them, let o be the amplitude of the
generating solution:

ro = /(a3 +b3) > 0. (5.36)

By squaring and adding eqns (5.36a) and (5.36b), we obtain the following cubic amplitude
equation for r}:

ro {KZ +(B- %)2} =y (5.37)

When (5.37) is solved for rg, ag and by can be obtained from (5.35) and (5.36).

Equation (5.37) will be analysed in the next section. For the present, note that there may be
as many as three positive values of r (hence of rg > 0) satisfying (5.37). This indicates that
for certain ranges of «, B,y there may be three distinct 27 -periodic solutions of (5.24), (5.28),
or (5.29), each bifurcating from one of three distinct generating solutions.

Having selected a pair of values ag and by satisfying (5.35), we solve (5.28) to give

x1(t)=ajcost+bysint — %ao(a% — Sb%) cos 3t — %bo(Sa% — b%) sin 31,

where a1 and b1 are any constants. This expression is substituted into eqn (5.32c); the require-
ment that x, () should have period 27 provides equations determining a1, b1, as before. In this
and subsequent stages the determining equations for a;, b; are linear equations, so no further
multiplicity of solutions is introduced and the process is much less complicated.

Exercise 5.3

Establish that the latter assertion is true for a; and by, that is, that they are given by linear
equations: the differential equation for x; is given by (5.32¢). [Hints: many higher harmon-
ics can be discarded since interest is only in the coefficients of cost and sin 7; symbolic
computation using trigonometric reduction has to be used to handle the algebra.]

5.5 The amplitude equation for the undamped pendulum
Suppose that the damping coefficient is zero; then in (5.24), (5.25), (5.29)
k:K:/{:O, (5'38)
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Instead of seeking ro through (5.37), the coefficients ag, by can be found directly from (5.35):
the only solutions are given by

bO = 09 (5393)
ao(B — 3af) = y. (5.39b)

We shall consider in detail only the pendulum case with ¢ = ¢y = %Qz. The original parameters
w, wp and F of eqn (5.24) can be restored through (5.25) to (5.27). Equation (5.39b) becomes

ao(a)2 - a)% + %a)éa%) =—F. (5.40)
The solutions ag can be obtained by drawing a cubic curve
7= ao(a)2 — a)(z) + %w%a%) = f(aog) (5.41)

on a graph with axes ag, z for any fixed value of w and wy, then finding the intersections with
the lines z = —F for various F > 0, as in Fig. 5.3.
The main features revealed are as follows:

(i) When w? > w% (Fig. 5.3(a)), there is exactly one periodic oscillation possible. When F is
small, the amplitude approximates to the linear response (5.22), and to the ‘corrected linear
response’ (5.23), unless w ~ w% (very near to resonance) in which case it is considerably
different (Fig. 5.3(b)). These responses are 180° out of phase with the forcing term.

(ii) When o? < a)% (Fig. 5.3(c)), there is a single response, 180° out of phase, when F is
relatively large. When F is smaller there are three distinct periodic responses, two in
phase and one out of phase with the forcing term. The response marked ‘A’ in Fig. 5.3(c)
corresponds to the response (5.22) of the linearized equation, and to the corrected linear
response (5.23).

(a) (b) (©
z z z
z=f(a,) z=f(a,) 2 =f(ay)
z=-F P, !
o >wp o <oy
——e—— Stable -=--0---- Unstable

Figure 5.3 Illustrating eqn (5.41).
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5.5 The amplitude equation for the undamped pendulum

All three of the responses described in (ii) will be of small amplitude if the intersections of
the curve z = f(ag) with the ag axis (Fig. 5.3(c)) occur close to the origin. These intersec-
tions are at ag =0, ag= =+ 2,/2(1 — &? /w%)l/ 2. Three intersections are actually achieved
provided

F < %\/%w%(l — a)z/a)é)s/2

(recalling that F is positive). This result can also be obtained from the properties of the
cubic equation (5.40) in ag (see Appendix E). Therefore, by choosing ?/w} sufficiently
near to 1 (near to resonance) and F correspondingly small, the amplitudes of all the three
responses can be made as small as we wish. In particular, they can all be confined in what
we should normally regard as the linear range of amplitude for the pendulum.

Despite there being no damping, there are steady, bounded oscillations even when w = wy
(unlike the linearized case). The nonlinearity controls the amplitude in the following way.
The amplitude increases indefinitely if the forcing term remains in step with the natural
oscillation and reinforces it cycle by cycle. However (e.g., Example 4.10), the frequency
of the natural (nonlinear) oscillation varies with amplitude due to the nonlinearity and
therefore does not remain in step with the forcing term.

Whether a steady oscillation is set up or approached at all, and if it is, which of the
possible modes is adopted, depends on the initial conditions of the problem, which are not
considered at all here (see Chapter 7).

Whether a particular mode can be sustained in practice depends on its stability, of which
an indication can be got as follows. If, in the neighbourhood of amplitude ag, the forcing
amplitude F required to sustain ag increases/ decreases as ag increases / decreases, we expect
a stable solution, in which an accidental small disturbance of amplitude cannot be sustained
and amplified. If, however, F increases/ decreases as ag decreases/ increases, the conditions
are right for growth of the disturbance and instability results. Further justification is given
for this argument in Section 9.5. In anticipation of the analysis of Chapters 7 and 9, the
stable and unstable branches are indicated in Figs 5.3 and 5.4.

F increasing a, < 0

a Y

Stable
Unstable

F increasing
a,>0

Two branches, same value of F

Figure 5.4 Amplitude—frequency curves for the undamped pendulum (eqn (5.40)).
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The nature of the solutions of (5.40) as a function of the parameters w, wg, with F given,
can be exhibited on a single ‘response diagram’, Fig. 5.4. The figure can be plotted directly by
writing (5.40) in the form

w= \/{w%(l — %a%) — F/ap}.

For each value of F > 0 the amplitudes lie on two smooth branches; a typical pair is indicated
on the figure. F increases on ‘contours’ increasingly distant from the curve F =0 (which gives
the amplitude—frequency curve for free oscillations, and is part of an ellipse) on both sides of
it. Note that

dw 1 1 2 F
J—— ——a J—
dao 2w \ 47090 a2

Therefore, if ag < 0 (and F > 0), dw/day is never zero, whilst if ay > 0 (and F > 0), dw/dag
is zero for a value of ag and w < wg as shown in Fig. 5.4.
Example 5.2 Investigate the forced periodic solutions of the equation

x"+ O +ep)x — ex> =T cos T,

where ¢ is small and B, T are not too large.

This is a case where Q% = 9 + &8 (eqn (5.14)) has a value which causes the direct expansion (5.23) to fail. The
given equation may be rewritten as

x" +9x =Tcost +e(x> — Bx).
Write x(¢,7) = x0(t) + ex1(7) + - - -, where x( (), x1(7), ... have period 2x. Then
xy +9xg =T cost,
xi/ +9x1 = xg — Bxg,

and so on. These have the same form as (5.17), but since 9 is the square of an integer, the first equation has
solutions of period 27 of the form

x0(t) = agcos3t + bgsin3t + %F COST.

When this is substituted into the equation for x1, terms in cos 37, sin 3t emerge on the right-hand side,
preventing periodic solutions unless their coefficients are zero. The simplest way to make the substitution is to
write.
3it —3it 1 it 1 —it
=+ T6Fe =+ T6Fe 5

x0(7) = Age’'™ + Age

where Ay = %ao — %ibo. We find

r3  er? . ‘ :
xg — Bxo=| | —= + —Ag + 34240 — BAg | €>'" + complete conjugate
0PI \163 T 162 70 700

+ other harmonics.
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Therefore, we require

3404 —/3+6r2 __r
070 162 163°

This implies that A is real: by = 0, Ay = %ao, and the equation for a is

1 (3 6r2 rs 0
2(10 *ao ,3+ +E: . ( ]

Exercise 5.4
Find the leading approximation of the undamped system

x'+x = s(%cos T —2x +x%).

Show that there are three possible amplitudes.

Exercise 5.5
Find the leading approximation of

x4+ x=e(ysin T — Bx + x°).

5.6 The amplitude equation for a damped pendulum

The amplitude equation (5.37) translated into the parameters of eqn (5.24) by (5.25), (5.26),
and (5.27), becomes

{kzw2 + (a) — wo + 1w%r§> } = F2. (5.42)

Only solutions with rg > 0 are valid (see eqn (5.36)). Solving the quadratic equation for w?

given by (5.42) we find that
o =1 {205 (1= §13) -2 £ v {k* = 40di? (1= §13) + 42113

Typical response curves are shown in Fig. 5.5 for fixed values of k and wg, and selected values
of F > 0. k was chosen fairly small so that comparison might be made with the undamped
case shown in Fig. 5.4. The figure is similar to Fig. 5.4, with some important differences. There
are no longer two distant branches corresponding to each value of F: the branches join up to
make continuous curves. In the near neighbourhood of the point w = wy, ro =0 the curves do
not turn over: that is to say, a certain minimum value of F is required before it is possible



5: Perturbation methods

o

Stable

NN\ e Unstable

F increasing

o 0] 0]

0

Figure 5.5 Amplitude (ro)-frequency (w) curves for the damped pendulum (eqn (5.42)): on each curve F is constant.

to have three alternative forced responses (see Problem 5.10). The response curves for small F
represent the approximately linear response, as can be seen from (5.35).
The jump effect’ associated with the response curves is presented in detail in Section 7.3.

5.7 Soft and hard springs

We have so far been concerned with equations of the type
¥+ ki+cx +exd = F coswt,

which arise from an approximation to the pendulum equation. In the general case this is called
a Duffing’s equation with a forcing term. Now consider

X+ kx +cx+eg(x) = Fcoswt, (5.43)

where k >0, ¢ > 0, and |¢] < 1. This can be interpreted as the equation of forced motion with
damping of a particle on a spring, the spring providing a restoring force which is almost but
not quite linear. This is a useful physical model, since it leads us to expect that the features of
linear motion will be to some extent preserved; for example, if k=0 and F =0 we guess that
solutions for small enough amplitude will be oscillatory, and that the effect of small damping
is to reduce the oscillations steadily to zero.

Important classes of cases are represented by the example g(x) =x3, with ¢ > 0 and & <0.
The corresponding (symmetrical) restoring forces are illustrated in Fig. 5.6(a) and (b). When
¢ is negative the restoring force become progressively weaker in extension than for the linear
spring: such a spring is called soft. A pendulum is modelled by a soft spring system. When ¢ is
positive the spring becomes stiffer as it extends and is called a hard spring.
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(a) (b) (©

cx +ex? cx +ex’ cx—ex?

£<0 £>0 &>0

Figure 5.6 Restoring force functions for (a) a soft spring; (b) a hard spring; (c) an unsymmetrical case.

Stable ~ ------- Unstable

w w

Figure 5.7 Amplitude—frequency curves for Duffing’s equation ¥ + kx + cx + ex3 = Fcoswt, k > 0, ¢ > 0.

The nature of the response diagrams for the forced oscillations, period 27 /w, of (5.43) in the
case of a soft spring (¢ < 0), a linear spring (¢ = 0), and a hard spring (¢ > 0) are shown in
Fig. 5.7.

There are various ways in which the restoring force can be unsymmetrical: an important case
is shown in Fig. 5.6(c) where g(x) = —x2 and ¢ > 0. The spring is ‘soft’ for x > 0 and ‘hard’
for x < 0. Problem 5.22 shows that for free oscillations (F = 0 in (5.43)) the effect is to shift
the centre of oscillation to small positive x values, as the diagram suggests; the same occurs
when the oscillation is forced, as is shown in the following example.

Example 5.3  Obtain approximately the solutions of period 2t of the equation i +Q%x —ex? =T cost, e > 0.

First, suppose that  is not close to an integer (i.e., it is far from resonance). Writing x (e, 1) = xo(t)+ex1 (£)+- - -,
the required sequence of equations is

Xo + QZXO =T cost,
X1+ szl = x(z),
and so on. The periodic solution of the first is

r
xo(t) = mcost,

and the second becomes

FZ
. 2

+ Q =————(1+cos2t
*1 x1 2(92_1)2( )
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whose solutions are
2 2
+
202(2 — 12 222 -1)2(Q2 -4

x1(t) = cos 2t + a1 cos Qt + bq sin Q.

For x1(¢) to have period 27, ay = by = 0: therefore

el2 g2
cost +

r
+ 2t.
Q2 -1 202(Q2 — 12 22 - 1)2(Q2 -4 o8

x(e,t) =

Now suppose Q ~ 1 (i.e., close to resonance), and I" small. Put
92=1—|—£ﬁ, =ey.
The equation becomes
X4+ x =e¢e(ycost +x2 — Bx).
Assume that x(¢,7) = x(t) + &x1(7) + - - -. The first two equations are
Xo+x9=0,
X1+x1= ycost—!—xé — Bxp.

The solution of the first equation, of period 2, is ag cost + by sint, where ag, b are to be determined. The
second equation becomes

i1 +x1 = 2@§ +b%) + (v — Bag) cost — By sint
+ %(a% — b(z)) cos 2t + agbg sin 2t.
Secular terms vanish only if
bp=0, ag=vy/B.

Then the equation for xq simplifies to

yl
X1+x1 = ﬁ(l + cos 2t),

which has the 27-period solution

)/2 2
X] = —= — —=cos 2t +aqcos t+ bqsin t.
1= 557 " 62 1 1
To order ¢,
2 2
14 Ty 1y .
gt)~ =cost+e| =5 — =5 cos2t cost +bysint ).
x(e,1) 5 + (Zﬂl 5 72 +a + by )

The constants aq and by can be determined by eliminating secular terms in the equation for x;. )

Exercise 5.6
In Example 5.3, write down the equation for x;. By eliminating secular terms in this
equation, find @y and b1 which arise in the solution for x;.
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5.8 Amplitude-phase perturbation for the pendulum equation

In Section 5.4, we stopped at the first approximation to a solution because of the rapidly
developing complexity of the algebra. The following method allows a higher approximation to
be obtained rather more efficiently.

Consider again the family (5.29):

X"+ x=¢e(ycost —kx' — Bx +x7). (5.44)
Instead of seeking, as in Section 5.4, solutions in effect of the form
(ap +eay +--+-)cost + (bg + &by + - - ) sin T + higher harmonics
We shall arrange for them to appear in the form
x(6,7) = (ro + &r1 ++--)cos(t + ag + caq + - - ) + higher harmonics, (5.45)
where
a=ou)+ear+---

is the phase difference between the response and forcing term. « is expected to be the phase
of the generating solution and rq its amplitude.

It is more convenient for manipulative reasons to have the unknown phase, a, appear in the
equation itself. Therefore we discuss instead the equation

X'+ X =e(ycos(s —a) — kX — BX + X3), (5.46)

where we have puts = T +a and X(¢g,5) = x(¢,7) = x(¢, s — ) into (5.44) with differentiation
now with respect to s.
Assume that for all small enough ¢
X(S,S) = XO(S) + SXl(S) +--,
(5.47)
od=oy+eoy+---.

We require solutions X(g,s) having the period, 2, of the forcing term, which implies that
for all s,

Xi(s +2m) = Xi(s), i=1,2,.... (5.48)

Finally we shall impose the extra condition X’(¢, 0) = 0. This is not a real restriction: we simply
adjust the time origin, and hence the phase, so that it is so. Therefore

X/(0)=0, i=0,1,.... (5.49)
Substitute (5.47) into (5.46), using the Taylor series

cos(s — ) = cos(s —ag) + eaqsin(s —ag) +--- .
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By assembling powers of ¢ and equating their coefficients to zero we obtain
Xy + X0 =0,
X{ + X1 =ycos(s —ag) —kXy — BXo + Xg,
X5 4 X2 = yay sin(s — ag) — «X| — X1+ 3X5X1,

and so on.
The periodic solutions of (5.50a) satisfying (5.49) are

Xo(s) =rgcoss, ro>0
where we choose rp > 0 by later adjusting the phase «g. From (5.50b)
X| 4+ X1 = (ycosag — Bro+ %rg) cos s
+ (krg 4+ y sinag) sins + %rg cos 3s,

since cos>

and sin s) must be eliminated, so

3.3
Bro — 370 = Y cosap,

Kro = —y sinayg.

By squaring and adding we obtain eqn (5.37) again:
r% {K2 + (ﬂ - %r%)z} = yz.

o is then obtainable from (5.53). Considering only —%n <ag =< %n

oy = — sinfl(/cro/y).
Equation (5.52) becomes

X/l/ + X1 = %rg cos 3s,
with solutions

X1(s) =ricoss — %ré’ cos3s, r1 >0,

satisfying (5.48) and (5.49). Substitute (5.56) into (5.50c):

X5+ X, = (—ya1 sinag — Br1 + %r%rl — %Srg) cos s

+ (ya1cosag + kri) sins + (%r&rl - 63—4rg + %ﬂrg) cos 3s

3 3o 3 S
— 33kr( SIn3s — 557 sin Ss,

(5.50a)
(5.50b)
(5.50c)

(5.51)

(5.52)

5 = %coss + }Tcos 3s. For there to be a periodic solution the secular terms (in cos s

(5.53a)
(5.53b)

(5.54)

(5.55)

(5.56)

(5.57)
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using the identity cos~scos3s = ‘l‘coss + %cos 3s + %cos Ss. Periodicity requires that the

coefficients of coss and sin s should be zero, which leads to the results

2

r1 —% 0/( ,B—I—Ktanoeo), (5.58a)

3 Krg 9
=718 Y cos /(Zro P Kt3.1’10lO> (5.38b]

The solution to eqn (5.44) is then

x(e,7) = (ro + ery)cos(t + ag + caq) — sr% cos 3(t + ap) + 0(82). (5.59)

5.9 Periodic solutions of autonomous equations (Lindstedt’s method)

Consider the oscillations of the autonomous pendulum-type equation (a form of Duffing’s
equation)

d?x
d2+x—ex =0. (5.60)

For a soft spring ¢ > 0, and for a hard spring ¢ < 0. The system is conservative, and the method
of Section 1.3 can be used to show that all motions of small enough amplitude are periodic.

In this case of unforced vibration, the frequency, w, is not known in advance, but depends
on the amplitude. It reduces to 1 when ¢ = 0. Assume that

wo=1+ew1+---, (5.61)
x(e,t) =xo(t) +ex1(t)+---. (5.62)

We could substitute these into (5.60) and look for solutions of period 27 /w, but it is
mechanically simpler to cause w to appear as a factor in the differential equation by writing

ot =T. (5.63)

Then (5.60) becomes

w*x" +x —ex3 =0. (5.64)

By this substitution we have replaced eqn (5.60), which has unknown period, by eqn (5.64)
which has known period 27. Therefore, as before, for all 7,

xi(t +27)=x;(t), i=0,1,.... (5.65)
Equation (5.64) becomes

(148201 +-- ) + x|+ )+ (o +&x1 4 -+-) = e(xg + ex1 +-- )3,
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and by assembling powers of & we obtain

1
xy +x0 =0,
X 4 x1 = —2w1x) + x5,

and so on.
To simplify the calculations we can impose the conditions

x(g,0) = ag, x'(e,0) =0

without loss of generality (only in the autonomous case!). This implies that

x0(0) =ag,  x,(0) =0,
and
xi(0) =0, x/(0)=0, i=1,2,....
The solution of (5.66a) satisfying (5.68a) is
X0 = apcosT.
Equation (5.66b) then becomes
x| +x1 = Qwiap + %ag) cosT + %ag cos 3.
The solutions will be periodic only if
w1 = —%a%.
From (5.70), (5.71),
x1(t) =aq cos T+ by sin T — %ag cos 37,
and (5.68b) implies

1 3
b1 =0, aj = 354ag.

(O8]

Therefore,

x1(7) = %ag(cos T — cos 37).

Finally, from (5.69) and (5.72),

x(e,T) & ag cos T + %eag(cos T —cos 37) + 0(82).

Returning to the variable ¢ (eqn (5.63)), we have the approximation
x(e,t) &~ ag cos wt + %sag‘ (cos wt — cos 3wt),
where
2

~ 3 .
o~ 1—geay;

this gives the dependence of frequency on amplitude.

(5.66a)
(5.66b)

(5.67)

(5.68a)

(5.68Db)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74a)

(5.74b)
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Exercise 5.7
Find the frequency—amplitude relation for periodic solutions of

i+x—e@®+x)=0, x(c,0)=aqay, xi(0) =0,

using Lindstedt’s method. (Use the trigonometric identities in Appendix E.)

5.10 Forced oscillation of a self-excited equation

Consider the van der Pol equation with a forcing term:
i+e(x* — D +x = Fcosot. (5.75)

The unforced equation has a limit cycle with radius approximately 2 and period approximately
27 (see Sections 4.1 and 4.2). The limit cycle is generated by the balance between internal
energy loss and energy generation (see Section 1.5), and the forcing term will alter this balance.
If F is ‘small’ (weak excitation), its effect depends on whether or not w is close to the natural
frequency. If it is, it appears that an oscillation might be generated which is a perturbation of
the limit cycle. If F is not small (hard excitation) or if the natural and imposed frequency are
not closely similar, we should expect that the ‘natural oscillation’ might be extinguished, as
occurs with the corresponding linear equation.
Firstly, write

wt =T, (5.76)
then (5.75) becomes
o*x" + sw(x* — 1)x’ + x = F cost, (5.77)
where the dashes signify differentiation with respect to 7.

Hard excitation, far from resonance

Assume that w is not close to an integer. In (5.77), let

x(e,t) =x0(t) +ex1(z) +---. (5.78)

The sequence of equations for xg, x1, ... begins
a)zxg + x9 = F cos, (5.79a)
o?x] 4+ x1 = —(x§ — 1)x}, (5.79b)

x0(t), x1(t) having period 27.
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The only solution of (5.79a) having period 27 is

xo(7) = cos T,

1 —w?

and therefore

x(e, ) = 1 cos T+ O(e).

— w2

(5.80)

The solution is therefore a perturbation of the ordinary linear response and the limit cycle is

suppressed as expected.

Soft excitation, far from resonance

This case is similar to hard excitation above but with F = ¢F, and is left as Problem 5.20.
However, this solution is normally unstable (see Section 7.4), and there is no limit cycle.

Soft excitation, near-resonance

For soft excitation write in (5.77)
F=c¢y
and for near-resonance
w=1+¢cw.
The expansion is assumed to be
x(e,t)=x0(t) +ex1(z) +---.

Equations (5.80), (5.81), and (5.82) lead to the sequence

xo +x0 =0,

X 4 x1 = —2w1xf — (x§ — D)xy + y cos T,
and so on. We require solutions with period 27. Equation (5.84a) has the solutions

x0(t) = ag cost + bg sint.
After some manipulation, (5.84b) becomes
x{ +x1 ={y +2wiap — bo(%rg — 1} cost
+ {2w1bg + 00(%702 — 1)} sin 7 + higher harmonics,

where

rg = J(a(z) +b%) > 0.

(5.81)

(5.82)

(5.83)

(5.84a)

(5.84b)

(5.85)

(5.86)

(5.87)
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For a periodic solution we require

2wiag — bo(krg — 1) = —y, (5.88a)

2w1bg — ap(3r§ — 1) = 0. (5.88b)

By squaring and adding these two equations we obtain
2
a0t + (43 1)} =2 (5.89)

which give the possible amplitudes rg of the response for given w; and y. The structure of this
equation is examined in Chapter 7 in a different connection: it is sufficient to notice here its
family resemblance to (5.37) for the pendulum equation. Like (5.37), it may have as many as
three real solutions for rg > 0. The limit cycle is extinguished.

Exercise 5.8
The frequency—amplitude equation (5.89) for the forced van der Pol equation under near-
resonance soft excitation is

r§{4w% < (}Trg — 1% =52

If w1 = %r > 0, find all ag, by in the leading term for the periodic solution.

5.11 The perturbation method and Fourier series

In the examples given in Sections 5.3 and 5.4 the solutions emerge as series of sines and cosines
with frequencies which are integer multiples of the forcing frequency. These appeared as a
result of reorganizing terms like x>, but by making a direct attack using Fourier series we can
show that this form always occurs, even when we are not involved with polynomial terms, or
harmonic forcing.

Consider the more general forced equation

x4+ Q%x = F(r) — eh(x,x), (5.90)

where ¢ is a small parameter. Suppose that F is periodic, with the time variable already scaled
to give it period 27, and that its mean value is zero so that there is zero constant term in its
Fourier series representation (meaning that its time-averaged value of F is zero over a period)
so that we may expand F is the Fourier series

[e.¢]
F(r) = Z(A” cos nt + By, sin nt), (5.91)

n=1
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in which the Fourier coefficients are given by

27 21

1 1 .

A, = —/ F(t) cos nt dr, B, = —/ F(7)sin ntdr.
7 Jo T Jo

We shall allow the possibility that Q is close to some integer N by writing
Q> =N*+¢B (5.92)

(N =1 in Section 5.4). The perturbation method requires that the periodic solutions emerge
from periodic solutions of some appropriate linear equation. If (5.91) has a nonzero term of
order N then (5.90), with ¢ = 0, is clearly not an appropriate linearization, since the forcing
term has a component equal to the natural frequency N and there will be no periodic solutions.
However, if we write

AN=8A, By =EB, (593)

the term in F giving resonance is removed from the linearized equation and we have a possible
family of generating solutions. Now rearrange (5.90), isolating the troublesome term in F by
writing

f(r)=F(t) —eA cos NT —eB sin Nt = Z(An cos nt + By sin nt). (5.94)
n#N

Equation (5.90) becomes
x4+ N?x = f(r) + e{—h(x,x") — Bx + A cos NT + B sin Nt}. (5.95)

The linearized equation is now x” + N2x = f(t), with no resonance.
Now write as usual

x(e,7) =x0(t) +ex1(zx) +---, (5.96)
where xg, x1,... have period 27. By expanding 4 in (5.90) in powers of ¢ we have
h(x)x/) = h(-xOJX(/)) + Shl(XO')xE)axl)xi) + - ) (5'97)

where i1 can be calculated, and by substituting (5.96) and (5.97) into (5.95) we obtain the
sequence

x§ + N2xp = Z (A, cosnt + B, sinnt), (5.98a)
n#N
x{ + N%x| = —h(xp,x)) — Bxo+ A cosNT + B sinNt, (5.98b)

x4+ Nxy = —hy(x0, X0, X1, X}) — Bx1, (5.98¢)
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and so on. The solution of (5.98a) is

A, cosnt + B, sinnt
N2 _ n2

x0(t) =ag cosNt + by sin Nt + Z
n#EN

=ag cosNt + bg sin Nt + ¢ (1), (5.99)

say; ag, bo are constants to be determined at the next stage.

We require xg, as determined by (5.99), to be such that (5.98b) has 27 -periodic solutions.
This is equivalent to requiring that its right side has no Fourier term of order N, since such a
term would lead to resonance. We required therefore that

1 2w
ﬁaoz——/ h(agp cos Nt + bg sin Nt + ¢ (1),
T Jo

—agN sin Nt +bgN cos Nt + ¢'(t)) cos Nt dr + A, (5.100a)

1 2w
,Bboz——/ h(ag cosNt + by sin Nt + ¢ (1),
7 Jo
—agN sin Nt +bgN cos Nt + ¢'(1))sin Nt dt + B, (5.100b)

which constitute two equations for the unknowns ag, bg. The reader should confirm that
the resulting equations are the same as those for the first order approximation, with N = 1,
obtained in Section 5.4.

Each equation in the sequence (5.98) has solutions containing constants ay, b1, az, ba,...,
whose values are similarly established at the succeeding step. However, the equations for subse-
quent constants are linear: the pair (5.100) are the only ones which may have several solutions
(compare the remark at the end of Section 5.4).

5.12 Homoclinic bifurcation: an example

For autonomous systems a homoclinic path is a phase path which joins a saddle point to itself.
An example is given in Section 3.6. Homoclinic bifurcation takes place when a change of a
parameter in a system causes a homoclinic path to appear for a specific value of the parameter,
and then disappear again as illustrated in Fig. 3.27.

Consider the equation

Fteax?—Bi—x+x>=0 (a>pB>0), (5.101)

which has van der Pol ‘damping’ and a negative restoring force for x small. It is assumed that
0 < & <« 1. The equation has three equilibrium points, at y = 0, x = 0, & 1. Near x = 0, x
satisfies

X—eBx—x=0,
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which has the characteristic equation
2 —
m- —¢gfm—1=0.

Both roots are real but of opposite sign, indicating a saddle point at the origin in the phase
plane. Close to x =1, let x =1+ & so that, approximately,

E4e(a—p)E+2t=0.

For o > B, this equilibrium point is a stable spiral for ¢ sufficiently small. Similarly it can be
shown that the equilibrium point at x = —1 is also a stable spiral.
For ¢ = 0, the unperturbed system

F—x+x2=0

has homoclinic paths meeting at the origin given by

and a time solution for x > 0 of
x = x0(t) = 4/2secht, —o0o0 <1t < 00 (5.102)

(see Example 3.9 and Fig. 3.26). The intention here is to investigate, using a perturbation
method, whether there are any values of the parameters @ and 8 for which homoclinic paths
persist. Physically this seems likely since the damping term in (5.101) will be negative for small
x, but become positive for larger x so that perhaps a balance will be achieved over the range
of a homoclinic path.

Consider the following perturbation scheme:

X=xp0+&x1+--- (—00<t<o00).

Substitute this series into (5.101), and collect terms in like powers of ¢. The first two
equations are

Xo —x0 + x5 =0, (5.103)
%1 4 (3x3 — Dxy = (B — axp)io, (5.104)

where the solution of (5.103) is given by (5.102). For a homoclinic solution the required bound-
ary conditions are that x, x — 0, t — =00, which means that for each term in the series
Xny Xn = 0(n =0,1,2,...) as t — £ o00. This condition is already satisfied by xo.

Equation (5.104) is a forced linear second-order equation for x1(¢). A direct solution of
(5.104) can be obtained, at least as an integral, but what we require from (5.104) is the condition
that the phase path is homoclinic to order . Multiply both sides of (5.104) by xg, giving

¥1%0 + (3x§ — Dxpko = (B — axi)id.
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From (5.103), this may be written as
.. - d 3 20 .2
a(xlxo) — X1X0 + xla(xo —x0) = (B — axp)xg,
or, from (5.103), as

d .. ) d i
3 (1) + x1(xg — x0) +x1$(x3 —x0) = (B — ax})id,

or
d .. 3 2422
5[}61960 + x1(xy — x0)] = (B — axy)xg,

Now integrate fromt = —ocotot = 1:

%1 ()0 (7) + x1 (D) [x3 (2) — x0(2)] = / (8 — axd())x3 (1) dr. (5.105)

Since xo () = /2 secht, then xo(z) = O(e™ ") and xg (t)—x0(t) = O(e™ %) as T — oo. It follows
also that

| 1p-wdorgnd =1@p - [ 18- adorgod

= I(a, B) + 0(e™ %),

where

I(@,8) = / B — ax2 (DL (0) dr.

Multiply (5.105) through by e, and examine the order of the terms in x, so that
F(D)Q2Y2 + 0@ + x1 (1) (=242 + 0(e™) = " I(a, f) + O(e ). (5.106)

If I(a, B) = 0, then the right-hand side of (5.105) is O(e~"). On the left-hand side, x1(z) =
e’ + O(1) is not possible since it would then be O(1), nor is x1(t) = A+ O(e™ ") possible with
a non-zero constant. We conclude that x1(t) = O(e™ "), which ensures that

Hap = [ 15— axdunidndi=0

is a necessary and sufficient condition for a homoclinic path to O (g?).
In our example, it follows from (5.102) (switching back to the variable ¢ instead of ),

x0(t) = —4/2 sech’t sinh 1.
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Hence (5.105) becomes

o¢] o
2,3/ sechs sinh? ¢ dt — 4« / sech®s sinh? ¢ df = 0. (5.107)
—00

—0

The last two integrals can be evaluated as follows. Using the substitution u = tanh ¢ in both
cases,

00 1
/ sech*s sinh? 7 dr = / urdu = %,
—00 -1

00 1
/ sech®s sinh? ¢ dr = / (1 — u?)du = % — % = %.

—00 -1
Hence, to order ¢, a homoclinic path in x > 0 exists if
B =t (5.108)

from (5.107). It can be shown also that a homoclinic path in x < 0 exists for the same parameter
ratio.

Figure 5.8 shows a computed phase diagram for eqn (5.101) fore = 0.3, « =1 and 8 =0.801.
This value of 8 should be compared with the value of 8 = 0.8 predicted by eqn (5.108). The
agreement is good for 0 < & < 0.3 but the perturbation method will become less accurate as
¢ increases further. As 8 increases through the critical value %‘a for any fixed «, a homoclinic
bifurcation takes place (see section 3.6).

A more general perturbation method valid also for forced systems will be developed in
Section 13.7.

1y

T

-1t

Figure 5.8 Homoclinic paths for ¥ + s(a@x? — )% —x + x> =0fore =0.3, « = 1, g = 0.801.



Problems

Exercise 5.9
Verify that the system ¥ + x — x3 = 0 has the heteroclinic solutions x = =tanh(z/./2)
connecting the saddle points at x = &1. In the equation

5c'+8(ax2—ﬂ)x+x—x3=0, 0<exl,

let x = xo + ex1 + - -- . Show that a heteroclinic bifurcation occurs for o ~ 38.

Problems

5.1 Find all the periodic solutions of ¥ + Q%x =T cos for all values of Q2.
5.2 Find the first two harmonics of the solutions of period 27 of the following
(i) ¥ —0.5x% +0.25x = cos 1;
(i) ¥ — 0.1x3 + 0.6x = cos 1;
(iii) ¥ — 0.14% + 0.5x = cos 1.

5.3 Find a first approximation to the limit cycle for Rayleigh’s equation
. 1.3 . _
¥+e(zx” —0+x=0, |«

using the method of Section 5.9.

5.4 Use the method of Section 5.9 to order & to obtain solutions of period 27, and the amplitude—frequency
relation, for

(i) X —exx +x =0;
(i) (1+ex)¥+x=0.
5.5 Apply the perturbation method to the equation i + Q2 sin x =cos 7 by considering ¥ + Q2x 4 £Q?2

(sin x — x) = cos t, with ¢ = 1, and assuming that Q is not close to an odd integer to find 27 -periodic
solutions. Use the Fourier expansion

o
sin(acos 1) =2 Y " (=1)" Jp, 41 (@) cos{(2n + 1t}
n=0

where Jy,, 11 is the Bessel function of order 2n + 1. Confirm that the leading terms are given by

x = [14 Q2% —2Q271{1/(Q* — D}]cost + J3{1/(% — 1)} cos 3t.

2
Q2 -1 Q2-9

5.6 For the equation i + Q%x — 0.1x3 = cos 7, where € is not near 1,3, 5, .. ., find to order ¢ the ratio of the
magnitudes of the first two harmonics.

5.7 In the equation ¥ + Q2x + & f(x) = I cos 7 € is not close to an odd integer, and f(x) is an odd function
of x, with expansion

f(acost) = —aq(a)cost —az(a)cos3t —--- .

Derive a perturbation solution of period 27, to order .
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5.9

5.10

5.11

5.12

5.13

5.14

5.15
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The Duffing equation near resonance at 2 = 3, with weak excitation, is
X+ 9x =¢e(ycost — Bx +x3).

Show that there are solutions of period 27 if the amplitude of the zero-order solution is 0 or 2,/(8/3).

From eqn (5.40), the amplitude equation for an undamped pendulum is
—F = ao(w2 - w% + %w%a%).

When wy is given, find for what values of w there are three possible responses. (Find the stationary values
of F with respect to ag, with w fixed. These are the points where the response curves of Fig. 5.4 turn
over.)

From eqn (5.42), the amplitude equation for the damped pendulum is F? = r% (2 a? +(w? —a)(z) —I—%a)(z)r(%)}.
By considering d(Fz)/d(ré), show that if (0? — w(z))2 < 3k*w?, then the amplitude equation has only
one real root r( for all F, and three real roots if (w? — w%)2 > 3k20?.

Find the equivalent linear form (Section 4.5) of the expression ¥ 4+ £22x — ex>, with respect to the periodic
form x = a cost. Use the linear form to obtain the frequency—amplitude relation for the equation

5c'—|—822x — x> =T cost.

Solve the equation approximately by assuming that a = ag + €aq, and show that this agrees with the first
harmonic in eqn (5.23). (Note that there may be three solutions, but that this method of solution shows
only the one close to {I'/(1 — 22)} cos?.)

Generalize the method of Problem 5.11 for the same equation by putting x = x(@ + xM 4+ ... where
x©@ and x are the first two harmonics to order &, acost and bcos 3¢, say, in the expansion of the
solution. Show that the linear form equivalent to x> is

(3% + 3ab+ 367) O + (Ja* + 3a?b + 36°) x Vo
Split the pendulum equation into the two equations
i {o? — e (3a + Jab+ 307) | ¥ © =T cost,
i {2 — e (Jad + 302+ §67) b}« =0,
Deduce that a and b must satisfy
a [Qz -1 —8(%6{2 + %ab-l— %b2>] =T,
ble? —9—e (4’ +3a%+ 35%)} =o.

Assume that a =~ ag + €aq, b ~ ¢b1 and obtain ag, a1, and by (giving the perturbation solution (5.23)).

Apply the Lindstedt method, Section 5.9, to van der Pol’s equation % + £(x2 — 1) + x = 0, |¢| < 1.

Show that the frequency of the limit cycle is given by o = 1 — 11—682 +0(e3).

Investigate the forced periodic solutions of period %rr for the Duffing equation in the form ¥ + (1+¢8)x —
3

ex” =T cos 3t.

For the equation X + x + ex3 =0, |e| < 1, with x(0) = a, #(0) = 0, assume an expansion of the form
x(t) = xo(t) + ex1(t) + ..., and carry out the perturbation process without assuming periodicity of the
solution. Show that

x(t) =acost + ea’ [—étsint + %(cos& - cost)] + 0(82).
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5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

Problems

(This expansion is valid, so far as it goes. Why is it not so suitable as those already obtained for describing
the solutions?)

Find the first few harmonics in the solution, period 27, of ¥ + Q%x 4 ex =T cos1, by the direct method
of Section 5.2. Explain the presence of a constant term in the expansion.

For what values of Q does the expansion fail? Show how, for small values of I, an expansion valid
near Q = 1 can be obtained.

Use the method of amplitude—phase perturbation (Section 5.8) to approximate to the solutions, period
2w, of X + x = e(y cost — xx — Bx).

Investigate the solutions, period 27, of ¥ + 9x + ex? = I' cos obtained by using the direct method of
Section 5.2. If x = xo + exq + - - -, show that secular terms first appear in x;.

For the damped pendulum equation with a forcing term,

X +kx + w%x — %w%x3 = F coswt,

show that the amplitude—frequency curves have their maxima on
w* = w(z)(l - %r%) — %kz.
Show that the first harmonic for the forced van der Pol equation X + e(x2 — i 4+ x = Fcosawt is the

same for both weak and hard excitation, far from resonance.

The orbital equation of a planet about the sun is

2

dl/l 2
— +u=k(1+eu”),
902 ( )

where u =r~1 and r, 6, are polar coordinates, k = ym/h2, y is the gravitational constant, m is the mass
of the planet and A is its moment of momentum, a constant. eku? is the relativistic correction term.

Obtain a perturbation expansion for the solution with initial conditions u(0) =k(e + 1), #(0)=0. (e
is the eccentricity of the unperturbed orbit, and these are initial conditions at the perihelion: the nearest
point to the sun on the unperturbed orbit.) Note that the solution of the perturbed equation is not periodic,
and that ‘secular’ terms cannot be eliminated. Show that the expansion to order & predicts that in each
orbit the perihelion advances by 2k%7e.

Use the Lindstedt procedure (Section 5.9) to find the first few terms in the expansion of the periodic
solutions of ¥ + x + ex% = 0. Explain the presence of a constant term in the expansion.

Investigate the forced periodic solutions of period 27 of the equation

X4+ @+ ¢eB)x —exd = I" cost,
where ¢ is small and B and T' are not too large. Confirm that there is always a periodic solution of the
form ag cos 2t + by sin 2t + %F cost where
agGri+irt—py=by(Grg +irt—p =o.

Investigate the equilibrium points of ¥ + e(ax? — B)x —x +x3= 0, (@>pB>0) for 0 <&« 1. Use the
perturbation method of Section 5.12 to find the approximate value of 8/a at which homoclinic paths
exist.

Investigate the equilibrium points of
itex2—Bi—x+3x0=0 (a g>0)
for 0 < & « 1. Confirm that the equation has an unperturbed time solution

xo = +/[sech 2r].
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5.27

5.28
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(see Problem 3.55). Use the perturbation method of Section 5.12 to show that a homoclinic bifurcation
takes place for 8 ~ 4a/(37).

The equation ¥ + eg(x,%)x + f(x) =0, X = y,0 < ¢ < 1, is known to have a saddle point at (0, 0) with
an associated homoclinic trajectory with solution x = x((¢) for ¢ = 0. Work through the perturbation
method of Section 5.12, and show that any homoclinic paths of the perturbed system occur where

o0
/ 8(x0,%0) X3 d1 = 0.

—0o0
If g(x,x) =B — ax? — )/)'c2 and f(x) = —x +x3, show that homoclinic bifurcation occurs approximately
where
_ 28a+ 12y
p= 35
for small &.
Apply Lindstedt’s method to ¥ + exx + x = 0, 0 <& <« 1, where x(0) = ag, £(0) = 0. Show that the

frequency—amplitude relation for periodic solutions is given by w =1 — ﬁaé’ez +0(&3).
Find the first three terms in a direct expansion for x in powers of ¢ for the 27 -period solutions of equation

¥+ Q%x —ei? = cost,

where 0 < ¢ « 1 and € # an integer.



Singular perturbation
methods

This chapter is concerned with approximating to the solutions of differential equations
containing a small parameter ¢ in what might be called difficult cases where, for one rea-
son or another, a straightforward expansion of the solution in powers of ¢ is unobtainable
or unusable. Often in such cases it is possible to modify the method so that the essential fea-
tures of such expansions are redeemed. Ideally, we wish to be able to take a few terms of an
expansion, and to be able to say that for some small fixed numerical value of & supplied in a
practical problem the truncated series is close to the required solution for the whole range of
the independent variable in the differential equation. Failure of this condition is the rule rather
than the exception. In fact the examples of Chapter 5 do not give useful approximations if we
work solely from the initial conditions (see Problem 5.15): for satisfactory approximation we
must use the technically redundant information that the solutions are periodic.

This chapter illustrates several other methods which have been used in such cases. If one
method fails, another may work, or perhaps a combination of methods may work, but generally
speaking the approach is tentative. For a treatment of the whole topic, not restricted to ordinary
differential equations, see, for example, Nayfeh (1973), van Dyke (1964), O’Malley (1974),
and Kevorkian and Cole (1996).

6.1 Non-uniform approximations to functions on an interval
The solutions of the differential equations we are considering,
X = f(x,)%,t,s),

are functions of 7 and ¢. Some of the problems which may arise in approximating to them can
be illustrated by considering simple functions which are not necessarily associated with any
particular differential equation. For example, consider the function

x(e,t) =e & (6.1)

ont > 0, where ¢ lies in a neighbourhood of zero. The first three terms of the Taylor expansion
in powers of ¢ are

1— et + 16212, (6.2)
where the error is

0(&d). (6.3)
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x(t,¢€)

050 0 N £=0.05

x =e¥
----- x=1—¢t+iet?

10 20

Figure 6.1 The function e ¥’ (6.1) and its three-term Taylor series (6.2) compared for ¢ = 0.05 and ¢ = 0.1.

The error estimate (6.3) implies that for any fixed ¢, however large, we can choose ¢ small
enough for the error to be as small as we please, and, indeed, smaller than the smallest term in
the approximation, %gztz. However, the trend of the terms shows clearly that if ¢ is fixed, at
however small a value (which is the usual situation), # may be chosen large enough to destroy
the approximation completely (see Fig. 6.1).

Consider now a function which appears in Section 6.4 as part of the solution to a differential
equation:

x(g,t) = cos {(1 - g)l/zt} , 0<t<o0, (6.4)

where ¢ lies in a neighbourhood of zero. The first three terms of the Taylor series for small ¢
give

cost + %st sint + %820 sint — 12

cost) (6.5)
with error O(e3). Once again, for ¢ large enough the approximation fails. We can see that
it fails when ¢ is so large that er ceases to be small. The condition that (6.5) should be an
approximation for fixed ¢ is that

el (6.6)

If this is satisfied, then the error, which is dominated by a term like 373, is small. It is also small
compared with each term in (6.5), unless ¢ has a fortuitous value making one of these terms
very small or zero. The same conclusion is reached no matter how many terms of the Taylor
series we take: if more terms are taken the approximation may be better while it lasts, but is
still fails when ¢ becomes comparable with e~1. Note that if the series is asymptotic rather than
convergent as ¢ — 0, the approximation does not necessarily improve by taking more terms
(Copson 1965).

We say that (6.5) does not provide an approximation that is uniformly valid ont > 0. Failure
of the ordinary perturbation method to produce a uniform approximation to the solution
of a differential equation is very common, and the occasions of failure are called singular
perturbation problems.



6.2 Coordinate perturbation

Formally, we require an approximation x*(g, 1) to a function x(e, ), usually to be valid for
an infinite range of 1:

x(e,t) = x*(e,t) + E(e,1), ty <t < 00,

with error E (e, t) where lim,_.o E(g,1) = 0 uniformly on ty <t < oco. That is to say, given any
8 > 0, there exists n > 0 independent of ¢ such that

lel <n = [E(e,0)] <38.

The general question of uniform approximation to functions is further illustrated in
Section 6.6.

6.2 Coordinate perturbation

Consider the family of Duffing equations with parameter ¢:

it+x=ex’. (6.7)
The expansion

x(g,t) = xo(t) +ex1(t) +---

leads to

Xo +x0 =0,

X1 +x1 = xg,
and so on. The general solution of the first equation can be written

xo(t) = Acos(t — ),
where A and « are arbitrary constants. For the second equation
X1 +x1 = xS’ = %Ag’ cos(t —a) + %A3 cos3(t — ), (6.8)

so that secular terms of the form 7 cos(t — ) (Section 5.4) begin to appear in the solution. They
cannot be eliminated: only if A = 0 are they absent. Therefore a series similar in form to (6.5)
emerges, and the truncated series does not approximate x(g,¢) uniformly on ¢ > 0.

This problem was treated in Section 5.9. There, the difficulty was avoided by anticipating a
periodic solution of period 27 /w in t, w being unknown; we put

o=1+¢cw+&*wy+ -

where w1, @, ..., are unknown constants, and then changed the variable from 7 to ©

T = wt, (6.9)
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so that the equation in t had known period 27 (the Lindstedt procedure). Equation (6.9) intro-
duced sufficient free constants w; to allow the secular terms to be eliminated. This method can
be looked on as a device for obtaining uniform approximations by adopting prior knowledge
of the periodicity of the solutions.

We can look at this procedure in another way. Write (6.9) in the form

t=t/w=1/(14+cwq +82w2+~-~) =1(1+¢emg +82‘L'2 +--0), (6.10)
where 71,1, ..., are unknown constant coefficients. Also put, as in the earlier method,
x(ey1) = X(6,7) = Xo(r) + £X1(1) + 2 Xa2(x) + -+ -, (6.11)

and substitute (6.10) and (6.11) into (6.7). We know this leads to an expansion uniformon¢ > 0
since it is equivalent to the Lindstedt procedure. However, the interpretation is now different:
it appears that by (6.10) and (6.11) we have made a simultaneous expansion in powers of ¢ of
both the dependent and the independent variables, generating an implicit relation between x
and ¢ through a parameter 7. The coefficients can be adjusted to eliminate terms which would
give non-uniformity (in fact, the ‘secular terms’), and so a uniformly valid (and, as it turns out,
a periodic) solution is obtained.

We were guided to the form (6.10) by the prior success of the Lindstedt procedure, which
suggests its appropriateness. If however we assume no prior experience, we have to abandon
the assumption of constant coefficients in (6.10). Therefore let us take, instead of the constants
71,72, .., a set of unknown functions 71, T3, ..., of t, and see what happens. We have

x(e, 1) = X(e,7) = Xo(7) + £X1(7) + €2 Xa2(x) + - - - (6.12a)
and
t=T(,1)=1+eT1 () +*To(t) + -+ - (6.12b)

The first term in the expansion of ¢ remains as 7, since this is appropriate when ¢ — 0: 7 is called
a strained coordinate, or a perturbed coordinate. The technique is also known as Poincaré’s
method of strained coordinates.

Equations (6.12a) and (6.12b) are the basis of Lighthill’s method (see Section 6.3), in which
the expansions are substituted directly into the differential equation. Here we show a different
approach. The ordinary perturbation process is fairly easy to apply, and gives a series of the
form

x(g,1) = x0(t) + ex1(t) + €2x2(t) + - -. (6.13)

A finite number of terms of this series will not generally give an approximation of x (¢, ¢) holding
uniformly for all ¢, but when (6.12b) is substituted into (6.13), it may be possible to choose
Ty (z), T2 (1), so as to force (6.13) into a form which does give a uniform approximation. This
process is called coordinate perturbation (Crocco 1972), and will be carried out in the following
two examples.

Example 6.1 Obtain an approximate solution of the family of autonomous equations

)'c'+x=ex3,



6.2 Coordinate perturbation

with x(,0) = 1, i(,0) = 0, and error O(e3) uniformly on t > 0, by the method of coordinate
pertubation.

The expansion (6.13), together with the initial conditions, gives
Xog+x0 =0, x0(0) =1, x0(0) = 05
i +x1 =x3, x1(0)=0,  %1(0)=0;
By +xy=3x3x1,  x0)=0, i(0)=0;
and so on. Then

x(&,t) —cost—i-s( 35 cost + 8tsmt— 3 cos3t>

+82 (%cost—l—%tsint— %tzcost— l%cos&

— 2% 5in 31 + 1iyg 03 5t) + 0 (). (6.14)

The expansion is clearly non-uniform on ¢ > 0.
Now put

t:r+8T1(r)+82T2(r)+~-~ (6.15)
into (6.14), expand the terms in powers of ¢ , and rearrange:

X (e, t)_cosr—{—s(zcost Tlsinr—}—%rsint—%zcos?ﬂ:)
+82(1%§4c0sr %lecosr—}—%Tlsint—Tzsinr

+ %rﬂ cosT + 33—21 sint — %rz CcosST — 13—8COS3T

—I—%Tl sinr—%rzcosr 38 cos 3t + 3,2T1 sin 3t

267 sin 31 + 1024 cos 51') + 0(83).

To avoid the form 7 sin 7 in the & term, which would given an obvious non-uniformity, define Ty by
Ti(1) = 3t. (6.16)
The &2 coefficient then becomes
1(2)% cost —Thsint + %r sint — 1g—gcos?ar + 10% cos S,
and we must have
Tr(7) = 256T (6.17)

to eliminate the non-uniformity 7 sint. On the assumption that this step-by-step process could in principle
continue indefinitely we have

x = X(e,T) =cost + %s(cosr — cos 37) + &2

(%cosr— %cos%—l—lolﬁcosﬁ) +0(83), (6.18a)
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Figure 6.2 Comparison between the numerically computed solution of ¥ +x = %x3 (¢ = 1in(6.7)) and the coordinate
perturbation given by (6.18): a slight divergence in the periods is beginning to show at r ~ 50.

—

where

=1 (1+ Fe+ 57e?) + 0. (6.18b)

In Fig. 6.2 the numerical solution of the differential equation with e =1 for 0 <7 <50 is shown. On this
scale the error in the approximation (6.18a) is almost imperceptible. )

Example 6.2 (Lighthill’s equation) Find an approximation, uniform on 0 <t < 1, to the solution x(g,t) of
(ex+0D)X+Q2+Hx=0, &>0, (6.19)
satisfying x(e, 1) = e~ 1.

Begin by noting certain features of the solution curve in the interval 0 <t < 1 (see Fig. 6.3). Since dx/dt =
—Q2+40x/(ex+1) and x(e,1) = e~ 1, we have

x>0 and X <0 atr = 1.

Numerical o .
solution Approximation

* 25

\ 20

-2 -1

Figure 6.3 Diagram showing the numerical solution of the equation in Example 6.2 and the approximation for
& = 0.15. Note that the continuation of the solution terminates with infinite slope at the point where ex + ¢ = 0.

We show that x is bounded on the interval [0, 1] by proving that dx/dr is bounded on [0, 1]. An infinity can
only occur when ex +¢ = 0, or at r = —ex. Moving from ¢ = 1 towards the left, let t = ¢ be the first point at
which the solution curve crosses the ¢ axis and becomes negative. To the right of this point x is continuously
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differentiable. However, x is non-decreasing and positive on ty < ¢ < 1 (towards the left) since it is increasing
and positive at ¢ = 1, and the first turning point is where dx/dr = 0, that is, at # = —2, which is out of the
range [0, 1]. Therefore ¢( is out of range. Therefore x is bounded on 0 < ¢ < 1, and non-increasing as we move

fromr=0tor=1.
The direct approach, writing

x(e,1) = xo(t) + ex1(t) + e2x2 (1) + - - -
leads to the sequence of linear equations
tig+Q2+0x0=0, xp(1)=el;
t¥1 + 2+ )x1 = —xgX9, x1(1) =0
tx) + 2+ 1)xy) = —xgxq — x9x1, x2(1) =0;
and so on. The solution of (6.21a) is
xo(t) = e~ /12

(predicting, incorrectly, that x(0) = co). Equation (6.21b) becomes

2 2 (2 1
X - +1 =e =+ =< ).
x1+<t+ >x1 e (t6+t5)
et o, (2 1
)Cl(l) = tT/; e <u7 + u73) du.

Therefore,

(6.20)

(6.21a)
(6.21b)

(6.21¢)

(6.22)

(6.23)

This is of order 1/¢° at r = 0, and is even more singular than (6.22). A similar treatment of (6.21¢) produces

a singularity O(1/¢8) as t — 0. The approximation (6.20):

x(g,t) = xq(t) +ex1(2),

with error O(¢2) for fixed ¢, is clearly not uniform on 0 < ¢ < 1 and breaks down completely at r = 0.

As in the last example, write the near-identity transformation
t=T(e,1) =1 +eT (1) +&To(t) + .

Then

-7

‘Lz: e2 {l—eTl(r) (%+1>}+0(52)
t T T

(0(2) refers to fixed 7, not fixed ¢) and
ro_ 2 1 T 2 1
T+eT1(T)+ 2 1
+/ e—u (7 + *3> du
T u u

T, (2 1
:fl e “<M—4+u—3)du+0(8).

(6.24)

(6.25)

(6.26)
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From (6.22), (6.23), (6.25), and (6.26) we find, to O(£2) (referring to fixed 1),

x = e’ {1 +e |:/T e U (i + i) du — Ty (1) <% + 1):” + 0(82)- (6.27)
2 1 ut ud T

The best thing we can do is to choose Ty to eliminate the worst singularity for small t arising from the
integral. This comes from the term

T 27 d (1

2Te ]t 2 [Tet
S AR e
2e T 1
- 373 +o (17)
as T — 0. The choice
Ty (x) = —i (6.28)
eliminates this singularity (of course, we are left with one of order T72),
Finally, from (6.27), (6.24), and (6.28)
x=e /72 (6.29a)
together with
t=1— — (6.29b)

372

give a uniform approximation for 0 <t < 1 (Fig. 6.3).

Note that there is now no infinity predicted at r = 0: from (6.29b), r = 0 corresponds to 7 = (8/3)1/3, and
x(0) therefore has the value approximately (8/3)72/3. The error in (6.29a,b) is O(¢2) for fixed 7, but only
0(e1/3) for fixed t. °

Exercise 6.1

Obtain an approximation solution of
¥4+x=exx?, x(,0)=1, %(c,0)=0

with error O(g?) uniformly on ¢ > 0, by the method of coordinate perturbation.

6.3 Lighthill’s method

We reconsider the equation (see Example 6.2)
(ex+0)x+Q2+0nx=0, (6.30a)
x(e, 1) =e 1, (6.30b)
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on 0 <t <1, using the direct attack suggested in the previous section. A systematic procedure
known as Lighthill’s method is developed. Substitute

x=X(,1)=Xo(t) +eX1(r)+ - (6.31a)
and
t=TE,1)=1+6T1(r)+-- (6.31b)

into the differential equation and boundary condition.
First, we do not expect that r = 1 will correspond with t = 1. Suppose that# = 1 corresponds
to T = t*(¢). Then we must solve (6.31b) for t*; that is

1=t 46T (x") +---. (6.32)
Then (6.30b), (6.31a) give the transformed boundary condition
el = Xo(t*) + X1 () + - (6.33)
To solve (6.32), assume t* is close to 1 for & small and has the expansion
tr=1+ery+--- (6.34)
where 11, ... are constants. Equation (6.32) becomes (writing 71 (%) = Ty (1) + ety T{ (1) +- - -)
1=14e(t1+T1 (1) +---
so 11 = —Ty(1), and from (6.34), the boundary t = 1 corresponds to T = t*, where
f=1—eTy(1)+---.
Therefore, by expanding X (t*) and X1 (t*) in (6.33), the boundary condition (6.33) becomes
el =Xo(1) +eX1(1) — Xp(DT1 (1) +---. (6.35)
Next, the derivative in (6.30a) is transformed by
de  dX /AT Xp+eX|+--
de dr/ dr 14eT{+---
= X))+ e(X} — X\T]) + -+ (6.36)
Thus eqn (6.30a) becomes, to order s,
(eXo+t+eT)(Xy+efX] — XpT4 ) + 2+ 1+ eT1)(Xo +6X1) = 0. (6.37)
Equations (6.35) and (6.37) give
TXp+Q2+10)X0=0, Xo()=e} (6.38a)
X} + Q2+ )X = -Ti(X) + Xo) + TX,T{ — X0 X,

(6.38b)
X1(1) = Xo(HTi(D).
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From (6.38a) the zero-order approximation is
Xo(r) =e /72 (6.39)
Then (6.38b) becomes

2e T _ 2 1 , B 2 1
‘EX/1+(2+‘L’)X1= 3 Tl—er(ﬁ——>Tl+€ 2r<f_5_‘6_4)’ (6.40)
with initial condition
X1(1) = =3¢ 'Ty (D).

We now have a free choice of T1(t): it could be chosen to make the right-hand side of (6.40)
zero, for example; this would lead to a solution for (6.40) of the type (6.39) again, but is in
any case impracticable. We shall choose T to nullify the worst visible singularity on the right
of (6.40), which is of order 1/7°. We attempt this by writing e =%, e=2* ~ 1 for small v and
solving

2 2.2,
pTahtE =t
The simplest solution is
T1(7) ! (6.41)
T)=—— .
! 372

(compare (6.28)). We have therefore achieved the same result as in the last section; though, in
this example, at considerably more effort. Note that throughout the argument we have regarded
the equation as a member of a family of equations with parameter ¢, as in Chapter 5.

Exercise 6.2
Find the general solution of

(ex+0i+Q2+0Dx=0, x(g,1)=e!

when ¢ = 0. How does the solution behave near t = 0?

6.4 Time-scaling for series solutions of autonomous equations

Consider, for illustration, the family of linear differential equations with parameter &,
i+ex+x=0, t>0, (6.42a)
and initial conditions

x(0)=1, #(0)=0, (6.42b)
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where |¢] <« 1. The exact solution is
x(t,e) = cos(1 + &)1/%1. (6.43)

Equation (6.42a) is of the type X + eh(x,x) + x = 0 (where h(x,x) = x) and the discussion is
to a large extent representative of equations of this type.

We may carry out a perturbation process for small ¢ to obtain the solution (6.43) as a power
series in ¢ by substituting the series

x(t,8) = xo(t) +ex1(t) + -

into the differential equation and the initial conditions and matching the coefficients of ¢",n =
0,1,... successively to generate a sequence of differential equations for x((t), x1(¢),.... This
process gives the same result as we should get by expanding the exact solution (6.43) as a Taylor
series in powers of €. Up to the term in £ we have

1/2,

x(t,e) = cos(1+¢) A cost — %et sint + %82(1‘ sint — % cos t). (6.44)

The accuracy of this approximation depends upon the balance between the range of ¢, close
to zero, and the range of ¢, which we should like to be as large as possible. The indications are
that it will be useless for any fixed value of ¢ as soon as ¢ becomes so large that the three terms
cease to diminish rapidly in magnitude. The combinations of ¢ and ¢ that occur in (6.44) are
et, €2t and g212. Failure occurs as soon as ef ceases to be small, so the approximation (6.44) is
useful only so long as

st L 1. (6.45)

If ¢ is reduced the breakdown is delayed, but there is no fixed number of terms in the series and
no fixed value of ¢ which will deliver a good approximation for all ¢ > 0.

However, there exist other representations of x(z, ¢) in series form that are satisfactory for a
much larger range of r. The Taylor expansion for (1 + £)'/2 can be expressed as

A+e)? =1+ %8 — %82 + 1—1683 + 0(eh.
Use the leading terms to expand x(z, ¢) in a Taylor series centred on the value (1 + %e)t; then

x(t,e) = cos {(1 + %8) t — %ezt + 1—1683t2 + 0(841‘)}
= COoS (1 + %8) t+ %822‘ sin (1 + %8) t — 11—6831‘ sin(1 + &t)

— %8412 cos (1 + %8) t+ 0(*r). (6.46)

For given values of ¢ in the range |¢| < 1, consider values of ¢+ which may be very large, but
are still restricted to the finite range

R (6.47a)

(=)
IA
IA
™| X
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where « is a constant, so that we may write
t=0(/e), or e =0(), ase — 0. (6.47b)
Now introduce a new parameter 7, called slow time, defined by
n=ct=0() (6.47¢)

when t = O(1/¢), by (6.47b). Then the series (6.46) may be written in the form
x(t,g) = cos (t + %n) + %877 sin (t + %n)
— 11—682{nsin <t+%n) — %nzcos (H—%n)} +0(83). (6.48)

A series in powers of ¢ is emerging whose coefficients are all O(1) when the range of 7 is
O(e~1). This range is an order of magnitude greater than that permitted in the more elementary
representation, (6.44).

We have shown the possibility of an improved representation of a solution of a differential
equation by choosing one for which we know the exact solution. This, of course, will not
usually be available. We now show how to obtain such a form for the solution by working
directly from a differential equation without referring to the exact solution. For the purpose of
illustration, however, we shall use the same differential equation, (6.42a), as before.

Consider again the initial value problem

F+tex+x=0; x(0,6)=1, ©(0,8) =0, (6.49)

where this is regarded as a family of problems with parameter ¢, where |¢| « 1. Taking the lead
from the previous discussion, we shall aim at obtaining approximations valid over a range of
t given by

r=0(@). (6.49a)
Introduce a slow-time parameter 7:
n=e¢t=0(). (6.49b)
Then we shall seek a form of solution
x(t,e) = X(t,n,¢)
= Xo(t,m) +eX1(t,m) + & X2(t,1) + O(s), (6.50a)

(and assume it may be continued in the same way) in which
XO(ts ﬂ),Xl(fﬂ?),Xz(f; ’7), = 0(1) (650b)

provided that r = O(¢™1) as ¢ — 0.
Since n = et, the variables n and ¢ are not independent in the original problem. However,
X(t,n,¢) is certainly a particular solution of some partial differential equation in which t and
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n figure as independent variables. We obtain this equation in the following way. We have, for
all 7 and ¢

x(t,e) = X(t,¢8t,¢8) (6.51a)

when x(z,¢) is the required solution. Therefore,

dx d D¢ X
— = —X@t,8t,8) = — + 85— 6.51b
d[ dt ( b & bl 8) at + & ar’ b ( )
and
d?x %X ?X  ,9%X
- = . 6.51
dr? ot + Sanat te an? ( c)
Since x(t, ¢) satisfies (6.49), X (t,n, €) satisfies
32X GED 32X
2 2 1+6)X =0. 6.52
a72 + 88t8n+8 ) + (1 +e) ( )

This is the required partial differential equation. The initial conditions in (6.49) become, using
(6.51a), (6.51b),

X X
X(0,0,¢) =1, 5(0,0,8) + 88—(0,0,8) =0. (6.53)
n

The initial conditions (6.53), together with the requirements (6.50a) and (6.50b), are sufficient
to isolate the required solution of the partial differential equation (6.52) for all |¢|] « 1. We
shall use an abbreviated notation for the partial derivatives:

2 2
x© 9% e _ X e 37X

o’ atox’ a2’
and so on.
Substitute the series (6.50a) into the differential equation (6.52); this must hold good for all
&, so the coefficients of the powers of & are zero. For terms up to 2 we obtain the sequence

X(()t,t) + Xo = 0; (6.54a)
X004 xy = —2xU0 — X (6.54b)
Xg") X, = —2X§”") — X - X(()”’”). (6.54¢)

From (6.53) we have, similarly, the sequence

X0(0,0) =1, X{(0,0) = 0; (6.55a)
X1(0,0) =0, x%(0,0) + X(0,0) = 0; (6.55b)

X2(0,0) =0, Xx3(0,0) + x{"(0,0) = 0. (6.55¢)



6 : Singular perturbation methods

We further require, by (6.50b), that Xo, X1, X» should be O(1) when t = O(¢~1). This will
produce a further condition: that the terms on the right of (6.54b) and (6.54¢) (and in any
subsequent equations) are zero.

Start with (6.54a). The general solution is

Xo(t,n) = ag(n)cost + bo(n) sint, (6.56a)
where ag and by are arbitrary functions of 5. The initial conditions (6.55a) are satisfied if
ap(0) =1, by(0)=0. (6.56D)
Substitute (6.56a) into the right-hand side of (6.54b); this becomes
X;I’I) + X1 = (2ay — bo) sint — (2b(, + ag) cos .

Unless the right-hand side is zero for all ¢, the solutions X7 will contain terms behaving like
tsin7 and ¢ cost, and these terms cannot be O(1) when t = O(¢~1). Therefore

2a5 —bop=0 and 2by+ap=0.
The solutions of these equations that satisfy the initial conditions (6.56b) are
aop(n) = cos %n, bo(n) = —sin %n. (6.56¢)

This process is analogous to the elimination of secular terms in Section 5.4. Finally, from
(6.56¢) and (6.56a) we obtain

Xo(t,n) = cos %77 cost — sin %n sin ¢
= cos(t + 1n). (6.56d)
We now have (6.54b) in the form
x4 X1 =0.
The general solution is

X1 =a1(n)cost + bi(n)sint. (6.57a)

The initial conditions (6.55b) require
a1(0) =0, b1(0) = 0. (6.57b)

Looking ahead, eqn (6.54¢) for X, must not generate secular terms, so the right-hand side must
be zero. By substituting (6.57a) and (6.56a) into the right-hand side we obtain

ZXY’") + X — X(()”’") = (—2a} + by) sint + (2b} + aj) cost
— }‘cos %n cost + %sin %n sint.
This must be zero for all ¢, so

—2ay + b1 = —%sin%n, 2b) +a; = %cos%n.
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The solution of these equations which satisfies the initial conditions (6.57b) is

a = %n sin %n, b1 = %n cos %n. (6.57¢c)
Therefore, from (6.57a),
X1(t,n) = gnsin g + gncos 37
= Lysin( + n). (6.57d)
From (6.56d) and (6.57d) we obtain the approximation
X(l,S) = X(ta 7’),8) ~ XO(ta 77) + 8X1(l,8)

= cos(t + %st) + %ezt sin(t + et). (6.58)

This matches the first two terms of the enhanced Taylor expansion of the exact solution,
eqn (6.46). By looking forward, without calculation, to the conditions governing X, and X3,
it can be seen that the error in (6.58) is O(&3) for r = (¢~ 1).

In the following example the differential equation is nonlinear. A variant on the previous
procedure is adopted, in which a general solution approximation is found first and the initial
conditions are applied to this subsequently. Also, the algebra involved is simplified by expressing
the solutions of (6.54a) in the form

Ao(me" + Ag(me™,
where Ay is a complex function.
Example 6.3 Obtain the general solution of Rayleigh’s equation
Fte(did —h+x=0 (i)

with error O(¢g) so longast = 0 (™1, Deduce the particular solution for which x(0,¢) = a,x(0,¢) = 0. Find
the zero order approximation to the limit cycle.

Suppose that x (¢, ¢) has an expansion of the form
x(t,8) = X(t,n,8) = Xo(t,n) + £ X1(t,m) + O(c?) ()

as & — 0, when 1 = O(s~1). By substituting (6.51b) and (6.51c) into eqn (i), retaining terms up to order ¢ after
substituting the expansion (ii), and matching powers of ¢, we obtain

9%(X0)
o2 +Xo=0, (1i1)
X4 X 1 /9X0)? . 9%Xo (i)
92 ! ar 3\ ot ardn

Equation (iii) has the general solution

Xo(t,n) = Ag(me + Ag(me, (v)
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where A is an arbitrary complex function of n. Equation (iv) becomes

GRS - - 330 . ,
TZl + Xy =ie(4g — A%AO —2Ap) + %1A8e31t + complex conjugate. (vi)
t

(For calculating this result, note that (z + 23 = (3 + 32+ complex conjugate.)

Secular terms would arise only from the presence of the terms in (vi) containing el and e™. They are
eliminated by requiring that
Ay—3ag+1ajA =0 (vii)
(the conjugate equation is then automatically satisfied).
To solve (vii), write
Ag(n) = p(e ™, (viii)
where p and « are real. From (vii) we obtain, by equating real and imaginary parts to zero,
dp/dn = %p - %p3 and da/dn=0.
The solutions are
pn) = (1+age™ ™%, am) = ap,
where a and «( are real arbitrary constants.
Equations (v) and (viii) give the zero-order approximation to X(z, 1, ¢): replacing n by ¢ we have
xo(t,e) = Xo(t,et) = 2(1 + aoefet)*l/2 cos(t + o), (ix)

where a and «( are arbitrary. This is the approximation to the general solution, valid for t = 0(e~1).
From the initial conditions x(0, ¢) = a, x(0, ) = 0. we obtain

a=2(1 +a0)71/2 cos &g, 0=-2(1+ ao)fl/2 sin ag.
Therefore
apg =0, ag :—1+4/a2,
)
x(tye) = 2{1 — (1 — 4/a®)e ¥}~V 2 cost + O(e),
when ¢t = O(¢™1). The limit cycle corresponds to a = 2. [

Exercise 6.3
Using the slow time n = er, obtain the general solution of

Pi+ea?+#2—Di+x=0

with error O(e) so long as t = O(s~!). Assume the initial conditions x(0,&) = a > 0,
x(0,e) = 0 to find the zero-order approximation to the limit cycle. (Refer back to
Example 1.9.)
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6.5 The multiple-scale technique applied to saddle points and nodes

As a model for the procedure we consider the linear equation
f4ei—x=0, 0<e<l. (6.59)

The origin in the phase plane with X = y is a saddle point. The problem discussed is to
approximate to the solutions that correspond to the two separatrices which enter the origin.
The incoming separatrices are given exactly by

y =mx,
(on either side of the origin) where
m=—1{e+@+eH12). (6.60)
These two phase paths correspond to the family of time solutions
x(t,e) = Ce™, (6.61)

where C is an arbitrary constant.
We shall aim at an approximation which is valid when r > 0 and

t=0@E"YH ase— 0+, (6.62)

that is, where 0 < ¢ < ke~! for some constant value of k. Expand the expression (6.60) for m
as a Taylor series; we obtain

m=—1-1e— 12+ 0.
The solutions (6.61) become
x(t,6) = Ce™ 735 4 0 (1), (6.63)
Now introduce two levels of ‘slow time’ defined by
m=et, n=et. (6.64)
Solongast = O(¢~1),n1 = O(1) and g, = O(e) as e — 0. The solutions (6.63) may be written
X(t,6) = Ce™'™IM=§12 4 O(e3n)) = Ce™'~2M=§1 4 O(e3), (6.65)

valid for r = O(¢ ).

With (6.65) as a point of reference we solve (6.59) by a procedure similar to that of Section 6.4,
but involving the two levels of ‘slow time’, n1 and n,. We seek solutions of the form x(r,¢) =
X(t,n1,12,€), where

X(t,11, 772,8) = XO(ta N1, 772) + le(ta N1, 772) + SZXZ(ta n1, 772) + (6662[)
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and
X0, X1,X2,... = O0(1) whenr=0(1). (6.66b)

The function X(z,n1,12,¢) in which t,71, 1, are treated as independent variables satisfies a
certain partial differential equation, which is obtained as follows.
By putting dx (¢, ¢)/dt = dX(t,et, £t €)/dt, we obtain the differential operators

d o= (2 ve 122 ) xa )
X, &) =\ &E— & — ) ) »€)s
dr ot Com T om > 12

2
d—zx(t,g)z 3+8i+82i X(tanlanZag)a
de? ot an an2

where the index (- - -)? indicates that the operation is repeated: the ‘square’ follows ordinary
algebraical rules. Up to order 2 we obtain

F=XO 4 oxmm 4 2xM) 4 03y, (6.67a)
i=XOD 4y 2ex®m) 4 Sl(zx(l,nz) + X(nl,flz)) + 0(83)' (6.67b)

(These formulae are used repeatedly in this section and the next.)

Substitute the expansion (6.66a) for X into the original differential equation X +&x +x = 0,
retaining terms upto O (). Since the resulting equation must hold good for all 0 < ¢ « 1,
we may equate the coefficients of %, ¢!, ... to zero. After some rearrangement the following
system is obtained:

X(()t,t) — Xp =0, (6.68a)
ng,l) _ Xl — _(zx(()t:nl) + X(()t))’ (6.68b)
Xg’t) Xy = —(ZXY"“) i XY)) B (ZX(()t,nz) + X(()m,m) + X(()'“)). (6.68¢)

(It is of interest to see how the pattern develops. The next term would be

th’t) _ X3 — _(ZXgarll) + XZ) _ (2X§t’n2) 4 Xgnl’nl) + X(ﬂl))

_ (zx(()’,ns) n 2X(()'“"72) n Xg”))

in which 3 = &3z. If we do not want 73, the term Xg"“) is absent.)

These equations are to be solved successively, and at each stage the terms on the right-hand
side put to zero. If this is not done then extra factors, which involve powers of 7, will appear in
the expansion (6.66a): this would invalidate (6.66b), changing the orders of magnitude of the
terms in (6.66a) when ¢ is large.

The solutions of (6.68a) which satisfy the boundedness condition (6.66b) are

Xo =ao(mi,m)e’, (6.69a)
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where the arbitrary function ag(n1,72) is settled when we eliminate the secular terms on the
right of (6.68b) and (6.68c) we require

2x$"™ + x{) = 0.
From (6.69a) we obtain, equivalently,
Zag“) 4+ay=0,
so that
ao(n1,m2) = bo(m)e™ 2.
Therefore
Xo = bo(np)e™ "M, (6.69b)

where by will be further restricted at the next stage.
The solutions of (6.68b), with zero on the right, take the form

X1 =ai(n,me". (6.70a)

We require the right-hand side of (6.68c) to be zero identically. From (6.70a) and (6.69b) we
obtain

—(2aim) +ay) — (Zb(()ﬂz) + %bo) e*%m =0.

By using the fact that a; = a1(n1,12) and by = bo(n2) it can be shown that the bracketed terms
must be zero separately if secular terms are to be absent. Therefore

24" 441 =0,  260% +by =0,
so that
a1=bi(m)e 8, by = Coe S,
where Cy is a constant. From (6.69b) and (6.70a) we obtain
Xo = Coe™ '~ M~ (6.71)
and
X1 = by(np)e "2, (6.72)
The right-hand side of (6.68c) must be zero:
2x" 4 x = 0.
Therefore, from (6.72a),

1
2b§n2) — %bl = 0’ SO bl — Cle_§’72’
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where Cq is a constant. Finally, we have obtained

X(ta n, 772,8) = XO(ta n, 7)2) + 8X1(t3 n, 772) + 0(82)
= Ce™ITIMTE 4 O (), (6.73)

where C = Cy + £Cq. The right-hand sides of the sequence (6.68a) to (6.68c) and beyond imply
no further restriction on Cy and Cq, so C is an arbitrary constant. Equation (6.73) may be
written as

x(t,6) = Ce 261758 1 0(e2), (6.74a)
so long as
t=0(@N. (6.74b)

We have therefore recovered the expression (6.65), which was obtained from the exact solution
of (6.59).

The method may be extended to take in further terms in the series (6.66a) for X, with
t = O(¢~ 1) as before. By introducing further levels of slow time, 73 = &3¢ etc, the range of ¢
may be extended to O (¢72) etc.

The following example shows the same technique applied to a nonlinear differential equation
with initial conditions. The problem is motivated by considering how to obtain a fairly accurate
starting point for a numerical calculation or a plot of a separatrix which enters the origin in the
phase plane. We are free to select the value of x(0, &), but need also to find the value of x(0, ¢)
for this particular curve.

Example 6.4 The equation
ite(l—xPi-x=0, (i)

with 0 < ¢ € 1 has a saddle point at the origin. (a) Obtain the general time solution for the two phase paths
that approach the origin, with error 02 whent = 0™ 1), (b) Att =0a point with abscissa x(0,¢) = x
(given), and ordinate x(0,¢) = y(0,¢) = yg + ey (unknown), lies on one of the paths in (a). Obtain yg, yq
and the corresponding time solution, in terms of x.

(a) Introduce the scaled times

m=et, m =g, (ii)
and let
x(t,€) = X(t,11,m,8) = Xo(t,n1,12) + X1 (1,11, m2) + O(e?), (iii)
where it is supposed that
t=0("1 ase—0, (iv)

and that the coefficients in (iii) are O(1). Use eqns (6.67a) and (6.67b) to express X and ¥ in terms of X
and X1, and substitute into the given differential equation (i). By assembling the coefficients of €, ¢!, &2 and
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rearranging we obtain the sequence

Xg" =X =0, v)
X{0 = xy == (2x0"™ + x§7) + X x3, (vi)

(1,1) _ (#,m2) (1) (#>n1) (0 (m1511)
X$0 = Xy == (2x5") 4 x() = (2x P+ X0 + x{10)
+{x o +2x0x0) + x{™ x3 . (vii)

The solutions of (v) which tend to zero have the form

Xo =ap(ni,m)e”". (viii)
The term X (()t) X% on the right of (vi) becomes
XX = —ad (i, m)e™ (ix)

and therefore does not affect the order of magnitude of X1, when r = O0(e~1). The bracketed terms must be
eliminated, so ZX(()I"“) + X(()l) = 0. Therefore, by (viii),

Zagm +ag =0,
)
1
ap = bo(np)e” 2.
Therefore,
X0 =bo(np)e”' "2, (x)
and the equation for X1 becomes (using (ix))
1t 313
x{0 — Xy = —pge7Imam,
The appropriate solutions are given by

_ 343 .
X1 =a1(n1,m)e”" — $bo(np)e 372, (xi)

By following a similar argument in connection with the right-hand side of (vii), we obtain

bo(n2) = Coe 82, ay(n1,m) = by (np)e 2 (xii)
where Cy is a constant. Finally we have
X =X +eX| — 0(@?)
= Coe™ 2N ¢ fhy (e 72 — fFe 3] 1 0 (xiii)
when t = O(¢™1); and in terms of  and &:
x(t,e) ~ Coe_’_%”_%szt +e {bl(szt)e_’_%” - %CSC_&_%SI} R (xiv)

with an error O(¢2) when t = 0(¢™1).
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(b) To apply the initial conditions we require x(0,¢) and x(0, ¢), maintaining an error of 0(¢2). Note that
dby/dr = 0(82); also write

b1(0) = Cq.
Then from (xiv) we obtain
x(0,€) = Co +&(C1 — 1C3) = xo,
¥(0,8) = —Co +e(=C1 — $Co + 3C3) = yo + &1,

in which C and Cy are disposable constants, and the initial values are x( and yg + £y . From the first equation
we obtain

Co = x9, C1= %CS = xS. (xv)

oo|—

and from the second,

yo=-Co=—x9, y1=—5x0+ %xg- (xvi)
The constants in (xv) produce the time solution from (xiii); and (xvi) defines the required ordinate to 0(2).
The graph of

y=yo+eyr=—xo+ 8(—%)60 + %XS)

is shown in Fig. 6.4, where comparison is made with its computed separatrix. )

Initial values by
multiple scales

Computed separatrix

Figure 6.4 Stable separatrix in x > 0,y < 0 computed numerically, and the track of initial values given by eqn (xv):
y=y0+eé&yr=—xo+ 8(—%)6% + %xg) for e = 0.2.

In the following example the differential equation is not of the type x + ¢h(x,x) £x = 0
considered up to this point. The linear equation ¥ 4+ x 4+ ex = 0, where ¢ is small and positive
(nonzero), is taken to illustrate the principles.

Example 6.5 (a) By working from the exact solution of the initial value problem
X+x+ex=0, x(0,6)=x9, x0,6)=0, O0<exl, (1)

show that x(t,&) = xo{efetfszt +e(e~ —e ey 4 02y ase — 0, whent = O(s~1). (b) Obtain the same
result by using the two time scales 1y = et, 1y = £%t.

a) The characteristic equation of (i) is m? + m + & = 0, with roots m1,m», where for small &
q 1,M2

mi =1+ -40)2) = —e + 62 4 0(3),

my=4-1- -4 = ~1+e -+ 0.
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Since these are real and negative, the origin in the phase plane is a stable node. The exact solution of the initial
value problem is

x(t,8) = xg{mpe™" —m1e" Y (my —my).

Substitute the approximations for mq,my (noting that when r = 0™ D), then ¢2t = O(e) so that et =
1+ O(g)); then

x(t,6) = xofe™ 7 (e — e} 4 0(e?) (i)
is the required approximation, valid when ¢ = o™ h.
(b) Proceed as usual, putting x(¢,&) = X(t,n1,12,¢) and

X(t,11,m2,8) = Xo(t,11,12) + eX1(t,01,12) + €2 Xa (6, n1,m0) + O(e3),
where Xg, X1, X2, ... are O(1) when 1 = 0(¢~1). We obtain
X0 4 x 0 — o, (iii)
th,t) + X%l) — —(ZX(()[’M) + X(()T/l) + XO)’ (IV)
Xg’t) + Xg) _ —(ZXY’r“) + Xgm) +X) — (ZX(()T,UZ) + X(()’?ls’?l) + X(()”Z)). (v)
The solutions of (iii) take the form
Xo = po1,m2) + g0, m)e”". (vi)

The right-hand side of (iv) then becomes

—(§™ + po) + (@ — qo)e "

Without further action eqn (iv) will therefore have solutions involving 7 and re ™. Since we need r = O(¢ 1)
these terms must not occur, so we require

Py +po=0, g™ —qo=0.
Therefore
po=rom)e” ™, qo=so(m)e",

and so from (vi)

Xo = ro(m)e” ™ +so(ny)e” ", (vii)

The solutions of (iv), with zero now on the right-hand side, are

X1 =p1O1,m2) + 911, m)e”" (viii)

By substituting (vii) and (viii), the right-hand side of (v) reduces to

—{™ 4 p0) + @)™ = qe = 0§ +r0) + 5§+ sp)e M.

t

Solutions of (v) containing terms of the form ¢ and re™" are eliminated by equating each of the four brackets

to zero. We obtain

rg = Cpe "2, so = Dpe™ "2, (ix)
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where C and D are constants, and
p1r=ui(me” M, g1 =vi(n)e. (x)
Substituting these results in (vii) and (viii) we have

Xo = Coe M~ 4 ppei+Mm—m

and
— = —t+m
X1 =ur(m)e” ™ +vi(n)e .
Therefore
X = Coe™ M7 4 Doe TN 4 g{uy (np)e” M + vy (pp)e” Y,
or

2 2
x(t,é‘) — Coe—Sl—é‘ I_|_ Doe—f"ré‘l—é‘ T+£{ul(£2.[)e—8[ + v1(82[)e—t+st}’ (Xl)

this being valid to an error O(c?) whent = 0(e™1).
Direct application of the initial conditions x (0, &) = xq, (0, &) = 0 (noting that du/d¢ and dv/dr are 0(&2))
gives the equations

xp = Co + Do + &(u1(0) +v1(0)),
0=—Dg +&(=Co + Do +u1(0) —v1(0)),

from which we obtain, by matching coefficients,
Co=x9, Do=0, u(0)=xp, v(0)=—xp. (xii)

Since also uq (e21) = u1(0)+ 0(e2t) = u1(0)+ O(e) fort = 0@ 1), and similarly for vq (¢21), we obtain from
(xi) the solution

2
x(t,e) = xo{e 8 £ g(e7 — e IHEN 4 0(e?) (xiii)

ase — 0and r = O(s~1). This agrees with the form (ii) derived from the exact solution. ()

6.6 Matching approximations on an interval

In this section we shall mainly be concerned with boundary-value problems, and we conform
with the literature by using y as the dependent and x as the independent variable. For fuller
information on the methods of this section the reader is referred to Nayfeh (1973), O’Malley
(1974) and Hinch (1991).

As in Section 6.1, we shall illustrate the problem by looking at the approximation to a
particular function y:

Y(E, ) = e 2F —e2¥e 2 0<x<1, 0<e< 1. (6.75)

(The particular form chosen appears in the solution to a differential equation later on.) We
shall look at the structure of this function as ¢ — 0.
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1

Figure 6.5 Inner approximation y; and the outer approximation yo to the function y(e, x) in (6.75).

Note that, for x > 0,

lim (e72*/¢/e") =0
e—>0+

for every positive n: the function tends to zero very rapidly as ¢ — 0+. Therefore, for every
fixed x > 0

Y(e,x) ~ e 2 = yo, sy, (6.76)

with error O(e") for every n > 0. But by looking back at (6.75) it can be seen that as x takes
smaller and smaller values, smaller and smaller values of ¢ are required before (6.76) becomes
an acceptable approximation. It fails altogether at x = 0, where (6.75) gives zero and (6.76)
gives 1. Therefore (6.76) is not a uniform approximation on 0 < x < 1, and another form
is needed near x = 0. Figure 6.5 shows the nature of the approximation for some particular
values of ¢; as ¢ decreases the interval of good fit becomes extended, but it is always poor near
x = 0. The approximation begins to fail when x becomes comparable with ¢ in magnitude.
The region of failure is called a boundary layer (from a hydrodynamical analogy), having in
this case thickness of order ¢. The function yo defined in (6.76) is called the outer approxi-
mation to y.

To get an approximation near x = 0 it is no use trying to work with x fixed: this is covered
by (6.76). We therefore consider x tending to zero with ¢ by putting, say,

x(e) = &e, (6.77)

where & may take any value. & is called a stretched variable: from one point of view we are
magnifying the boundary layer to thickness O(1). Then

Y(g,x) = e 260 _ e360e726 A | — o2, (6.78)

where e*16¢ = 1 + O(¢). The error is O(s) for every fixed &, though naturally it works better
when & is not too large. We can express this idea alternatively by saying

—2x/e

yiE,x)~1—e =), say, (6.79)
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() X (b) x
Outer region Co
o1 ¢ 01T Outer region
Common
. Co
region
Inner region Common region
CI
) & Inner region e
¢ 0.05 o 0.05

Figure 6.6 Regions of validity for the approximations (6.76) (outer approximation) and (6.79) (inner approximation)
with error E: (a) E = 0.05; (b) E = 0.01.

with error O(g) so long as x = O(¢) (which includes the case x = o(¢) too). This is rather like
the situation described for ¢ > 0 at the beginning of Section 6.1. The approximation (6.79) is
shown in Fig. 6.5. The function yj defined in (6.79) is called the inner approximation to y.

If our information about y considered only of the approximations (6.76) and (6.79), together
with the associated error estimates, it would be pure guesswork, given a value of x and a value
of &, to decide which to use, since an error of low order in ¢ is not necessarily small for any
given small value of ¢ . We can see what the regions of validity look like in a general way by
experimenting and displaying the results in the plane of ¢, x. The regions in which (6.76) and
(6.79) give errors of less than 0.05 and 0.01 are shown in Fig. 6.6.

The error boundary of the outer region is given by

1
Iy (x, &) — yo| = e2¥e /¢ = E,

where E > 0 is a specified error. Thus the boundary Co is given by

2¢InE
x = .

e—4

The error boundary of the inner region is given by
0r8) =yl = le™ 3 — 14727/ (1 —e2%)| = E.

This equation can be solved for ¢ (but not explicitly for x) to give the inner error boundary Cp:

1
1—-FE—e2F
g=—-2x/In —fﬂ .
1 —e2*

The two boundaries are shown in Fig. 6.6 for the errors E = 0.05 and E = 0.01.



6.6 Matching approximations on an interval

The figures show that there is a region on the ¢, x plane where (6.76) and (6.79) both give a
small error. We therefore expect that there may be cases ‘between’ the cases x = constant and
x = O(e), in which both approximations have a small remainder. For example, if

X = n4/e, 1 constant, (6.80)
y(g, x) becomes
eIVE _ e IWEm2INE — | 1 0(Je); (6.81)
also (6.76) becomes
yo = e Ve =1 4+ 0(Je) (6.82)
and (6.79) becomes
yi=1—e21Ve =14 0(Je) (6.83)

(in fact, 14+ O(y/¢)). Thus the original function and both approximations have an error tending
to zero with ¢ when x = n./e, n fixed. We say that the functions ‘match’ to O (1) in the ‘overlap
region’.

Figure 6.7 indicates the progress of a point (g,1./¢) = (¢,x) as it moves into regions where
the two approximations (6.76) and (6.79) have in common an error diminishing to zero with
e. It is desirable to show that there are no ‘gaps’ in the postulated ‘common region’. Instead of
(6.80), therefore, consider the more general case

x(&) =y (e),

E=0.01

o

Figure 6.7 As ¢ — 0, the point (g,7n/¢) (n constant) always lies ultimately in the ‘overlap region’ for the
approximations (6.76) and (6.79). Here the path is shown for n ~ 0.4 and errors E = 0.05,0.03,0.01.
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where ¢ is any constant and ¥ tends to zero, but more slowly than ¢, so that
gl_l;% g/y(e) =0.
Then y, from (6.75), becomes
Y(g,x) = e 2EV(E) _ o TLV(©) =20 (e)/e _ q 4 o(1).

The outer approximation (6.76) gives

e 3 — e 3EVE) _ 1 4 o(1),

and the inner approximation (6.79) gives
1T—e 28 =1—e2V@/f =1 4 o(1).

These are in agreement to o(1).
The following example shows how the assumption of a ‘common region’ is used in connection
with differential equations to establish an unknown constant. In this case we have put

v(e) = 8175, 0<d8<1,
to give a certain generality.
Example 6.6 A function y has the two approximations on 0 < x < 1: an inner approximation
Y, x) A+ (1—Ae ™ =y, say, (6.84)

with error O(e) when x = O(g), and an outer approximation

X

v, ~el ™ =yo, say, (6.85)
with error O(g) for x constant. Find the value of A.
Assuming that both approximations are valid simultaneously (though possibly with a larger error) for

x = nal_‘s, 0<d<1, nconstant, 0 <x <1,

we must have at least
5 1-8
lim  [A+ (1~ Ae M = lim el
£

=0
(n constant) (n constant)

Therefore A = el =e. )

Example 6.7 From (6.84) and (6.85) make up a single approximate expression applying uniformly on
0<x<1.

Write, (with A = e),
M+yo=e+ (1 —ee /e el
When x is constant and ¢ — 0, we obtain

e4el ¥
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instead of el =* required by (6.85); and when x = &¢ and ¢ — 0 (¢ constant), we obtain
2e + (1 + e)e_g
instead of e + (1 — e)e ¢ required by (6.84). Therefore the required uniform expansion is given by

yi+yo—e=(1—ee ¥yl )

Exercise 6.4
Find the outer and inner approximations to

y=1—e"*cos x, ngs%n, 0<exl.

Sketch a graph showing the approximations and y.

6.7 A matching technique for differential equations

In the following problems the solution has different approximations in different (x, &) regions
as described in Section 6.5. Characteristic of these is the presence of & as the coefficient of
the highest derivative appearing in the equation. The term in the highest derivative is, then,
negligible except where the derivative itself is correspondingly large. Thus, over most of the
range the equation is effectively of lower order, and can satisfy fewer boundary conditions.
However, in certain intervals (boundary layers) the derivative may be large enough for the
higher order term to be significant. In such intervals, y will change very rapidly, and may be
chosen to satisfy another boundary condition.

Example 6.8 (An initial-value problem) Find a first-order approximation to the solution of

sg—ky:x, x>0, 0<ex1, (6.86)
subject to

y(&,0) =1. (6.87)
The obvious first step is to put ¢ = 0 into (6.86): this gives the ‘outer approximation’

y & yo = X. (6.88)

The error is O(e), as can be seen by viewing it as the first step in a perturbation process. It is not clear where
this holds, but assume we have numerical or other indications that it is right except near x = 0, where there is
a boundary layer. We do not know how thick this is, so we allow some freedom in choosing a new, stretched
variable, &, by writing

x =£¢(e), (6.89)

where

511_r)no<¢>(8) =0.
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Equation (6.86) becomes
£ b
¢(e) d&

The choice of ¢(g) which retains dy/d& as a leading term in order of magnitude, and which gives an equation
which can describe a boundary layer is

+y=£0(). (6.90)

o(e) =& (6.91)
and (6.90) becomes
dy B
@ +y = &&. (6.92)

The first approximation (¢ = 0) to the solution fitting the initial condition (6.87) (the inner approximation), is
given by

ya oy =e 6 (6.93)
with error O(¢) for & constant. This may be interpreted as
yy=e Y x=00). (6.94)

There is no scope for ‘matching’ yo and yp here: either they are approximations to the same solution or they
are not; there are no arbitrary constants left to be settled. We note, however, that in an ‘intermediate region’
such as

X =n./¢

for n constant, both approximations do agree to order (/.
To construct a uniform approximation, start with the form y; + yg as in Example 6.7

n+yo=e " +x (6.95)

This agrees to order ¢ with eqns (6.88) and (6.93) for x = constant and x = &e respectively, so that eqn (6.95)
is already a uniform approximation. The reader should compare the exact solution

y(e,x) =x —e+e X/ 4 ge¥/E, °

Example 6.9 (A boundary-value problem) Find a first approximation to the equation

d?y _dy
defz-l-Za—i-y:O, 0<x<l1 (6.96)
subject to
y0) =0, yM=1. (6.97)

Putting ¢ = 0 in (6.96) (or finding the first term in an ordinary perturbation process), gives the differential
equation for the outer approximation yg (g, x):

d
2990 1y =o. (6.98)
dx

Since this is first order, only one boundary condition can be satisfied. We shall assume (if necessary by showing
that the contrary assumption leads to failure of the method) that (6.98) holds approximately at x = 1. We
require yo(e,1) =1, so

1 1
y & yo(x,e) =eZe 2% (6.99)
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with error O(g). The non-uniformity is not self-evident, but certainly the boundary condition at x = 0 is not
satisfied. Assuming that the condition is attained by a sudden change in the nature of the solution near x = 0,
introduce a new, stretched, variable &, where

x =£4 (), (6.100)
& fixed, where
lim ¢ () = 0. (6.101)
£—0

Equation (6.96) becomes

e d%y 2 dy
B2 de2 T peyde YT 102
2o a2 pede =0 (6.102)

The choice ¢ (¢) = &, which makes the first two terms in (6.101) have the same order in ¢, yields the equation

;@+23§+€y=0- (6.103)
This simplifies to the equation for the inner approximation yy:
i;y; + i—? =0 (6.104)
with error order e. The boundary condition is
yi(§,0) =0. (6.105)
Therefore
y & yie,x) = A(l —e7). (6.106)

When & is constant the error is O(g).

The value of A must be determined by the condition that (6.99) and (6.106) should both approximate
to the same function (the solution): if there is an ‘overlapping region’ of approximation to some order, the
approximations themselves must agree to this order, and there is only one choice of A making this agreement
possible.

Allow the behaviour of x to be given by

x =ny(e), (6.107)
where 7 is any constant, and
lim ¥ (g) = 0 (6.108)
e—0

but where v does not tend to zero so fast as ¢, so that
lim ¢ (e)/¥(e) = lim g/ (¢) = 0. (6.109)
e—0 e—0
Choose ¥ (¢) = /¢, which satisfies these conditions. Then
1 1 1
yole,x) =e2e 2T E =2 1+ O(y) (6.110)

by (6.108), and
yi(e,x) = A1 — e 21Y/8) = A + 0(1) (6.111)
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by (6.109). Agreement is only possible if A = e2 , so finally
y = yole,x) = eZe 3 forx = o) (6.112)
and
y = ype, x) = e%(l —e /%) forx = O(e). (6.113)
To find an approximation uniform on 0 < x < 1, form
yo +y1— edem3¥ +e%(1 —e /7,

. 1 1 1 .. 1, . ..
Then for x = O(1) this becomes e2e™2* + €2 as ¢ — 0; that is it has the unwanted term e2 in it. Similarly,

. 1 1 . . . 1
when x = £¢ it becomes e2 +e2 (1 — e~26) as ¢ — 0, which again contains an unwanted e2. Therefore the
function yc given by

[T
[

1
YO R Yo +y —e2 =el(eT Y — e 2N/ (6.114)

is a uniform approximation on 0 < x < 1, known as the composite solution.
The reader should compare the exact solution

y(e,x) = (eM* —eP2) /(M — 2, (6.115)

where A1, A, are the roots of A% + 21 + 1 = 0: their expansions are

Exact solution

————— Inner, outer approximations

........ Composite approximation
0.5

T Boundary layer

o 0.2 0.4 0.6 0.8 1.0
-— 0(e)—>

Figure 6.8 Exact solution of (6.96) and its inner, outer and composite approximations are shown for ¢ = 0.1. The
exact solution and the composite approximation are almost indistinguishable.

The expansion and matching process may be extended to take in terms beyond the first-order
terms we have considered here. Details are given by Nayfeh (1973).
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Example 6.10 Find the equilibrium points of
ei+ki—x+x2=0, i=y, k>2e (6.116)

and classi{‘y their linear approximations. Consider the initial-value problem with x(0) = 0, x(0) = a/e where
0 < a < 5. Find matched inner and outer expansions for 0 < e < 1.

There are two equilibrium points, at (0, 0) and (1, 0). The former is a saddle point, and the latter a stable node.
To obtain the outer solution use the regular expansion

x=xo0 = fo®+ef1(O)+--

so that to the lowest order in eqn (6.116), f satisfies

kfo— fo+ f¢ =0.

Hence
_kdfo /
dr=t+0C,
fo( = fo) =t
or
fo |_1

where C is a constant. Then,

X =x0 ~ fot) = 71 e O

where x( is the leading order term of the outer solution. Note that xg — 1 ast — oo.
For the inner solution let t = &7 so that

k' —e(x —x2) =0 (=d/do). (6.117)
Now use the expansion
x =xy=go(t) +eg1(v) +---
so that, after substitution in (6.117), g satisfies
g +kgy=0.

Hence

g0(r) = A + Be kT,
The initial conditions imply go(0) = 0, g6 (0) = «. Therefore

B=—-A, —Bk=uq«a,

which leads to the inner solution xy:

o _
=go(0) ~ o (1—e ko,
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The constant C in xg above is to be determined by matching xg and x;. Introduce the time-scaling 1 = nef
with 0 < B < 1. Thus = nef~1. In terms of 7,
_ 1 B 1
T0=7 +e—(t+OV/k ™ 1 4 o—Clke—ePn/k

= T1eCk +0(eP)

for fixed n. Also
X = %(1 —e ke Ty = % +o(1).

as ¢ — 0. To lowest order these are equal if

1 o —C/k k—(x
TreCKk -k 0 ¢ T4

Hence, the matched inner and outer expansions to leading orders are

o

0= —-,
OF a ¥ k—a)eT/k

o —
xi=-(1—e kt/s)‘
k
A composite approximation can be obtained from

Xc = X1+ x0 —sli_r)rbgo(t/e) (or leR) fo(et)

o

- %(1 _eki/ey 4 lim %(1 — /e

o+ (k— a)e—’/k B e—0
o

_ @ kt/e I
~%a- -« _*
e T e &

Simplifying this expression, we obtain a composite solution valid over ¢ > 0:

_ _ etk

_ —kife , k=) =)
=2|1- )

XC k|: e + kol —e i/

Figure 6.9 shows the exact computed solution and the expansions x[, xo and x¢ for ¢ = 0.1, « = 0.5 and
k=0.8. )

The previous examples contain versions of van Dyke’s matching rule which is a useful work-
ing method for determining constants, with the advantage of avoiding intermediate variables.
We give a two-term version of the method. Suppose that the outer solution to a problem is

yo = fo(x) + & f1(x),
and that the inner approximation is
yi=go(n) +egi(m), n=ux/e.

The rule goes as follows. Put the inner variable 5 into yo, and expand in powers of ¢ to two
terms, and then change n back to x:

yo = fo(en) + & fi(en) = fo(0) 4+ xf3(0) + ¢ f1(0). (6.118)
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x
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T
L
rar,
e [
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Exact solution
————— Inner, outer approximations
-------- Composite approximation
t
o 1 2 3 4

Figure 6.9 Numerical solution of (6.116), and the inner, outer and composite approximations for ¢ = 0.1, « = 0.5,

and k = 0.8.

In the inner expansion substitute the outer variable x and expand in powers of e:

1= go(x/e) +eg1(x/e) = po(x) + ep1(x). (6.119)

Now compare the expansions (6.118) and (6.119). If they can be made consistent in terms of
x by appropriate choices for any constants then matching is possible, and the inner and outer
expansions can be found. It may be that the expansions are not consistent, in which case an
alternative form for n might be considered. Further details of Van Dyke’s matching rule can be
found in the book by Hinch (1991).

Exercise 6.5
Find and classify the equilibrium points of

eX+kx —sinx =0, x(0)=0, x(0) =a/e

assuming 0 < & < 1. Find the leading order outer and inner approximations.

Problems
6.1 Work through the details of Example 6.1 to obtain an approximate solution of ¥ + x = ex3, with
x(g,0) = 1, %(g,0) = 0, with error 0(e3) uniformly on ¢ > 0.
6.2 How does the period obtained by the method of Problem 6.1 compare with that derived in Problem 1.34?
6.3 Apply the method of Problem 6.1 to the equation

¥4 x = ex + eax®

with x(e,0) = 1, x(e,0) = 0. Obtain the period to order &3, and confirm that the period is correct for
the pendulum when the right-hand side is the first two terms in the expansion of x — sinx. (Compare
the result of Problem 1.33. To obtain the required equations simply add the appropriate term to the
right-hand side of the equation for x, in Example 6.1.)

6.4 Use a substitution to show that the case considered in Problem 6.1 covers all boundary conditions x (¢, 0) =
a, x(s,0)=0.
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The equation for the relativistic perturbation of a planetary orbit is

u

de?

(see Problem 5.21). Apply the coordinate perturbation technique to eliminate the secular term in u1(6)
in the expansion u(g,0) = ug(0) +euq1 (@) +---, with @ = ¢ +&T1(¢) + - - - . Assume the initial conditions
u(0) = k(1+e),du(0)/do = 0. Confirm that the perihelion of the orbit advances by approximately 27 ek?
in each planetary year.

+u=k(1+eu?)

Apply the multiple-scale method to van der Pol’s equation X + e(x2 —1)i+x = 0. Show that, if x(0) = a,
and x(0) = 0, then for t = 0(5*1),

x =2{1 + ((4/a%) — De ¢} 12 cost.

Apply the multiple-scale method to the equation ¥+x—e&x3 = 0, with initial conditions x(0) = a, £(0) = 0.
Show that, for t = O(¢~1),

x(t) = acos{t(1 — Jea®)).

Obtain the exact solution of Example 6.9, and show that it has the first approximation equal to that
obtained by the matching method.

Consider the problem ¢y” +y' +y = 0, y(¢,0) = 0, y(s,1) = 1, on 0 < x < 1, where ¢ is small and
positive.
(a) Obtain the outer approximation

y(e,x) X yo = elfx, x fixed, & — 0+;
and the inner approximation
Ye, ) Ry —C(1—e/%), x=0@), &— 04,

where C is a constant.
(b) Obtain the value of C by matching yg and y; in the intermediate region.
(c) Construct from yg and yp a first approximation to the solution which is uniform on 0 < x < 1.

Repeat the procedure of Problem 6.9 for the problem
ey +y +xy=0, y0)=0, y1)=1

on0<x<1.

Find the outer and inner approximations of
ey +y +ysinx =0, y0) =0, y(Fv)=1.

By using the method of multiple scales, with variables x and & = x/e, obtain a first approximation
uniformly valid on 0 < x <1 to the solution of

ey +y +xy=0, y@,0=0, ye1)=1,

on 0 < x <1, with ¢ > 0. Show that the result agrees to order ¢ with that of Problem 6.10.

The steady flow of a conducting liquid between insulated parallel plates at x = +1 under the influence
of a transverse magnetic field satisfies

w' +ME =-1, K +Mw =0, wEl) =h(*l) =0,

where, in dimensionless form, w is the fluid velocity, i the induced magnetic field, and M is the Hartmann
number. By putting p = w+h and ¢ = w — h, find the exact solution. Plot w and & against x for M = 10.
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6.15

6.16

6.17

6.18

6.19

6.20

6.21

Problems

This diagram indicates boundary layer adjacent to x = 1. From the exact solutions find the outer and
inner approximations.

Obtain an approximation, to order ¢ and for t = 0(871), to the solutions of ¥ +2¢x +x =0, by using
the method of multiple scales with the variables 7 and n = et.

Use the method of multiple scales to obtain a uniform approximation to the solutions of the equation
i+ w?x + ex3 = 0, in the form

x(e,1) ~ ag cosl{wy + (3ead /8wp)}t + al,
where a is a constant. Explain why the approximation is uniform, and not merely valid for t = O(¢~1).

Use the coordinate perturbation technique to obtain the first approximation

1

x=1 °, t:r—l—%er(l—r*2)

to the solution of
(t+ex)x+x=0, x(1)=1, 0<x=<1.

Confirm that the approximation is, in fact, the exact solution, and that an alternative approximation

_.—-1,1_.-1 _ 1.1
X=T +28‘L' , 1=T—5¢et

is correct to order ¢, for fixed 7. Construct a graph showing the exact solution and the approximation
fore =0.2.

Apply the method of multiple scales, with variables ¢ and n = e, to van der Pol’s equation X + &(x% —
1)x + x = 0. Show that, for t = O(¢~ 1),

et

=

3
2a0 e

e = e

cos(t + ap) + O(e),

where a( and «( are constants.

Use the method of matched approximations to obtain a uniform approximation to the solution of
2
E(y//+;y/)_y=0’ )’(8,0)=0, )’/(851)=1a

(¢ > 0) on 0 < x < 1. Show that there is a boundary layer of thickness O(e1/2) near x = 1, by putting
1—x=4§¢().

Use the method of matched approximations to obtain a uniform approximation to the solution of the
problem

S(y//+y/)_y:Oa y(€,0)=17 y(851):1’

(¢ > 0) given that there are boundary layers at x = 0 and x = 1. Show that both boundary layers have
thickness 0 (¢1/2). Compare with the exact solution.

Obtain a first approximation, uniformly valid on 0 < x < 1, to the solution of

1
ey’ + my/ +ey=0, withy(e,0)=0, y(eg,1) =1.

Apply the Lighthill technique to obtain a uniform approximation to the solution of
(t+ex)x+x=0, x(,1)=1, 0<x<l1.

(Compare Problem 6.16.)
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Obtain a first approximation, uniform on 0 < x < 1, to the solution of
/
ey +y=x, y@0 =1,
using inner and outer approximations. Compare the exact solution and explain geometrically why the
outer approximation is independent of the boundary condition.

Use the method of multiple scales with variables  and n = &t to show that, to a first approximation, the
response of the van der Pol equation to a ‘soft’ forcing term described by

jc'+£(x2—1))'c+x=£ycos wt

is the same as the unforced response assuming that |w| is not near 1.

Repeat Problem 6.23 for ¥ + &(x% — 1)x + x =T cos wt, ¢ > 0, where I' = O(1) and || is not near 1. Show
that

r
x(e,1) = - coswt + 0(e), T2?>2(1—w?)?;

w2

and that for T2 < 2(1 — w?)?

) 1/2
x(g,t) =2 1—F7 cost + r
’ 2(1 — w?)? 1-w

5 Coswt + O(e).

Apply the matching technique to the damped pendulum equation
eX+x+sinx =0, x(5,0 =1, x(,0)=0.
for ¢ small and positive. Show that the inner and outer approximations given by
xi=1, xo= Ztan_l{e_t tan %}.

(The pendulum has strong damping and strong restoring action, but the damping dominates.)

The equation for a tidal bore on a shallow stream is

d*n dy 2
e— ———n+n"=0;
@ @ "t
where (in appropriate dimensions) 7 is the height of the free surface, and & = x — ct, where c is the wave
speed. For 0 < ¢ « 1, find the equilibrium points for the equation and classify them according to their
linear approximations. Apply the coordinate perturbation method to the equation for the phase paths,

dn

dw _wtn—n* 0 dy
3@

8d—n = ” ,
and show that

w=—0+7+ 06D, n=0—e(—¢+50)+ 0.
Confirm that, to this degree of approximation, a separatrix from the origin reaches the other equilibrium
point. Interpret the result in terms of the shape of the bore.

The function x (e, t) satisfies the differential equation X +xx —x =0 (r > 0) subject to the initial condi-
tions x(0) =0, x(0) =1/&. To leading order, obtain inner and outer approximations to the solution for
small . Show that the composite solution is

xc =t + 4/2tanh(s/(e4/2)).
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6.29

Problems

Consider the initial-value problem
gi+i=e!, x(0)=0, #0)=1/c (0<e<k1).

Find inner and outer expansions for x, and confirm that the outer expansion to two terms is

xo=2—¢" —ge "
Compare computed graphs of the composite expansion and the exact solution of the differential equation
for ¢ = 0.1 and for ¢ = 0.25.

Investigate the solution of the initial/boundary-value problem
¥ teititr=0, 0<e<],

with x(1)=1, x(0)=0, %(0)=1/¢% using matched approximations. Start by finding, with a regular
expansion, the outer solution xg and an inner solution xj using # = ¢t. Confirm that x| cannot satisfy the
conditions at t = 0. The boundary-layer thickness O(¢) at t =0 is insufficient for this problem. Hence we
create an additional boundary layer of thickness 0(&?), and a further time scale 7 where 7 = ¢25. Show
that the leading order equation for the inner—inner approximation xjy is
n 1
xpp +xp = 0.

and confirm that the solution can satisfy the conditions at r = 0. Finally match the expansions xj; and xj,
and the expansions x1 and xg. Show that the approximations are

1—-1

2
xo=el ™ xj=e+(A—ee M xp=1-—e,

to leading order.
Explain why the composite solution is

2
xC = el ™ 1 (1 —e)e /e —et/E,
Comparison between the numerical solution of the differential equation and the composite solution is

shown in Fig. 6.10. The composite approximation could be improved by taking all approximations to
include O (g) terms.

Inner—inner layer

oE?)
\ Inner layer
- 0()
2k
R R
g T
Computed solution
----- Composite solution
t
0 0.5 1.0

Figure 6.10 Computed solution and the leading composite approximation for ¢ = 0.2 showing an inner—inner
boundary layer for Problem 6.29.
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6.30 Let y(x,¢) satisfy
8y// + y/ — x,

where y(0,&) =0, y(1,¢) =1. Find the outer and inner expansions to order ¢ using the inner variable
n=x/¢e. Apply the van Dyke matching rule to show that the inner expansion is

N+ —ele),
6.31 In Example 6.9, a composite solution of

d?y | dy

valid over the interval 0 < x < 1, was found to be (eqn (6.114))
ye = e% (e—%x 7 efzx/e)

using matched inner and outer approximations. What linear constant coefficient second-order differential
equation and boundary conditions does y¢ satisfy exactly?



Forced oscillations:
harmonic and subharmonic
response, stability, and
entrainment

We consider second-order differential equations of the general form ¥ + f(x,x) = F coswt,
which have a periodic forcing term. When the equation is linear the structure of its solutions
is very simple. There are two parts combined additively. One part, the ‘free oscillation’ is
a linear combination of the solutions of the homogeneous equation and involves the initial
conditions. The second part, the ‘forced solution’, is proportional to F and is independent
of initial conditions. When damping is present the free oscillation dies away in time. This
independence of the free and the forced components, and the ultimate independence of initial
conditions when there is damping, allow a very restricted range of phenomena: typically the
only things to look at are the amplitude and phase of the ultimate response, the rate of decay
of the free oscillation, and the possibility of resonance. When the equation is nonlinear, on the
other hand, there is no such simple separation possible, and the resulting interaction between
the free and forced terms, especially when a self-excited motion is possible, and the enduring
importance of the initial conditions in some cases, generates a range of entirely new phenomena.
The present chapter is concerned with using the method of harmonic balance (Chapter 4) and
the perturbation method (Chapter 5) to obtain approximate solutions which clearly show these
new features.

7.1 General forced periodic solutions

Consider, for definiteness, Duffing’s equation

¥ + ki +ax + Bx> =T coswt, (7.1)

of which various special cases have appeared in earlier chapters. Suppose that x(¢) is a periodic
solution with period 27 /4. Then x(¢) can be represented by a Fourier series for all ¢:

x(t) =aog+ay1cosit +bysinit +aycos2ht + -+ . (7.2)

If this series is substituted into (7.1) the nonlinear term x3 is periodic, and so generates another
Fourier series. When the contributions are assembled eqn (7.1) takes the form

Ag+ AjcosAit + BysinAt + Ay cos2At + --- = I' cos wt (7.3)

for all 7, the coefficients being functions of ag, a1, b1,az,. ... Matching the two sides gives, in
principle, an infinite set of equations for ag, a1, a2, ... and enables A to be determined. For
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example, the obvious matching
A=w and A1 =T, Ag=B1=A,=---=0

resembles the harmonic balance method of Section 4.4; though in the harmonic balance method
a drastically truncated series (7.2), consisting of only the single term aj cos Az, is employed. The
above matching leads to a harmonic (or autoperiodic) response of angular frequency w.

A less obvious matching can sometimes be achieved when

A =w/n (n an integer);
Ap =15
Ai=0(i7én); B,~=O(alli).

If solutions of this set exist, the system will deliver responses of period 27n/w and angular
frequency w/n. These are called subharmonics of order %, %, .... Not all of these actually occur
(see Section 7.7 and Problems 7.16 and 7.17).

It is important to realize where the terms in (7.3) come from: there is throwback from terms
of high order in (7.2) to contribute to terms of low order in (7.3). For example, in the exp-
ansion of x3:

x3(t) =(ag+---+ajicosllwt +---+ax; cos21lwt +--~)3,
one of the terms is
3a%la21 cos® 11wt cos 21wt = 3a%la21 (% cos 21wt + %cos 43wt + %cos wt),

which includes a term in cos wt. Normally we assume that terms in (7.2) above a certain small
order are negligible, that is, that the coefficients are small. Hopefully, then, the combined
throwback effect, as measured by the modification of coefficients by high-order terms, will
be small.

An alternative way of looking at the effect of a nonlinear term is as a feedback. Consider the
undamped form of (7.1) (with k = 0) written as

d? 3
L(x) = (d? +oz) x = —Bx> 4+ T coswt.

We can represent this equation by the block diagram shown in Fig. 7.1. Regard T cos wt as
the input to the system and x(r) as the output. The box A represents the inverse operator £~
which solves the linear equation ¥ + ax = f(¢) for a given input f and for assigned initial
conditions. Here, the input to A is equal to the current value of —gx3 + I' cos wt. Its output
is x (7). Suppose the output from A is assumed to be simple, containing only a few harmonic
components. Then B generates a shower of harmonics of higher and possibly of lower orders
which are fed back into A. The higher harmonics are the most attenuated on passing through
A (roughly like n=2 where n is the order). It is therefore to be expected that a satisfactory
consistency between the inputs might be obtained by a representation of x(¢) in terms only of
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Input | 4 Output

>

I' cos wt

x()

Figure 7.1 Feedback diagram for ¥ 4+ ax + gx3 = I" cos wt.

the lowest harmonics present. The low-order approximation should be most adequate when
the lowest harmonic present is amplified by £~1; that is, when w? & n?a, being a condition of
near resonance.

7.2 Harmonic solutions, transients, and stability for Duffing’s equation

As a direct illustration of the method described in Section 7.1, consider the undamped Duffing
equation (7.1) in the form

¥ +x+ px3 =T coswt, (7.4)
where I' > 0. As an approximation to the solution we use the truncated Fourier series
x(t) = acoswt + bsin wt. (7.5)

This form allows for a possible phase difference between the forcing term and the solution.
The omission of the constant term involves foreknowledge that the only relevant solutions of
reasonably small amplitude will have zero mean value (see Section 4.3). Then

X)) = —aw? cos wt — bw? sin wt (7.6)
and
x3(t) = a3 cos® wt + 3a%b cos® wt sin wt + 3ab? cos wt sin® wt + b3 sin> wt
= %a(a2 + bz) cos wt + %b(a2 + bz) sin wt
+ Ya@® - 3b%) cos 3wt + 1b(3a® — b?) sin 3wrt. (7.7)

(See Appendix E for trigonometric identities.) We disregard the terms in cos 3w, sin 3wr on the
grounds that, regarded as feedback input to the differential equation, the attenuation will be
large compared with that of terms having the fundamental frequency. When (7.5), (7.6), (7.7)
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are substituted into (7.4) and the coefficients of cos wt, sin wt are matched we obtain
blw? =1 - 3@ +pH] =0, (7.8)
af@ =1 - 3p@+0) =-T. (7.9)

The only admissible solution of (7.8) and (7.9) requires b = 0, and the corresponding values
of a are the solutions of (7.9):

3pa’ — (w* —1a—T =0. (7.10)
The roots are given by the intersections, in the plane of a and z, of the curves
z=-I, z= —%,Ba‘:; + (a)2 — Da.

From Fig. 7.2 it can be seen that, for 8 < 0, there are three solutions for I' small and one for
I larger when w? < 1, and that when w? > 1 there is one solution only. This reproduces the
results of Sections 5.4 and 5.5. The oscillations are in phase with the forcing term when the
critical value of a is positive and out of phase by a half cycle when a is negative.

We do not yet know the stability of these various oscillations and it is necessary to decide this
matter since an unstable oscillation will not occur in practice. To investigate stability we shall
lookat the ‘transient’ states, which lead to or away from periodic states, by supposing the
coefficients a and b to be slowly varying functions of time, at any rate near to periodic states.
Assume that

x(t) = a(t) coswt + b(t) sin wt, (7.11)

where a and b are slowly varying amplitudes (compared with cos wr and sin wt).
Then

%(1) = (a + wb) cos wt + (—wa + b) sin wt, (7.12)
(@) < (b) <
a @ & a a
______ | i —Z:—F—— - | —_ .

Figure 7.2 Graph of z = —%ﬁa3 + (@? — Da for B < 0and (a) w? < 1; (b) 0? > 1.
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and (neglecting d, b)
X)) ~ (—a)za + 2wb) cos wt + (—2wa — wzb) sin wt. (7.13)
Also, as in (7.7),
x3(t) = %a(a2 + bz) coswt + ;ﬂ’—‘b(a2 + bz) sin wt
+ harmonics in cos 3wt, sin 3wt. (7.14)

As before we shall ignore the terms in cos 3wr, sin 3wt.
When (7.12), (7.13), (7.14) are substituted into the differential equation (7.4), and the terms
are rearranged, we have

[2wb — af(w® — 1) — 3 B(a* + b))} cos wt
+[—2wad — b{(w* — 1) — 3B(a* + bH)}]sinwt = T cos wt. (7.15)
Appealing again to the supposition that a and b are slowly varying we may approximately
match the coefficients of cos wr and sin wt, giving the autonomous system
1
a4 = _Z—b{(w2 — 1) = 38@@® +b>)} = Aa,b), say; (7.16)
w
o1 2 3002 L 12 r
b= —af(w” = 1) — zB8(a” +b")} + >— = B(a,b), say. (7.17)
2w 2w
Initial conditions are given in terms of those for the original equation, (7.4), by (assuming that
a(0) is small)
a(0) = x(0), b(0) = #(0)/w. (7.18)

The phase plane for a, b in the system above is called the van der Pol plane. The equilibrium
points, given by A(a, b) = B(a,b) = 0, represent the steady periodic solutions already obtained.
The other paths correspond to solutions of (7.4) which are non-periodic in general. The phase
diagram computed for a particular case is shown in Fig. 7.3. The point (a3, 0) is a saddle and
represents an unstable oscillation, and (a1, 0), (az, 0) are centres.

The equilibrium points may be analysed algebraically as follows. Consider a case when there
are three equilibrium points

w? <1, B<0 (7.19)
and let ag represent any one of the values a = ay,az, or a3 of Fig. 7.2(a). Putting
a=ap+E, (7.20)
the local linear approximation to (7.16), (7.17) is

£ = A1(ag, 0)& + Az (ag, 0)b,

‘ (7.21)
b = Bi(ag, 0) 4+ By (ap,0)b,
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Figure 7.3 Paths in the van der Pol phase plane for the undamped pendulum (see eqns (7.16), (7.17)) with parameter
values ' = 0.005, = 0.975, 8 = —0.167. The equilibrium points are located on b = 0 ata; = —0.673, a, = 0.104,
a3 = 0.569.

where A1(a,b) = dA(a,b)/da, and so on. It is easy to confirm that
Al(“o, O) = BZ(a()s O) = Oa

a)2 -1 3,30(% _ 20
2w 8w  2wap’

Ay (ap,0) = —

(where, in Fig. 7.2(a), zo is the ordinate at ag), and that

Bi(ap,0) = s0/(2w),
where 59 is the slope of the curve in Fig. 7.2(a)at ag. Therefore (7.21) can be written

<0
2wag

é:

. S0
b, b= _—E&.
) 7wt

By considering the signs of ap, zo, so in Fig. 7.2(a) it can be seen that (ay,0), (az,0) are
centres for the linear system (7.21), and that (a3,0) is a saddle. The saddle will never be
observed exactly, though if a state can be set up near enough to this point, ¢ and b will
be very small and a nearly periodic motion at the forcing frequency may linger long enough to
be observed.

We may introduce a damping term into (7.4) so that it becomes

% +ki+x+pBx3=Tcoswt, k>D0. (7.22)



7.2 Harmonic solutions, transients, and stability for Duffing’s equation

b

E)

Figure 7.4 Paths in the van der Pol phase plane for the damped pendulum (7.22) with I' = 0.005, w = 0.975,
k =0.005, B = —0.167. The equilibrium points are located at (0.479, 0.329), (0.103, 0.010), (—0.506, 0.429). The
light and dark shading indicate the domains of initial points for the two spirals.

The equilibrium points (Problem 7.10) are given by
blw? — 1 — 3p(a* + bH)} + koa =0,
alw* — 1 - 3B(a* + b)) — kwb = —T;

so that, after squaring and adding these equations,
2 2 2 2 3n.2 2 2 2 2
r {ka) +(a) —l—zﬂr)}zf‘, r=./(a”+ D). (7.23)

and the closed paths of Fig. 7.3 become spirals. The present theory predicts that one of two
stable periodic states is approached from any initial state (we shall later show, however, that
from some initial states we arrive at sub-harmonics). A calculated example is shown in Fig. 7.4.
Typical response curves are shown in Fig. 5.3; the governing equations for the equilibrium
points, and the conclusions about stability, being the same as in Chapter 5.

Referring back to Fig. 7.3, notice that the existence of closed curves, which implies
periodicity of a(r) and b(¢), does not in general imply periodicity of x(r), for since
x(t) =a(t) coswt + b(r) sinwt the motion is periodic only if the period of a(t) and b(¢) is
a rational multiple of 27 /w. Though this may occur infinitely often in a family of closed
paths, the theory is too rough to decide which periodic motions, possibly of very long period,
are actually present. Normally the closed paths represent special cases of ‘almost periodic
motion’.
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Figure 7.5

Figure 7.6 A time solution showing beats.

If P is a representative point on a given closed path with polar representation r(¢), ¢(t), then
(7.5) can be written as

x(t) = r(t) cos(wt — ¢(1)).

Let 2w/ Q2 be the period of a(t), b(¢), and hence of r(t), ¢ (), on the path. Then since a and b are
slowly varying, Q <« . When the path does not encircle the origin (Fig. 7.5(a)) the phase ¢ is
restored after each complete circuit. The effect is of an oscillation with frequency w modulated
by a slowly varying periodic amplitude. The phenomenon of ‘beats’ (Fig. 7.6) appears.

If the path encircles the orgin as in Fig. 7.5(b) the phase increases by 27 in every circuit,
which effectively modulates the approximate ‘frequency’ of the oscillation from w to w + Q.

Exercise 7.1
In the resonant case w =1, the amplitude equations (7.16) and (7.17) in the (a, b) van der
Pol plane are

a = 3pb(a* +b*), b=—3pala®+b*) +1r.

Using polar variables r and 6, show that phase paths in the (a,b) plane are given by the
equation

r(r3 — | cos f) = constant,

when . =16I/(3B). Sketch or compute the phase diagram for u=—1.
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7.3 The jump phenomenon
Equation (7.22) for the damped Duffing oscillator has periodic solutions which are approx-
imately of the form acoswt + bsinwt, where the amplitude r = /(a®> + b?) satisfies (see
eqn (7.23))

r? {k2w2 + (a)2 —1- %ﬂrz)z} =12 k>0,w>0,T>0).

Suppose that 8 < 0, as in the case of the pendulum, and we put p = —gr2, y = I'\/(—B). The
amplitude equation can then be expressed as

v2 = G(p) = p {kza)z F @ -1+ %p)z}. (7.24)
We could represent this amplitude equation as a surface in a four-dimensional parameter space
with variables p, k, w, ¥, but we shall simplify the representation by assuming that the damping
parameter k is specified (interesting phenomena are generally associated with variations in the
forcing frequency w and the forcing amplitude I' parameters).
The amplitude function G(p) is a cubic in p, which can be rewritten as
G(p) = 150° + 3(@" = Dp* + (Ko” + (@ = 1?)p.
Since G(0) = 0 and G(p) — o0 as p — 00, G(p) = y2 must have at least one positive root
(we are only interested in p > 0). There will be three real roots for some parameter values if
the equation G’(p) = 0 has two distinct solutions for p > 0. Thus
G'(p) = 2 p* +3(* — Dp + k*o* + (0* = 1)* =0 (7.25)
has two real roots
p1,02 =51 —0®) £ /(1 — 0*)* — 3K, (7.26)
provided that |1 — w?| > \/3kw. From (7.25) and (7.26)
p1p2 = 35{(1 — 0P)? + k*e?} > 0,
p1+p2 =11 - 0?).
We are only interested in p1, py > 0, and two real positive roots are only possible if
0<w<1 and o®+koy3—1>0,

which are both satisfied if

0 << HJGk* +4) —ky3).
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Figure 7.7 Overlap region for the surface G(p) = y? with k = 0.1.

Thus G(p) = y? has three distinct real roots if

G(p) < 7/2 <G(p1) and o< %{\/(3k2 +4) — kJ/3).

The boundary of the overlap on the surface G(p) = y? is shown in Fig. 7.7 projected on to
the (y, w) plane. The region shaded in Fig. 7.7 has a cusp at

o= HJGk* +4) —k/3).

Sections through @ = 0.85 and y = 0.05 are shown in Fig. 7.8(a) and (b). The surface y =
/G (p) drawn in the (v, w, p) space (essentially showing response amplitude in terms of forcing
amplitude and frequency) is shown in Fig. 7.9 in the neighbourhood of the cusp. The graphs in
Fig. 7.8(a) and (b) are vertical sections of this surface at w = 0.85 and at y = 0.085, respectively.

The theory of Section 7.2 predicts that for values of ¥ and @ where there exists only a single
response then this response is stable; and that where there are three responses, the oscillations
with greatest and least amplitudes are stable and the remaining intermediate one is unstable
(Fig. 7.8(a) and (b)). In Fig. 7.9, the surface under the fold corresponds to unstable oscillations
which will not be attainable. The surface exhibits what is known as a fold catastrophe which
leads to the so-called jump phenomenon (see Poston and Stewart (1978) for an extensive account
of catastrophe theory).

To illustrate the consequences of this fold consider what happens in an experiment in which
y is held constant at a value which intersects the fold as in Fig. 7.8(b), and the applied frequency
is varied in such a way that it crosses the edges of the fold.

Begin the experiment at applied frequency w = w1, steadily increase to ws, the bring it back
again to wp. Starting at A1, the response moves to A’ at frequency '. As w increases beyong
o', the oscillation will, after some irregular motion, settle down to the codition represented by
B’; that is to say, the amplitude ‘jumps’ at the critical frequency «'. After this it follows the
smooth curve from B’ to Ay. On the way back the response point moves along the upper curve
as far as A”. Here it must drop to B” on the lower curve and then back to Aj.



7.3 The jump phenomenon

(a)

05} grable

Figure 7.8

ASaaSSSSSS——

< NSNS S
AT T TSN IS, ————
_.‘\‘\““{}3‘::““‘:_}5

Figure 7.9 The amplitude surface y = \/[G(p)] showing p in terms of y and w, and the fold.

Exercise 7.2
Find the forcing amplitude y in terms of k of the Duffing equation at the cusp where the
frequency is w = %{J (3k? 4+ 4) — k4/3}. Compute how the amplitude y varies with .
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7.4 Harmonic oscillations, stability, and transients for the forced
van der Pol equation

In this section we look at the effects of harmonic forcing on a nonlinear system which also
has an autonomous self-excited oscillation. The equation considered is the forced van der Pol
oscillator

Y+ex?—Di+x=T cos wt, (7.27)

where ¢ > 0. In the absence of a forcing term there is single, self-excited oscillation which
is approached from all non-zero initial conditions. We look for responses approximately of
the form

x(t) = a(t) coswt + b(t) sin wt, (7.28)
where a, b are slowly varying functions. Then, neglecting i, b,
x(1) = (a4 + wb) cos wt + (—wa + b) sin wr, (7.29a)
(1) = (—w*a + 2wb) cos wt + (—2wia — w>b) sin wt. (7.29b)
After some algebra (see Appendix E for trigonometric reduction formulas),
(x* = Di = {(Ga* + $b* — Da + Jabb — wb(1 — 3a* — $b*)} coswt
+ {%abd + (}‘a2 + %bz — b+ wa(l — %az — %bz)} sin wt
+ higher harmonics. (7.30)

Finally substitute (7.28) to (7.30) into (7.27), ignoring the higher harmonics. As in Section 7.2,
the equation is satisfied approximately if the coefficients of cos wt, sin wr are equated to zero.
We obtain

Qo — Yeab)a + (1 — 1a* — 3bM)b = ewa(1 — 1r?) — (w* — Db, (7.31a)
—e(1 = 3a® — 1b%)a + Qo + Yeab)b = (@* — Da + ewb(1 — §r%) + T, (7.31b)
where
r=J/(a*+b?).

The equilibrium points occur when @ = b = 0, that is, when the right-hand sides are zero.
We can reduce the parameters (w, ', &) to two by multiplying through by 1/ew and putting

V= (a)2 —1D/ew, y=T/ew; (7.32)
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(the quantity v is a measure of the ‘detuning’). The equation for the equilibrium points become
a(l— 1) —vb =0, (7.33a)
va+b(1— 1) =—y. (7.33b)

By squaring and adding these equations we obtain
2
o () = -

and when this is solved the values of a, b can be recovered from (7.33a,b). Equation (7.34)
may have either 1 or 3 real roots (since r > 0) depending on the parameter values v and y

(or w, ', &). This dependence can be conveniently represented on a single figure, the ‘response
diagram’, Fig. 7.10(a).

(a)

Stable response curves
N R L L Unstable response curves
p=25__ — == Stability boundary
y=2.0
y=15 6
y=1.0

y=0.75
y=0.5 -
4

7=0.75
y=05

(b "

Stable nodes

\ Stable spirals
Saddles )

Unstable

nodes —T— Unstable spirals

vl

o

Figure 7.10 (a) response curves and stability region for the forced van der Pol equation; (b) classification of
equilibrium points in the van der Pol plane.
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There are two questions which can be settled by a study of (7.31): that of the stability of the
periodic solutions just found and, connected with this, the changes in the general behaviour of
the system when one of the parameters w or I' varies. We shall simplify equations (7.31) by
supposing that ¢ is small enough for €4, b to be of negligible effect. Then (7.31) becomes

1 1 w*—1 1 1
i=—e(1==r2)a— =—¢el{1==r2)a—
a 28( 4r )a m b 28|:< 4r )a vb]

= A(a,b), say, (7.35a)
2
.owt—1 1 1 r 1 1
= — 1 —_ = 2 _— = = 1—-— 2
b o (1+28( 4r)b+2w 28|:va+< 4r)b+)/]
= B(a,b), say, (7.35b)

Effectively we can eliminate ¢ by rescaling time using a transformation t = ef. The precise
value of ¢ will not affect the general character of the paths in the van der Pol plane, although
it does appear indirectly in v and y.

Now consider the stability of an equilibrium point ata a = ag, b = by. In the neighbourhood
of the point put

a=ay+& b=by+r. (7.36)
The corresponding linearized equations are

£ = Aq(ag, bo)& + Az(ao, bo)n,

n = Bi(ag, bo)é + By (ap, bo)n.

The point is a stable equilibrium point (Fig. 2.10) if, in the notation of (2.61),

q = det |:A1 A2j| = A1B) — AyB1 > 0, (7.37)
B1 By
and
p=A1+B, <0. (7.38)

From (7.35) and (7.36),

1 3, 1, 1 -1
Al = 58 <]. — Z(JO — Zb()), A2 = —Zsaobo — 2w 5

1 w* —1 1 1 3
By = —— By=—¢(1——af—=b}).
1 48a0bo + P 2 28 ( 4a0 4b0>
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Therefore, after simplification, we have
q=A1B, —A)B1 = %82(13—6}’6‘ — rg + 1)+ }Tezvz, (7.39)
p=A1+B =12 -rd), (7.40)

where ré = J(a(z) + b(z)) and v = (w? — 1)/(¢w). In terms of the parameter v, (7.32), the
conditions for stability, (7.37) and (7.38), become

o — o+ 1+v2 >0, (7.41)

2-r§<0. (7.42)

The response curves derived from (7.34), and the stability regions given by (7.41) and (7.42),
are exhibited in Fig. 7.10, together with some further detail about the nature of the equilibrium
points in various regions.

For example, the boundary between nodes and spirals is given by

A:p2_4q: }‘82(2_’,(%)2_82(%6rg_r(%+1)_82v2 282(11_6rg_1)2) =0

on the line rg = 4|v| as shown in Fig. 7.10(b).

It can be seen that the stable and unstable regions are correctly given by the argument
in Section 5.5, (vi). Note that the responses are stable when dU'/dr > 0 and unstable when
dr/dr <0. In the stability diagram (Fig. 7.10), r2 is plotted against |v|. If v is given then by
(7.32) there will be two corresponding forcing frequencies

W= %[sv + \/(ezwz + 4.

If we attempt to force an oscillation corresponding to an equilibrium point lying in the unstable
region of Fig. 7.10(a) the system will drift away from this into another state: into a stable
equilibrium point if one is available, or into a limit cycle, which corresponds to an almost-
periodic motion. A guide to the transition states is provided by the phase paths of (7.35).
Although we are not directly concerned with the detail of the phase plane it is interesting to see
the variety of patterns that can arise according to the parameter values concerned, and three
typical cases are shown in Figs 7.12, 7.13, and 7.14.

We can show numerically how the settling-down takes place from a given initial condition
to a periodic oscillation. For

X=y, y= —s(x2 — 1y —x+Tcoswt, (7.43)

Fig. 7.11(a) shows a solution with initial conditions x(0) = —2.6, £(0) = 0.3 with the param-
eter values ¢ = 1, ' = 5 and @ = 2. The amplitude of the oscillation settles down to
a value of about 1.63. In the van der Pol plane, the phase path for a and b starts from
a(0) = =2.6, b(0) = x(0)/w = 0.15, and spirals into an equilibrium point at approximately
(—1.57, —0.27). In Fig. 7.10(b), y = 2.5 and v = 1.5, which confirms that the equilibrium point
in the van der Pol plane is a stable spiral.
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Figure 7.11 Different aspects of a solution of the forced van der Pol oscillator for e = 1, y = 5, and @ = 2 (that
is, y = 2.5 and v = 1.5), with the initial conditions x(0) = —2.6, x(0) = 0.3. (a) (x, t) time solution; (b) phase
diagram showing the path approaching a stable limit cycle; (c) amplitude curve in the van der Pol phase plane for the
approximation given by (7.28) with (7.31a,b) and a(0) = —2.6, b(0) = 0.15; (d) the computed limit cycle showing
the approximation given by (7.28) with a and b derived from (7.33a,b).

Exercise 7.3
Using (7.39) and (7.40) show that the equation of the boundary curve between saddles and
nodes in Fig. 7.10(b) is the ellipse

N
O\
~~
=~
(=)
|
(ON1[="}
N
(™)
+
=
Il
Q| =

in the (|v], ré) plane.

Exercise 7.4
Show that the system

5c'+k)'c+(x2+5c2)x=f‘cost

has the exact solution x = a cos ¢t + bsin ¢ where a(r> — 1)+ kb =T, —ka +b(r* — 1) = 0.
Show that

r2(1 — 122 4+ k42 = 12,

where r2 = a? + b2, and that dT'/dr = 0 where r2 = %[2 + /(1 = 3k?)1(k < 1/./3). Sketch
the (I, r) curves for selected values of k.
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7.5 Frequency entrainment for the van der Pol equation

The description offered by the treatment of Sections 7.3 and 7.4 is incomplete because of the
approximate representation used. For example, no sub-harmonics (of period 27n/w, n > 1)
can be revealed by the representation (7.28) if a and b are slowly varying. Since subharmonics do
exist they must be arrived at from some region of initial conditions x(0), x(0); (see Section 7.8),
but such regions are not identifiable on the van der Pol plane for a, b. References to ‘all paths’
and ‘any initial condition’ in the remarks below must therefore be taken as merely a broad
descriptive wording.

Referring to Fig. 7.10, the phenomena to be expected for different ranges of v, y (or w, T, &,
eqn (7.32)) fall into three main types.

(I) When y < 1.08 approximately, and v is appropriately small enough, there are three
equilibrium points. The value y = 1.08 can be found using the equation of the ellipse in
Exercise 7.3. The right-hand limit of the ellipse occurs where 3 = % and v = 1/,/3. Put

2

ry =

% and v? = % into (7.34), and compute y: thus

7= e a-dar) =31+ a-37) =B

so that y = 1.08 which separates the cases of three equilibrium points from that of a single
one. One of the equilibrium points is a stable node, and the other two are unstable, namely
asaddle point and an unstable spiral. Starting from any initial condition, the corresponding
path will in practice run into the stable node. Figure 7.12(a) and (b) illustrate this case.

(I) Forany y > 1.08, and v large enough, there is a single stable point, either a node or spiral,

which all paths approach (Fig. 7.13).

Figure 7.12

(a)

vl
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v =0.75
dr———= -~
\.' N
/' \\
3 K \
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B 4“Saddle
2'___,— point -
1 nstable spiral
C =
(0] 0.25 0.50

(y =0.75, v = 0.25).

(b)

(a) response region for case I with three equilibrium points; (b) phase paths in the van der Pol plane
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Figure 7.13 (a) response region for case II (stable spiral); (b) phase paths in the van der Pol plane (y = 2.25,
v =1.25).
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Figure 7.14 (a) response region for case III (unstable spiral); (b) phase paths in the van der Pol plane (y = 1.25,
v=1).

(IT) Foranyy > 1.08, and v small enough, the only equilibrium point is an unstable one. It can
be shown that all paths approach a limit cycle in the van der Pol plane (Fig. 7.14). There
are no stable harmonic solutions in this case. Since generally the frequency associated with
the limit cycle is not related to the forcing frequency w, the system exhibits an oscillation
with two frequencies so that the limiting solution is generally not periodic.

In cases I and II the final state is periodic with the period of the forcing function and the
natural oscillation of the system appears to be completely suppressed despite its self-sustaining
nature. This condition is arrived at from arbitrary initial states (at any rate, so far as this
approximate theory tells us). The system is said to be entrained at the frequency of the forcing
function. This phenomenon does not depend critically on exact parameter values: if any of the
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Figure 7.15 Harmonic entrainment region in the (r, ) plane for the forced van der Pol equation: in the case shown,
=1, T = 0.65.
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Figure 7.16 Forced outputs from the van der Pol equation for ¢ = 1, I' = 0.65. In (a) at o = 1.5 the output is
not periodic (Fig. 7.15). In (b) @ = 1.1 which is within the stable region (Fig. 7.15), and entrainment occurs. The
frequency of the limit cycle of the unforced van der Pol equation is approximately 0.95.

(b)

S}

parameters w, I, ¢ of the system fluctuate a little, the system will continue to be entrained at
the prevailing frequency.

Figure 7.15 is a rendering of Fig. 7.10 in terms of @ and T instead of v and y. The sample
values ' =0.65 and ¢ =1 are used in the figure. Figure 7.16 shows two outputs for o =1.5
and w=1.1 after any transient behaviour has subsided. For o =1.5 and I' = 0.65, there is no
stable amplitude and the system responds in 7.16(a) with a bounded nonperiodic output. For
w=1.1, there is a stable portion with I' = 0.65 within the entrainment region and the system
responds with a periodic output with the forced frequency w.

The phenomenon of entrainment is related to that of synchronization (Minorsky 1962), in
which two coupled systems having slightly different natural frequencies may fall into a common
frequency of oscillation.

Results obtained by this method should always be treated with caution. Generally the forcing
frequency w should be not drastically different from the natural frequency (namely 1 in this
application) so that higher harmonics do not become significant. Also the forcing amplitude
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Figure 7.17 Entrainment output for o = 1, I' = 1.5 and ¢ = 0.2 in the forced van der Pol equation.
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Figure 7.18 Amplitudes of the Fourier coefficients in the Fourier expansion of the entrained output in Fig. 7.17.
Only odd harmonics have significant amplitudes.

should not be too large. Figure 7.17 shows the steady entrained output for ¢ = 1, ' = 1.5
and w = 0.2. Three periods are shown and the oscillations indicate the presence of significant
higher harmonics. This is confirmed by the amplitudes shown in Fig. 7.18.

Exercise 7.5
It was stated at the beginning of this section that the curve which separates the existence of
one equilibrium point from three equilibrium points in the van der Pol plane is

D=3t (- b

2_32 2 _

where y* = 52, v , r(% = %. Prove the result by investigating the zeros of d(v?)/ d(r%).

QI =

7.6 Subharmonics of Duffing’s equation by perturbation

In considering periodic solutions of differential equations with a forcing term we have so far
looked only for solutions having the period of the forcing term. But even a linear equation may
have a periodic solution with a different principal period. For example, all solutions of

1
)'é+—2x=Fcost
n
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Figure 7.19 A subharmonic of order 1/3 witha = —0.2,b =0, T = 0.1.

are of the form

1 1 r
x(t) =acos—t+ bsin —t — ———— cost.
n n  1—n2
If n(>1) is an integer the period is 27 n instead of 27. The response is said to be a subharmonic
of order 1/n. Figure 7.19 shows a case when n = 3.

For the linear equation this periodic motion appears to be merely an anomalous case of
the usual almost-periodic motion, depending on a precise relation between the forcing and
natural frequencies. Also, any damping will cause its disappearance. When the equation is
nonlinear, however, the generation of alien harmonics by the nonlinear terms may cause a
stable sub-harmonic to appear for a range of the parameters, and in particular for a range of
applied frequencies. Also, the forcing amplitude plays a part in generating and sustaining the
subharmonic even in the presence of damping. Thus there will exist the tolerance of slightly
varying conditions necessary for the consistent appearance of a subharmonic and its use in
physical systems. The possibility of such a response was pointed out in Section 7.1.

Assuming that a subharmonic exists, its form can be established by using the perturbation
method. Consider Duffing’s equation without damping

X +oax + ,3x3 =TI coswt, (7.44)

a, I'y w > 0. Take B to be the ‘small parameter’ of the perturbation method, so that we regard
(7.44) as a member of a family of equations for which B lies in a small interval including 8 = 0.
The values of w for which the subharmonics occur are unknown. To simplify the subsequent
algebra we put

of =1 (7.45)
and look for periodic solutions of the transformed equation
"+ ax +,8)c3 =TI cosT, (7.46)

a)zx

where the derivatives are with respect to 7. There are no subharmonics of order 1/2 (this is also
true for the damped case as in Problem 7.16), and we shall look for those of order 1/3. The solu-
tion of (7.44) will then have period 67 /w and the solution of (7.46) will have fixed period 6.
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Now write, in (7.46),

x(t) = xo(7) + Bx1(v) + -, (7.47)
w=wy+Pwr+ . (7.48)

The condition that x has period 67 for all 8 implies that xg,x1,... have period 6m. After
substitution in (7.46) we obtain

wix 4+ axg =T cost, (7.49a)
w%xﬁ/ +ax1 = —2wow1x; — xg. (7.49b)

The periodicity condition applied to the general solution of (7.49a) gives a/w] = 1/9, or
wo =3/ (7.50)

The 1/3 subharmonic is therefore stimulated by applied frequencies in the neighbourhood of
three times the natural frequency of the linearized equation (8 = 0). Then x((7) takes the form

1 1 r
x0(t) = a3 cos §r + b13 sin §T ~ % CoS T, (7.51)

where a3, b1/3 are constants, to be settled at the next stage. The solution therefore bifurcates
from a solution of the linearized version of (7.46). For (7.49b), we have

ey = L PRSI 7.52)
Xn(T) = ——a COS =7 — — Sin —7 — COS T, .
0 R N RETE R P

and

2
x3(1:) = é a ar s+ bl +2 L - L(a2 —b? ) ¥ cos it
0 4 1/3 1 41/3 1/3 Sa 8o /3 1/3 3

3 , ry?\ r 1
+Z b1/3 a1/3+b1/3+2 S —|—@a1/3b1/3 sin 3T

+ terms in cos T, sin T and higher harmonics. (7.53)

In order that xq(z) should be periodic it is necessary that resonance should not occur in
(7.49b). The coefficients of cos %r, sin %r on the right must therefore be zero. Clearly this
condition is insufficient to determine all three of a1,3, b1/3, and w1. Further stages will still give
no condition to determine w1 so we shall consider it to be arbitrary, and determine a1,3 and

b1,3 in terms of wp, w1 and so (to order B2%) in terms of w. It is convenient to write
2wow1 ~ (0> — 9a)/B (7.54)

this being correct with an error of order 8, so that the arbitrary status of w is clearly displayed.
(Remember, however, that @ must remain near w, or 3,/«a, by (7.50).) Then the conditions
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that the coefficients of cos %T, sin %r on the right of (7.49b) should be zero are

r2 4 (w? — ) r
2 2 2 2
ai/3 <a1/3 + b1/3 + _32a2 - _27 —ﬂ - _()[ (a1/3 - b1/3) = 0, (7.553)
r2 4 (0 - ) r
2 2 _
b13 <a1/3 + b1/3 + 3942 27 5 + 4aal/3bl/3 =0. (7.55b)

The process of solution can be simplified in the following way. One solution of (7.55b) is
given by

b1/3 =0, (7.56)
and then (7.55a) becomes
r 2 4 (w? — 9a)
2

(rejecting the trivial case aq,3 = 0). Thus there are either two real solutions of (7.57), or none
according as, respectively,

We shall assume that there are two real solutions. The roots are of different signs if additionally

128 o2

and of the same sign (positive) if

1280{2 2 2 2
_— -9 r _— — 9a).
27 B (w o) < < 189 5 (w o)

All the inequalities assume that (w? — 9«)/8 > 0.
Now consider the case when by 3 # 0. Solve (7.55b) for by /3 and substitute for b%/g, in(7.55a).
We obtain

b1/3 = :I:\/3al/3 (758)

and (compare (7.57))

(7.59)

r r?2 4 (0* = 9a)
—2a1/3)% — —(=2 - = 0.
(—2a1/3) 80:( ais) + <32a2 77 5 0

If the roots are displayed on the a3, b1/3 plane, those arising from (7.58) and (7.59) are
obtained from the first pair, (7.56) and (7.57), by rotations through an angle :i:%n (Fig. 7.20).
Another interpretation is obtained by noting that the differential equation (7.46) is invariant
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bl/3

Figure 7.20 This illustration assumes that the roots of (7.57) are both positive.

AL
ST

Subharmonic — — — Harmonic (forcing term)

Figure 7.21 Subharmonic of order 1/3 and harmonic solutions plotted from (7.51) for the equation ¥ 4+ x — éx3 =

1.5 cos(2.851). The cases a3 = 0.9414, by;3 = 0 and a1;3 = 0, b1;3 = 0 are shown. Both approximations are very
close to the numerical solutions of the differential equation, although, since the equation is undamped, it is difficult
to eliminate natural oscillations completely.

under the change of variable t — v & 2x. If b1/3 = 0 and a1 3 represent one solution of (7.56)
and (7.57), and x*(t) is the corresponding solution of (7.46), then

r
x*(t £ 2m) = ay3 cos (%‘L’ + %7[) ~ %a cosT
o

. r
= —%al/g cos %r + #al/;; sin %r i CcosT
o

are also solutions. The new coefficients are clearly the solutions of (7.58), (7.59). The stability
properties of corresponding pairs of equilibrium points are the same.

Figure 7.21 shows the subharmonic for a special case. Note that the sub-harmonic state will
only be entered when the initial conditions are suitable.

We should expect that the perturbation method would be satisfactory only if « =0(1),
18] < 1 and (w? — 9a)/B ~ 2wow is of order 1. However, put

y=x/C, (7.60)
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where C is constant, into (7.46). This becomes
y' 4+ c1y 4+ 3y’ =y cost, (7.61)
where
c1 =a/w?, c3=PBC*w*, y=T/(Cw?. (7.62)
If C has the same physical dimensions as x, then (7.61) is dimensionless. Now choose
C? = (* = 9a)/B (7.63)
so that
91 +c3=1. (7.64)

The perturbation method applied to (7.61) in the same way as to (7.46) (and obviously leading
to the same result), requires at most

lesl <1, (1 —=9¢1)/c3 =0(1). (7.65)
But from (7.64)
(1—=9c¢1)/c3 = 1. (7.66)

So the second condition in (7.65) is satisfied, and |c3| <« 1 requires only
2
o =%\ 1
B 1))

o~ fo’. (7.67)

le3] = < ]-’

or

In other words, so long as w is near enough to 3./« (a near-resonant state for the subharmonic),
the calculations are valid without the restriction on 8. The usefulness of the approximate form
(7.51) is even wider than this, and the reader is referred to Hayashi (1964) for numerical
comparisons.

7.7 Stability and transients for subharmonics of Duffing’s equation

Some of the subharmonics obtained in Section 7.7 might not be stable, and so will not appear
in practice. When there are stable subharmonics, the question arises of how to stimulate them.
We know that there are stable solutions having the period of the forcing term; there may also
be subharmonics of order other than 1/3 (so far as we know at the moment). Which state of
oscillation is ultimately adopted by a system depends on the initial conditions. The following
method, due to Mandelstam and Papalexi (see Cesari 1971), is similar to the use of the van der
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Pol plane in Section 7.4. It enables the question of stability to be settled and gives an idea of
the domain of initial conditions leading ultimately to a subharmonic of order 1/3.

The method involves accepting the form (7.51) as a sufficiently good approximation to the
subharmonic, and assuming that the solutions for the ‘transient’ states of

¥+ ax + x> =T coswt (7.68)

are approximately of the form
r
x(t) = ay1/3(t) cos %a)t + by1/3(t) sin %a)t ~ 3a cos wt, (7.69)
o

where a1,3 and by /3 are slowly varying functions in the sense of Section 7.4. Further justification
for the use of the form (7.69) will be found in Hayashi (1964) and McLachlan (1956).
From (7.69)

x(t) = (a1/3 + %a)b1/3) cos %a)t + —%wa1/3 + 151/3) sin %wt
+ (wI"/8a) sin wt,
and
X)) = (—%w2a1/3 + %a)[Jl/g) cos %a)t + (—%a)d1/3 — %a)zb1/3) sin %a)t

— (0?T/8a) cos wt, (7.70)

where dq,3, 51/3 have been neglected. Equations (7.69) and (7.70) are substituted into (7.68).
When the terms are assembled, neglect all harmonics of higher order than %, and balance the
coefficients of cos %wt, sin %a)t. This leads to

, 98 5 5 r2 4 (0 —9) r
ays = ¢~ {bm (al/a Tt 3552 T g + gaisbiys

4o
= A(ai/3,b13), (7.71a)
bijs = z—ﬂ {—01/3 (af/#b%/ﬁ Fzz - (wz_%{)) 2 (“%/3—”%/3)}
w 32a 27 B 8
= B(ai/3,b1,3)- (7.71b)

The phase paths of these autonomous equations, representing ‘transients’ for x(z), can be
displayed on a van der Pol plane of ay,3, b1/3 (e.g., see Fig. 7.22). Stable solutions for the form
(7.69) correspond to stable equilibrium points of the system (7.71), and unstable solutions to
unstable equilibrium points. By comparing with (7.55) we see that the equilibrium points are
the same as those found earlier by the perturbation method. The point

ay;3 =b1;3=0
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bl ]

al/3

Figure 7.22 Van der Pol phase plane for subharmonics of order % for ¥ +x — %xs = 1.5cos(2.851) (see also Fig.
7.21). The phase paths have been computed from eqns (7.71a, b). The equilibrium points Uy, Uz, and Us, are
(unstable) saddle points, and Sy, S, and S3 centres.

is also an equilibrium point and this may be taken to acknowledge the possibility that from some
range of initial conditions the harmonic, rather than a subharmonic, oscillation is approached,
namely, the solution

r
x(t) = —— coswt.
8a

This, as expected, is approximately equal to the forced solution of the linearized equation, for
the exact solution of ¥ + ax = I' cos wt is

r

o —w

r
CoOswt >~ —— cos wt
2 S8a

so long as w? ~ 9« (eqn (7.67)).

We may determine the stability of the equilibrium points as follows. It is only necessary to
consider the pair for which b1,3 = 0, by the argument following eqn (7.59). Let aj ;5 =0,
bT/3 = 0, be such a point, and consider the neighbourhood of this point by writing

a3 =aj3+E&, biyz=bis+tn=n

with &, 7 small. Then the system (7.71) becomes

é— = Al(aT/gaO)E + AZ(aT/g,a 0)n,

. 7.72
i = B1(a] 3, O + Ba(a, 3, 0. 7.72)
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Writing
r r?2 4 (0? = 9a)
_r 4 7.73
V=8« "T32a2 27 B (7.73)
we find that the coefficients in (7.72), with b’lk/3 = 0, are given by
Al(aik/3,0) = Oa
9B . 9p
Az(a’f/3,0) = %(a’fﬁ + Zya’f/3 +v) = %3;“1’1"/3 (7.74)

(from (7.57)),

9 9
Bl(aT/y 0) = 8_6/13)(_3611(%3 + 2?“?/3 —v) = g_f)(_yaf/g +2v),

BZ(QT/:S, O) == O.

The equilibrium points are therefore either centres (in the linear approximation) or saddles.
The origin can similarly be shown to be a centre. A typical layout for the aq/3, b1,3 plane, using
the data of Fig. 7.21, is shown in Fig. 7.22.

When damping is taken into account the closed paths become spirals. Figure 7.23(a) shows
a typical pattern (see also Hayashi 1964) obtained by adding terms %k([)lg — %a)aug) and

—%k(d1/3 + %a)blﬁ) respectively, to the right-hand sides of (7.71a) and (7.71b). The additional

Figure 7.23 Van der Pol plane: subharmonics of order 1/3 for ¥ +0.002x +x — %x3 = 1.5 cos(2.85¢) The equilibrium
points S1, S, and S3 are stable spirals, and Uy, U, and U; saddles. The amplitudes of the subharmonics are about
the same but their phases differ.
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terms arise from the damping term in the Duffing equation
X+ kx +oax+ ,Bx3 =TI coswt.

It is assumed that 0 < k <« 1 and that 0 < k « T, so that the damping term does not
significantly affect the amplitude and phase of the harmonic —(I'/8«) cos wt. The damping
causes the centres in Fig. 7.22 to be transformed into stable spirals in Fig. 7.23. The shaded
areas are domains of attraction for the equilibrium points to which they relate. It can be seen
that in this case the subharmonics occur over restricted ranges of initial conditions.

It may be inferred that when the parameters of the system (such as the applied amplitude
or frequency) are varied slowly, the system will suddenly become entrained at a subharmonic
if the domain of attraction of a non-zero equilibrium point, appropriate to the instantaneous
value of the changing parameter, is encountered. Figures such as Fig. 7.22 have to be treated
with caution so far as the details are concerned. The nature and positions of the equilibrium
points are likely to be nearly correct, but the phase paths are not necessarily very close to the
correct ones.

Problems

7.1 Show that eqns (7.16) and (7.17), for the undamped Duffing equation in the van der Pol plane, have the
exact solution

rz{(a)2 -1 - %ﬂrz} +2Ta = constant, r = J(az + bz).

Show that these approximate to circles when r is large. Estimate the period on such a path of a(r), b(z).

7.2 Express eqns (7.16) and (7.17) in polar coordinates. Deduce the approximate period of a(¢) and b(z) for
large r. Find the approximate equations for these distant paths. Show how frequency modulation occurs,
by deriving an expression for x(z).

7.3 Consider the equation ¥ + sgn(x) = I' cos wr. Assume solutions of the form x = a cos @ + b sin wt. Show
that solutions of period 27 /w exist when |T'| < 4/7. Show also that
a(4 — nw*lal) = 7Tlal, b=0.
4a . 4b
————coswlf + ——————
/(a2 +b?) /(a2 +b?)

7.4 Show that solutions, period 277, of the equation i +x3 =T cos are given approximately by x =a cost,
where a is a solution of 343 — 4a =4T.

<Hint: sgn{x(t)} = sin wt + higher harmonics.>

7.5 Show that solutions, period 27, of ¥ +kx+x+x> = I' cost are given approximately by x = a cos7+bsint,
where

ka—3br* =0, kb+3ar* =T,  r=J@ +b%).

Deduce that the response curves are given by rZ (k% + %r“) =r2

7.6 Obtain approximate solutions, period 27/, of ¥ + ax + fx2 = I coswt, by assuming the form x =
¢ + a cos wt, and deducing equations for ¢ and a.
Show that if 8 is small, I’ = O(B), and 0 —a= O(B), then there is a solution with ¢ ~ —,Baz/(Za),
anda~T/(ax — w?).
7.7 Consider the equation X +x3 = I"cost. Substitute x = a cos ¢ +bsin , and obtain the solution x = a cost,
where %a3 —a =T (see Problem 7.4).
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7.10

7.11

7.12
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Now fit x3, by a least squares procedure, to a straight line of the form px, where p is constant, on
—A < x < A, so that

A
/ o3 — px)2 dx
—A

is a minimum with respect to p. Deduce that this linear approximation to the restoring force is compatible
with an oscillation, period 27, of amplitude A, provided %A3 —A=T.

Compare a with A when I' = 0.1.

Consider the equation

i +0.16x2 =1+0.2cost.
By linearizing the restoring force about the equilibrium points of the unforced system (without cos 1),
show that there are two modes of oscillation, period 27, given by

x~25—cost, x~-25-0.11cost.
Find to what extent the predicted modes differ when a substitution of the form x = ¢ +acost + bsint is
used instead.
By examining the nonperiodic solutions of the linearized equations obtained in the first part of
Problem 7.8, show that the two solutions, period 27, obtained are respectively stable and unstable.
Show that the equations giving the equilibrium points in the van der Pol plane for solutions period 27 /w
for the forced, damped pendulum equation
X+ kx+x— %x3 =Tcoswt, k>0

are

koa + blw? — 1+ $@* + b)) =0,
—kwb + afw? =1+ g(a* +b*)} = -T.
Deduce that
rz(a)2 -1+ %rz)2 + w2 k2r? = FZ, wkr? = I'b,

where r = J(az + b2).

For the equation ¥ + x — +

6x3 =T cos wt, find the frequency-amplitude equations in the van der Pol plane.

Show that there are three equilibrium points in the van der Pol plane if w? <land || > %\/(g)ﬂ —?)3/2,
and one otherwise. Investigate their stability.

For the equation ¥ + ax + ﬂxz =T cost, substitute x =c(t) +a(t) cost +b(t)sint, and show that,
neglecting d and b,

a = 3bla—1+2p0),
b= —%a(a —1+28c)+T,
¢ = —ac — plc? + L@ + b))

Deduce that if || is large there are no solutions of period 27, and that if « < 1 and T is sufficiently small
there are two solutions of period 27.
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7.13 Substitute x = c(t) + a(t)cost +b(t) sint into the equation X + ax?2 =1+T cost (compare Problem 7.8),

and show that if @ and b are neglected, then

26 =bQac—1), 2b=a(1 —2ac)+T, 'c'—f—oz(c2 + %az + %bz) =1.

Use a graphical argument to show that there are two equilibrium points when a < % and T < /(2/a).

7.14 In the forced Duffing equation X +kx +x — %x3 = I"cos wt, (k > 0) substitute x = a(t) cos wt + b(t) sin wt
to investigate the solutions of period 27 /w. Assume that a and b are slowly varying and that ka, kb can

be neglected. Show that the paths in the van der Pol plane are given by
b [, 1, 51 1
= -1+ b -~k
a 7o { W + 3 (a=+b°) 2 a,

. a 2 1 2 2 1 I
b=— -1+ = b — —kb+ —.
2w{‘” gt )} 2" 2,

Show that there is one equilibrium point if w? > 1.

Find the linear approximation in the neighbourhood of the equilibrium point when ? > 1, and show

that it is a stable node or spiral when k > 0.

7.15 For the equation ¥ 4+ ax + Bx> = I'coswt, show that the restoring force ax + x> is represented in
the linear least-squares approximation on —A < x < A by (« + 2 8A%)x. Obtain the general solution
of the approximating equation corresponding to a solution of amplitude A. Deduce that there may be a
subharmonic of order % ifa+ %,BA2 = %wz has a real solution A. Compare eqn (7.57) for the case when

I'/(8«) is small. Deduce that when o ~ %wz (close to subharmonic resonance), the subharmonic has the

approximate form

A ! t+¢ I t
cos | = — — coswt,
3% 8o %7

where ¢ is a constant.

(The interpretation is that when I'/(8a) is small enough for the oscillation to lie in [—A, A], A can be
adjusted so that the slope of the straight-line fit on [—A, A] is appropriate to the generation of a natural

oscillation which is a subharmonic. The phase cannot be determined by this method.)
Show that the amplitude predicted for the equation ¥ + 0.15x — 0.1x3 = 0.1 cos? is A = 0.805.

7.16 Use the perturbation method to show that
X4+ kx +ax +ﬂx3 =T coswt

has no subharmonic of order % when B is small and k = O(B). (Assume that
(a cos %1’ + bsin %r + ccos r)3
= %c(a2 — bz) + %a(a2 + b2 + 2c2) cos %r

+ %b(a2 +b%+ Zcz) sin %r + higher harmonics.)
7.17 Use the perturbation method to show that
X+ kx + ax +ﬁx3 =TI coswt

has no subharmonic of order other than % when B is small and k = O(B). (Use the identity

(a cos %‘E + bsin %r +ccost)"
= %a(a2 +b% + 2c2) cosT + %b(a2 +b% + 202) sint

+ (higher harmonics) for n # 3.)
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Look for subharmonics of order % for the equation
X +s(x2 —1Dx+x =T coswt

using the perturbation method with T = wt. If w = wg + swy + - - -, show that this subharmonic is only
possible if w; = 0 and I'2 < 18. (Hint: let xp = a cos %r + bsin %‘L’ — %F cos 7, and use the expansion)

(x(% - 1)x6 = %[—36 + 9(a2 + bz) + ZFZ](b cos %1’ —asin %‘r)
+ (higher harmonics).

Extend the analysis of the equation
X —I—e(x2 —1Dx+x=Tcoswt

in Problem 7.18 by assuming that
x = a(t) cos %wt + b(t) sin %wt — %l‘ cos wt,

where a and b are slowly varying. Show that when d, b, e, eb, are neglected,
loi=(1- 1P - Lewa@® +b* + 212 —4),

wb=—-(1- %a)z)a — %ea)b(a2 +b2 4 %l"z —4),

Nol—

on the van der Pol plane for the subharmonic.
By using p = a? + b and ¢ the polar angle on the plane show that

p=—teo(o+K), §=-01-1Lo))/Qw), K=2r2-4

Deduce that
(i) When @ # 2 and K > 0, all paths spiral into the origin, which is the only equilibrium point (so no
subharmonic exists).

(i) When @ = 2 and K > 0, all paths are radial straight lines entering the origin (so there is no
subharmonic).

(iii) When @ #2 and K <0, all paths spiral on to a limit cycle, which is a circle, radius —K and centre
the origin (so x is not periodic).

(iv) When w=2 and K <0, the circle centre the origin and radius —K consists entirely of equilibrium
points, and all paths are radial straight lines approaching these points (each such point represents a
subharmonic).

(Since subharmonics are expected only in case (iv), and for a critical value of w, entrainment can-
not occur. For practical purposes, even if the theory were exact we could never expect to observe the
subharmonic, though solutions near to it may occur.)

Given eqns (7.34), (7.41), and (7.42) for the response curves and the stability boundaries for van der
Pol’s equation (Fig. 7.10), eliminate % to show that the boundary of the entrainment region in the y,
v-plane is given by

y2=8{1+ 0% -1 -3v%)32y27
2 1 ~ ~d2_(1-2,2
for v= < 3. Show that, for small v, y ~ £2v, or y :l:3\/§(1 gV
Consider the equation

)'c'—|—£(x2+)’c2—1))'c—|—x =T coswt.
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7.23

7.24

Problems

To obtain solutions of period 27 /w, substitute
x = a(t) coswt + b(t) sin wt
and deduce that, if d, b, ea, eb can be neglected, then

a=Jela—vb— tua@® + ),

Nl= D=

b=3elva+b- %Mb(a2 + bz)} + %sy,
where
w=1+ 3a)2, V= (a)2 —1)/(ew), and y =T/(cw).
Show that the stability boundaries are given by
1+v2—p,r2+1i6,u2r420, Z—MrZ:O.
Show that the equation
FA—xh) + G2 = Di+x=0

has an exact periodic solution x = cost. Show that the corresponding forced equation:

F(1 = xi) + (& — i +x = [ coswr
has an exact solution of the form a cos wt + b sin wt, where

a(l — w?) — wb + &>b(a® +b*) =T,

b(1 — a)z) + wa — a)3a(a2 + b2) =0.
Deduce that the amplitude r = \/(az + b2) satisfies

P21 - o + 0?1 - rPwh)?) =T
The frequency—amplitude relation for the damped forced pendulum is (eqn (7.23), with 8 = —1/6)

ko’ + @ =1+ grH? =12
Show that the vertex of the cusp bounding the fold in Fig. 7.7 occurs where
w=1 {¢(3k2 +4)— k\/3} .
Find the corresponding value for I'2.
(Combination tones) Consider the equation
X+ ax +ﬁx2 =Tqcoswit +Tycoswyt, a>0, |BlK1,

where the forcing term contains two distinct frequencies w1 and wy. To find an approximation to the
response, construct an iterative process leading to the sequence of approximations x(®,x™@ . and
starting with

O 4 ax©@ = I't coswit +I') cosw)t,

i 4 ax® = ' coswit + T coswyrt — ﬂ(x(o))z,
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show that a particular solution is given approximately by

2
x(t)=—ﬁ(az+b2)+ac0swlt+bcosw2t+ 'BZ cos 2wt
20 (4o] — @)

b2 b
+ ﬂf cos 2wyt + Lz cos(wq + w)t
24wy — @) (01 +»)* —«a

Bab ( ¥
—————cos(w] — w))t,
(@1 —)? —«a 1=
where
~ 2 ~ 2
ar~T/(a—w]), bxT2/(a—w)).

(The presence of ‘sum and difference tones’ with frequencies w1 £ wy can be detected in sound resonators
having suitable nonlinear characteristics, or as an auditory illusion attributed to the nonlinear detection
mechanism in the ear (McLachlan 1956). The iterative method of solution can be adapted to simpler
forced oscillation problems involving a single input frequency.)

7.25 Apply the method of Problem 7.24 to the Duffing equation
X+ ox + ,Bx3 =T1coswit + ') coswyt.
7.26 Investigate the resonant solutions of Duffing’s equation in the form
¥4+x+exd = cost, le] k1,

by the method of multiple scales (Section 6.4) using a slow time n = ¢t and a solution of the form
1 1T e,
xX(e,1) = —X(e,1,m) = = " Xu(t,m).
& Cr

Show that X = ag(n) cost + bg(n) sint, where
8aj, — 3bo(ad +b3) =0, 8bly + 3ag(ad + b3) = 4.
(This example illustrates that even a small nonlinear term may inhibit the growth of resonant solutions.)
7.27 Repeat the multiple scale procedure of the previous exercise for the equation
¥4 x+e3xt = cost, le] k1,

2

which has an unsymmetrical, quadratic departure from linearity. Use a slow time n = &~ and an

expansion x(e,1) = 72 Y% 1 & X, (1, 7).

7.28 Let ¥ — x + bx> = ccost. Show that this system has an exact subharmonic k cos %t if b, c, k satisfy

27 4c
k=le, b=-_<,
10° 3

7.29 Noting that y = 0 is a solution of the second equation in the forced system
r=—-x(14+y)+ycost, y=-yx+1,

obtain the forced periodic solution of the system.
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Problems
Show that, if
X =aysint — ()c2 +y2 —Dx, y=—oaxsint— (x2 —{—y2 -1y,

where 0 < a < 7, then 27 = (r2 — 1)r. Find r as a function of ¢, and show that » — 1 as  — oo. Discuss
the periodic oscillations which occur on the circle r = 1.

Show that
%+ kx +x% =T cost
has an exact subharmonic of the form x = A + B cos(%t) provided 16k* > 1. Find
A and B.
Computed solutions of the particular two-parameter Duffing equation

)'c'+k)'c+x3=Fc0st

have been investigated in considerable detail by Ueda (1980). Using x = a(z) cos t+b(t)sint, and assuming
that a(¢) and b(¢) are slowly varying amplitudes, obtain the equations for a(¢) and b(¢) as in Section 7.2.
Show that the response amplitude, r, and the forcing amplitude, I, satisfy

P2+ (1 - 35?1 =12

for 27-periodic solutions. By investigating the zeros of d(I'2)/dr%, show that there are three response
amplitudes if 0 < k < 1/./3. Sketch this region in the (', k) plane.

Show that there exists a Hamiltonian
H(x,y,1) = %(xz +y2) + %ﬁx4 — I'x cos wt
for the undamped Duffing equation
)'c'+x+;‘3x3 =Tlcoswt, x=y
(see eqn (7.4)).
Show also that the autonomous system for the slowly varying amplitudes a and b in the van der Pol

plane (eqns (7.16) and (7.17)) is also Hamiltonian (see Section 2.8). What are the implications for the
types of equilibrium points in the van der Pol plane?

Show that the exact solution of the equation X + x =T coswr (w # 1) is

. r
x(z):Acost—i—Bsmt—i—1 cos wt,

)

where A and B are arbitrary constants.
Introduce the van der Pol variables a(¢) and b(¢) through

x(t) = a(t) coswt + b(t) sin wt,
and show that x(¢) satisfies the differential equation if a(¢) and b(z) satisfy
i4+20b+(1—wba=T, b—2wi+(1—aw>)b=0.

Solve these equations for a and b by combining them into an equation in z = a + ib. Solve this equation,
and confirm that, although the equations for a and b contain four constants, these constants combine in
such a way that the solution for x still contains just two arbitrary constants.
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7 : Forced oscillations: harmonic and subharmonic response, stability, and entrainment

Show that the system
¥4+ *k—x>—ii+px=Tcost (k,T>08%1),
has exact harmonic solutions of the form x(¢t) =a cost + bsint, if the amplitude r = J(az + b2) satisfies
PB4+ (k=P =T

By investigating the solution of d(I'?)/d(r2) = 0, show that there are three harmonic solutions for an
interval of values of T if k2 > 3(8 — 1)2. Find this interval if k = 8 =2. Draw the amplitude diagram r
against I in this case.

Show that the equation ¥ + k% — x + w?x2 + &2 = TI'coswr has exact solutions of the form x = ¢ +
a cos wt + bsin wt, where the translation ¢ and the amplitude r = \/(az +b?) satisfy

2 = r2[(1 + 0> — 20))% + K20?],
and
2.2

wrc =c(1 —ca)z).

Sketch a graph showing response amplitude (r) against the forcing amplitude (T").



Stability

The word ‘stability’ has been used freely as a descriptive term in earlier chapters. In Chapter 2,
equilibrium points are classified as stable or unstable according to their appearance in the
phase diagram. Roughly speaking, if every initial state close enough to equilibrium leads to
states which continue permanently to be close, then the equilibrium is stable. Some equilibrium
states may be thought of as being more stable than others; for example, all initial states near
a stable node lead ultimately into the node, but in the case of a centre there always remains
a residual oscillation after disturbance of the equilibrium. Limit cycles are classified as stable
or unstable according to whether or not nearby paths spiral into the limit cycle. In Chapter 7
we considered the stability of forced periodic oscillations, reducing the question to that of the
stability of the corresponding equilibrium points on a van der Pol plane.

These cases are formally different, as well as being imprecisely defined. Moreover, they
are not exhaustive: the definition of stability chosen must be that appropriate to the types
of phenomena we want to distinguish between. The question to be answered is usually of
this kind. If a system is in some way disturbed, will its subsequent behaviour differ from
its undisturbed behaviour by an acceptably small amount? In practice, physical and other
systems are always subject to small, unpredictable influences: to variable switch-on condi-
tions, to maladjustment, to variation in physical properties, and the like. If such variations
produce large changes in the operating conditions the system is probably unusable, and
its normal operating condition would be described as unstable. Even if the effect of small
disturbances does not grow, the system may not be ‘stable enough’ for its intended pur-
pose: for proper working it might be necessary for the system to re-approach the normal
operating condition, rather than to maintain a permanent superimposed deviation, however
small. We might even require it to approach its normal state without ultimately suffering any
time delay.

Some of these possibilities are treated in the following chapter. We are concerned with regular
systems throughout (see Appendix A). The treatment is not restricted merely to second-order
systems.

The general autonomous system in n dimensions can be written as

x = X(x),

where x (1) = [x1 (1), x2(t), . .., x,(£)]T is a vector with n components x1 (¢), x2(), . . . , X, (t). Here,
the index T stands for the transpose: x(¢) is a column vector. A time solution x = x () defines a
phase path in the (x1,x2,...,x,) phase space, and a set of phase paths defines a phase diagram
for the system. A point xg is an equilibrium point if the constant vector x(¢) = x is a solution
for all 7. Thus equilibrium points are given by solutions of X (x) = 0. As described in Chapter 2
for the case n = 2 the system can be linearized in the neighbourhood of xg. The local behaviour
can then be interpreted from the eigenvalues of the linearized system. Obviously for n > 3 the
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classification of linear equations in terms of their eigenvalues becomes extensive. The general
nth-order non-autonomous system can be represented by

x=X(x,1).

8.1 Poincaré stability (stability of paths)

This is a relatively undemanding criterion, which applies to autonomous systems. We shall treat
it intuitively, in the plane case only. It agrees with the tentative classification of equilibrium
points as stable or unstable in Chapter 2, and of limit cycles in Section 3.4.

We identify a phase path (or an equilibrium point) of the system x = X (x) representing a
solution x*(r) whose stability is in question, called the standard path. We are usually interested
in this path only from a particular point a* onwards, that is, for all # > 7y: then we have a
positive half-path H* with initial point a* (Fig. 8.1). The solution which H* represents is

x*(), t=to,
where
x*(lO) = a*a

and since the system is autonomous, all choices of 7y lead to the same H*. Some types of
half-paths are shown in Fig. 8.1.

The solution x*(¢), t > tg is Poincaré stable (or orbitally stable), if all sufficiently small distur-
bances of the initial value a* lead to half-paths remaining for all later time at a small distance
from H*. To form an analytical definition it is necessary to reverse this statement. First, choose
¢ > 0 arbitrarily and construct a strip of whose edges are at a distance ¢ from H* (Fig. 8.2).
This represents the permitted deviation from H*. Then for stability it must be shown, for every
g, that we can find a § such that all paths starting within a distance § of a a* (where § < ¢
necessarily), remain permanently within the strip. Such a condition must hold for every ¢: in
general, the smaller ¢ the smaller § must be.

The formal definition is as follows.

(a) y (®) y (©) y

_i‘*// a S

Figure 8.1 Typical half-paths H*; in (b) the half-path is a closed curve repeated indefinitely; in (c) the half-path
approaches an equilibrium point.
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Figure 8.2

Definition 8.1 (Poincaré, or orbital stability) Let H* be the half-path for the solution x*(t) of
x = X (x) which starts when a* when t =1y. Suppose that for every € > 0 there exists 5(¢) > 0
such that if H is the half-path starting at a,

la —a*| <6 = ma%(dist(x,H*) <e. (8.1)
Xe

Then H* (or the corresponding time-solution) is said to be Poincaré stable. Otherwise H* is
unstable.

Here, the distance from a point x to a curve C is defined by

dist(x,C) = min |x — y| = min[(x; — y1)* + (x2 — y2)*1'/2,
yeC yeC

in the plane case. The maximum permitted separation of H from H* is limited, in two dimen-
sions, by the construction illustrated in Fig. 8.2: two discs, each of diameter ¢, are rolled along
either side of H* to sweep out a strip; for stability, there must exist a § > 0 such that every H
with starting point a, |a — a*| < &, lies permanently in the strip.

Figure 8.3 illustrates schematically some cases of stability and instability. (a), (b) and (c)
show stable cases. Case (d) represents the system

x=x, y=2
with solutions
x = Ae', y = Be?!

where A and B are constants. In the case illustrated the half-path H*, corresponding to the
solution with A = B =0, starts at a* = (0, xo) with xo > 0. Choose ¢ > 0 and sketch the tolerance
region as shown in Fig. 8.3(d). Since the paths are given by the family of parabolas y = Cx?,
every half-path H, with C # 0 escapes from the permitted region at some time, no matter how
close to a a* it started off. The half-path H* is therefore unstable. In fact, by a similar argument
all the half-paths are unstable.
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(2)

(©

Figure 8.3 — half-path H*, ----- neighbouring paths for some typical cases. (a) general half-path; (b) half-path
approaching an equilibrium point; (c) periodic half = path; (d) an unstable case.

A simple example of a centre is given by the system

whose phase diagram consists of circles, centre the origin. The positive half-paths consist of
these circles, traversed endlessly. It is clear from Fig. 8.4 that every circular path is Poincaré
stable; for if the path considered is on the circle of radius (x% + y%)l/ 2 starting at (xg, yo), the
strip of arbitrary given width 2¢ is bounded by two more circles, and every half-path starting
within a distance § = ¢ of (xg, yo) lies permanently in the strip.

By the same argument we can show that the closed paths which make up any centre are
all Poincaré stable paths, because they are sandwiched between two other closed paths. The
stability or instability of limit cycles (which are isolated closed paths) depends on the asymptotic
behaviour of neighbouring paths. If all the neighbouring paths approach the limit cycle then it
is Poincaré stable. If not, it is unstable. In Fig. 8.5, the first limit cycle is stable, but the other
two are unstable.

Consider the system
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N

Figure 8.4 Poincaré stability of the system x =y, y = —x.

=

(a) (b) (©)
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Figure 8.5 Limit cycles: (a) is Poincaré stable; (b) and (c) are not.

the paths being given by x2 — y? = C where C is the parameter of the family. The phase diagram
shows a saddle point (Fig. 8.6).

On the basis of the previous discussion it can be seen that the half-paths starting typically at
A and C, and all the curved half-paths, are Poincaré stable. Those starting typically at B and D
are unstable despite the fact that they approach the origin, since every nearby path eventually
goes to infinity.

Consider now the special half-paths which are equilibrium points, representing constant
solutions. A saddle (for example, Fig. 8.6) is unstable, since there is no circle with centre at
the equilibrium point, of however small radius, such that every half-path starting in it remains
within an arbitrary preassigned distance ¢ of the equilibrium point.

Those types of equilibrium point which we earlier designated as being stable—the centre,
the stable node, and the stable spiral—are indeed Poincaré stable according to the formal
definition (8.1), though a rigorous proof is difficult. In the case of a centre, however, a
simple geometrical argument is convincing. Suppose the centre to be the origin (Fig. 8.7).
Then Definition 8.1 requires that if, given any ¢ > 0, a circle is drawn, C,, centre the origin
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Figure 8.6 Stability of paths near a saddle point.
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Figure 8.7 Stability of a centre at O.

and radius ¢, then a circle Cs of radius § can

be found such that no half-path starting in C;s

will ever reach C,. The construction is clear from the figure: first a path P is chosen wholly
inside C,, then Cs is drawn inside P. No path starting in Cs can cross P, so it can never get

outside C;.

Exercise 8.1

Find the equation of the phase paths of & =1+ x?, y = —2xy. It is obvious from the phase
diagram that y =0 in Poincaré stable. Show that for the path y =0, all paths which start in
(x + 1)2 + y2 = 82 subsequently remain in a circle of radius §[1 + (1 + 8)2] centred on y =0.
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8.2 Paths and solution curves for general systems

Poincaré stability is concerned with autonomous systems; another concept is required for non-

autonomous systems. Even when a system is autonomous, however, a more sensitive criterion

may be needed which cannot be decided from mere inspection of the phase diagram.
Consider, for example, the system

X =y, y = —sinx,

representing the motion of a pendulum. Near the origin, which is a centre, the phase paths have
the form shown in Fig. 8.8. Consider a time solution x*(¢), ¢ > g, with x*(f9) = a*, its half-path
‘H* being the heavy line starting at P; and a second time solution x(¢), > 1y, with x(f9) =a,
its half-path H starting at Q.

The half-path H* is Poincaré stable: if Q is close to P the corresponding paths remain close.
However, the representative points P', Q' do not remain close. It is known (Problem 33,
Chapter 1) that the period of x(7) in Fig. 8.8 is greater than that of x*(¢). Therefore the
representative point Q' lags increasingly behind P’. No matter how close Q and P are at
time #o, after a sufficient time Q' will be as much as half a cycle behind P’ and the difference
between the time solutions at this time will therefore become large. This condition recurs at
regular intervals. The representative points P’ and Q’ are like two planets in stable orbits; they
are sometimes close, sometimes at opposite ends of their orbits. If we choose Q closer to P
at the start it will take longer for Q" and P’ to reach the maximum separation, but this will
occur eventually. If the pendulum (or other nonlinear oscillating system) were simply used to
take a system through a sequence of states at more or less predetermined intervals this might
not be important, but for timekeeping, for example, the accumulating error arising from a

H —

Figure 8.8 Paths for the pendulum equation are Poincaré stable, but representative points do not stay in step. P is
the point a*, Q the point a, both at time 7p: P’ and Q' are their subsequent positions.
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(2) (b)

Figure 8.9 (a) A solution C in (x,y,t) space and its projection P on to the (x,y) plane which is the corre-
sponding phase path; (b) a tube of solutions surrounding a particular solution C* and its projection in the phase
plane.

small change in amplitude would make an uncontrolled pendulum useless. We require a more
stringent form of stability criterion to take this into account.

Time-dependent behaviour may be illustrated by displaying the time solutions x(#), y(¢) in a
three-dimensional graph, rather than as phase paths in a two-dimensional graph as in Chapter 1,
Section 1.8. This depiction is also applicable to nonautonomous systems, which have the form
X = X(x,y,1), y=Y(x,y,1).

In Fig. 8.9(a), the axes are x,y,¢, and a solution x(¢z), y(¢t) appears as a curve C, which
advances steadily along the ¢ axis. The corresponding phase path P is the projection of C on
to the (x, y) plane. According to the uniqueness theorem (see Appendix A), different solution
curves do not intersect.

Figure 8.9(b) represents a narrow tube or bundle of time-solutions, all starting at the same
time f =t and surrounding a particular solution curve C*, whose stability we shall consider.
If the tube continues to be narrow for r — oo, as suggested by the figure, then so does its
projection on the (x, y) plane; this indicates that the half-path corresponding to C* in the phase
plane is Poincaré stable. We have seen (Fig. 8.8) that a phase path may be Poincaré stable even
when the representative points become widely separated, but in the case of Fig. 8.9(b) this is
not to; solutions which start by being close remain close for all time. This represents a situation
which is in a sense more stable than is required by the Poincaré criterion.

In contrast Fig. 8.10 illustrates the case of a centre in the phase plane displayed in the x, y, ¢
frame, where the period of the oscillations varies with the amplitude (compare Fig. 8.8). The
solution curves corresponding to neighbouring phase paths are helices having different pitches.
However close the initial points may be, the representative points become widely separated in
these axes at certain times, although the phase paths imply Poincaré stability.

We shall formulate a more demanding criterion for stability, which distinguishes such cases,
in the next section.
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Figure 8.10 Solution curves corresponding to paths about a centre. They start close initially at A and B but become
widely separated at A’ and B’ at a later time.

8.3 Stability of time solutions: Liapunov stability

Consider a regular dynamical system (see Appendix A), not necessarily autonomous, in n
dimensions, written in vector form as

i=X(x,0), (8.2)
or in component form as the simultaneous system

X1 = X1(X15X25 -+ 5 Xn, 1),

Xy = X2(X15%25 -+ 5 Xny1),

Xn = Xn(X1,X25 .. .5 Xp, ).

We need a measure of the separation between pairs of solutions at particular zimes. Here we
shall use the extension to n dimensions of the ordinary idea of the separation between two points
with given position vectors, as in vector geometry. However, we shall also need to consider
complex solutions at a later stage, and this must also be taken into account. It is sometimes
convenient to use terms such as Re(e'’) rather than cos 7.

Suppose that x*(¢) and x (¢) are two real or complex solution vectors of (8.2) with components

x*(1) = [xF (@), X5 (0), . ., x5 (O1T,

x(1) = [x1(1), x2(1), ..., xn (D] .
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(where T stands for transpose: these are column vectors). The separation between them at any
time ¢ will be denoted by the symbol || x(r) — x*(¢) ||, defined by

" 1/2
lx(0) = x*(0) |= (Z i (1) — x,*(t)|2> , (8.3)

i=1

where |...| denotes the modulus in the complex number sense, and the ordinary magnitude
when x; and x are real solutions.

There are many different measures of separation between two vectors which may be used.
All are usually denoted by |...||; such a measure is called a metric or distance function on the
space. Most of the theory here would be unaffected by the choice of metric since they all have
similar properties; for example they satisfy the triangle inequality:

la+vll < ful+ vl

where u and v are any complex n-dimensional vectors. Corresponding to the distance
function (8.3), the norm of vector u is defined by

n 1/2
lu| = (sz) : (8.4)

i=1

The norm (8.4) measures the magnitude of the vector concerned; hence the term ‘triangle
inequality’. For further information see Appendix C.

The enhanced type of stability described at the end of the previous section is called Liapunov
stability, or solution stability. The formal definition is as follows:

Definition 8.2 (Liapunov stability) Let x*(¢) be a given real or complex solution vector of the
n-dimensional system x = X (x,t). Then

(i) x*(r) is Liapunov stable for t > tg if, and only if, to each value of ¢ > 0, however small,
there corresponds a value of § > 0 (where § may depend only on ¢ and to) such that

| x(to) —x*(t) || <8 = |lx(t) —x*(t)||<e (8.5)

for all t > 1y, where x(t) represents any other neighbouring solution.

(ii) Ifthe given system is autonomous, the reference to to in (i) may be disregarded; the solution
x*(t) is either Liapunov stable, or not, for all 1.

(iii) Otherwise the solution x*(t) is unstable in the sense of Liapunov.

In other words, (8.5) requires that no matter how small is the permitted deviation, measured
by &, there always exists a nonzero tolerance, §, in the initial conditions when the system is
activated, allowing it to run satisfactorily.

It can be also be shown (Cesari 1971) that if (i) is satisfied for initial conditions at time g,
then a similar condition is satisfied when any #; > ¢ is substituted for 7o: that is, if x*(¢) is stable
for t > tg, it is stable for t > 11 > ¢;.
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Figure 8.11 Liapunov stability of the solution x*(r) = x(fg)e” %),

It can be proved that if the system equations are autonomous, then Liapunov stability implies
Poincaré stability (Cesari 1971).

Example 8.1 Show that all solutions of x = — x (a one-dimensional system) are stable in the Liapunov sense.

We will consider real solutions only, with initial condition at #y. The general solution can be written in the
form

x(t) = x(tg)e” 10,

where x(t) is the initial value. Consider the stability of x*(¢) starting at (zy, x*(¢9)) (Fig. 8.11). Choose ¢ > 0
arbitrarily and consider the strip x* () — & <x <x™(¢) + ¢. For stability, we must show that all solutions starting
at tg and sufficiently close to x*(#g) lie inside this strip. Since all solutions ‘close up’ on x*(r) as ¢ increases it
is clear that the conditions of the definition are satisfied by the choice § =¢. This is true for all initial values
x*(tg)- °

The following example shows that the corresponding n-dimensional problem leads to the
same conclusion.

Example 8.2  Show that all solutions of the n-dimensional system x = —x are stable fort > 0 in the Liapunov
sense.

The general solution is given by
x(1) = x(0)e™".
Consider the stability of x*(¢) for r > 0, where
x*(@t) = x*(0)e".
For any x*(0) we have
[x@®) —x*@) [ < [x0) —x*(0) e < [|x(0) —x*(O) [, =0.
Therefore, given any ¢ > 0,
[x(0) —x*O) | <e = x(@) —x* ()| <&, t>0.

Thus § = ¢ in Definition 8.2. (The process can be modified to hold for any 7). However, the system is
autonomous, so this is automatic.) °
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The implication of (ii) in Definition 8.2, which also applies to non-autonomous systems, is
as follows. (i) taken alone implies that arbitrarily small enough changes in the initial condition
at t =1y lead to uniformly small departures from the tested solution on 79 < ¢t < 00. Such
behaviour could be described as stability with respect only to variations in initial conditions
at f9. Armed with (ii), however, it can be said that the solution is stable with respect to variation
in initial conditions at all times #; where 71 > 79, and that the stability is therefore a property
of the solution as a whole. (ii) holds by virtue of (i) under very general smoothness conditions
that we do not discuss here.

If (i) is satisfied, and therefore (ii), we may still want to be assured that a particular solution
does not become ‘less stable’ as time goes on. It is possible that a system’s sensitivity to distur-
bance might increase indefinitely with time although it remains technically stable, the symptom
being that §(e,79) decreases to zero as #( increases.

To see that this is possible, consider the family of curves with parameter c:

x= fle,r) = eV 1> 0. (8.6)

These are certainly solutions of some first-order equation. The equation is of no particular
interest: the Definition 8.2 refers only to the family of solutions x(¢), and does not require us
to refer to the differential equation.

In Fig. 8.12, the curves separating those which tend to infinity (c? > 1) from those tending
to zero (¢ < 1) are the curves f(1,1) =1/t and f(—1,1) = —1/t, which also tend to zero. Now
consider the stability of the ‘solution” having ¢ =0:f(0,7) =0. It is apparent from the diagram
that this function is stable for all ¢y > 0. However, the system can afford a disturbance from
the initial state x(f9) =0 at a time #y no greater than the height of the ordinate AgBy; other-
wise curves which approach infinity will be included. As 7y increases, the greatest permitted

¥/ c> 1’ curves tend to lnﬁnlty
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Figure 8.12 Family of curves x(¢) = ce(cz_l)[/t.
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disturbance decreases to zero. Therefore the system becomes progressively more sensitive as 7
increases, and approaches zero tolerance of disturbance as 7y — oco.

The stability is said to be non-uniform in this case. The definition of uniform stability is as
follows.

Definition 8.3 (Uniform stability) If a solution is stable for t > ty, and the § of Definition 8.2
is independent of 1y, the solution is uniformly stable on t > 1.

It is clear that any stable solutions of an autonomous system are uniformly stable, since the
system is invariant with respect to time translation.
A third desirable property is asymptotic stability. The system x = 0 has the general solution

x(1) =x(to) =C,

where C is an arbitrary constant vector, and 7 is any value of ¢.

These are all stable on ¢ > #g for any 7y (and also uniformly stable); however, a disturbed solu-
tion shows no tendency to return to the original solution: it remains a constant distance away.
On the other hand, solutions of the type examined in Figs 8.11 and 8.12 do re-approach the
undisturbed solution after being disturbed; thus the system tends to return to its original oper-
ating curve. Such solutions are said to be asymptotically stable, uniformly and nonuniformly
respectively in the cases of Figs 8.11 and 8.12.

Definition 8.4 (Asymptotic stability) Let x* be a stable (or uniformly stable) solution for
t > to. If additionally there exists n(ty) > 0 such that

lx(t0) —x*(t0) | < = lim [lx(1) —x*(1) | =0, (8.7)

then the solution is said to be asymptotically stable (or uniformly and asymptotically stable).

In the rest of this chapter we prove theorems enabling general statements to be made about
the stability of solutions of certain classes of equations.

Exercise 8.2
Find the time solutions of

x¥—x2=0, x>1

which satisfy x(0) = 1. Decide which solutions are asymptotically stable.

8.4 Liapunov stability of plane autonomous linear systems

We consider first the stability in the Liapunov sense of the constant solutions (equilibrium
points) of the two-dimensional, constant-coefficient systems classified in Chapter 2. Without
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loss of generality we can place the equilibrium point at the origin, since this only involves
modifying the solutions by additive constants. We have then

X1 = axq + bxy, X2 = cx1 +dxo, (8.8)

where a, b, ¢, d are constants.
The stability properties of the constant solutions x*(z) =[xi"(t),x;(t)]T =0, ¢t > t) can
sometimes be read off from the phase diagram: for example a saddle is obviously unstable.
Consider also the case of a centre. Figure 8.13(a) shows the phase plane and 8.13(b) the
solution space: the solution x*(¢#) = 0 whose stability is being considered lies along the ¢ axis.
Choose an arbitrary value of ¢ > 0. In the phase diagram, Fig. 8.13(a), the region in which
the perturbed paths are required to remain is the interior of the outer circle C,:

x| < e.

The initial time 7y is immaterial since the equations (8.8) are autonomous.

This region contains closed phase paths: choose any one of them, say P in Fig. 8.13(a).
Construct a region of initial values about the origin (which corresponds to the zero solution
x* = 0) bounded by the circle Cs:

lx(t0) — x*(t0) | =l x (o) Il < &,

by choosing § small enough for this region to lie entirely within P. Then any half-path origi-
nating in the interior of Cs remains permanently inside the closed path P, and therefore also
satisfies (8.9) for all > 1. Since ¢ is arbitrary the condition (8.5) for Liapunov stability of the
zero solution x*(¢) is satisfied.

Since § is independent of 7, the zero solution is uniformly stable; this is also a consequence of
the autonomous property of the system (8.8). It is not asymptotically stable since the perturbed
solutions do not approach zero as r — oo.

(a)

.

X.

Figure 8.13 Phase path and solution space near a centre.
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The other types of equilibrium point (zero solutions of (8.8)) are more difficult, and we
merely summarize the results:

Stability properties of the zero solutions of x =ax + by, y=cx+dy

Phase plane feature Liapunov stability property
Centre: Poincaré stable Uniformly stable
Stable spiral: Poincaré stable; Uniformly, asymptotically stable
paths approach zero (8.9)

Stable node: Poincaré stable;  Uniformly, asymptotically stable
paths approach zero

Saddle: Poincaré unstable Unstable

Unstable spiral and node Unstable

We shall show that the classification (8.9) applies to all solutions, and not merely to zero
solutions

The most general linear system is the nonautonomous and nonhomogeneous equation in n
variables given by

i=AWMx + f), (8.10)

where A(¢) is an n x n matrix. We wish to investigate the stability of a solution x*(r). Let x(¢)
represent any other solution, and define £(¢) by

E(t) =x(t) —x*(1). (8.11)

Then &(¢) tracks the difference between the ‘test’ solution and a solution having a different
initial value at time #y. The initial condition for § is

&(10) = x(to) — x*(t0). (8.12)
Also, & satisfies the homogeneous equation derived from (8.10):
E=AWE. (8.13)

By comparison of (8.11), (8.12), and (8.13) with Definition (8.2), it can be seen that the
Liapunov stability property of x*(¢) is the same as the stability of the zero solution of (8.13).
&(¢) is called a perturbation of the solution x*(z).

Since this new formulation of the problem is independent of the solution of (8.10) initially
chosen, we can make the following statement:

Theorem 8.1 All solutions of the regular linear system x = A()x + f(t) have the same Lia-
punov stability property (unstable, stable, uniformly stable, asymptotically stable, uniformly
and asympiotically stable). This is the same as that of the zero (or any other) solution of the
homogeneous equation E = A(1)&. |
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Notice that the stability of time solutions of linear systems does not depend at all on the
forcing term f (¢).
Example 8.3 All the solutions of the system %1 = x3, i) = —w*x1 + f(t) are uniformly stable, but not
asymptotically stable (forced linear oscillator).
Equation (8.13) becomes & = &, & = —w?&;. The zero solution is a centre, which is uniformly stable (see

(8.9)). By Theorem 8.1, all solutions of the non-homogeneous equation are also uniformly stable. ()

Example 8.4 All the solutions of the equations %1 = x3, %3 = —kxy — w?x1 + f(t) are uniformly and
asymptotically stable (damped, forced linear oscillator).

Equation (8.13) becomes

£ =&, £ = —wE — k&),

The zero solution corresponds to the equilibrium point &5 =& = 0 which (Chapter 2) is a ‘stable’ node or spiral
(as named in that chapter). By (8.9), these are uniformly and asymptotically stable. This result corresponds
to the damping out of free oscillations set up by the initial conditions: the amplitude and phase of the forced
oscillation are independent of these. )

Exercise 8.3
Solve the forced linear system

= SIE+e]

Explain why all solutions are asymptotically stable confirming Theorem 8.1.

8.5 Structure of the solutions of #-dimensional linear systems

The need to consider the general properties of linear systems arises in connection with nonlinear

systems which are in some sense close to linear. In such cases certain characteristics of their

solutions, notably stability properties, may follow those of the approximating linear systems.
The general homogeneous, first-order linear system of n dimensions is

x = A(t)x, (8.14)

where A(r) is an n x n matrix whose elements a;; () are functions of time, and x(¢) is a column
vector of the n dependent variables. The explicit appearance of ¢ indicates that the system may
be nonautonomous. In component form,

X1 a1 aiz - ai | | x
X2 a1 axy - axy || x

Xn anl ap2 - dan Xn
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or, when expanded,
n
X = E a,‘j(t)x]'; i=1,2,...,n.
j=1

We shall assume that each a;; () is continuous on —0o <t < 00, so that the system is regular
(Appendix A). In that case, given any initial conditions x(tp) =x¢, there is a unique solution
satisfying this condition. Moreover, it exists for —oo < ¢ < oo (the same is not true in general
of nonlinear equations).

If x1(2),x2(),...,%x,(t) are real or complex vector solutions of (8.14), then so is a1x1(f) +
ax2(t) + -+ + apxp,(t) where aq,a2,...,a, are any constants, real or complex. A central
question to be settled is the dimension of the solution space: the minimum number of solutions
whose linear combinations generate every solution of the homogeneous system (8.14).

Definition 8.5 (linearly dependent vector functions) Let Y1 (¢), ¥2(), . . ., ¥m(t) be vector func-
tions (real or complex), continuous on —oo < t < 00, none being identically zero. If there exist
constants (real or complex) a1, 0, ... ,an, not all zero, such that

a1¥1(t) ¥ (t) + ...+ ap¥u() =0

for —oo < t < oo, the functions are linearly dependent. Otherwise they are linearly
independent.

(As a consequence of the definition, note that the vector functions [1, 117, [z, 7]7 are linearly
independent, although the constant vectors [1, 117, [19, 1017 are linearly dependent for every 1,.)

Example 8.5 cost and sint are linearly independent on —oo < t < oo.

In amplitude/phase form
Q1CoSt +aysint = \/(a% + a%) sin(t + B)
where B is given by
aq =J(a%+a%)sin,3, a) =\/(ot%+a%)cosﬁ.
There is no choice of a1, ay, except for a1 = ap = 0, which makes this function zero for all 7. [ )

Example 8.6 The functions cost, sint, 2 sint are linearly dependent.

Since, for example,
O(cost) +2(sint) — 1(2sint) =0
for all ¢, the result follows. Here ¢y = 0, ap =2 and a3 = —1. )

If functions are linearly dependent, at least one of them can be expressed as a linear com-
bination of the others. From now on we shall be concerned with the linear dependence of
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solutions of the homogeneous linear system (8.14). Given any set of n solution (column) vec-
tors ¢1,9,,...,¢,, real or complex, where ¢; has elements ¢1;(t), $2;(t), ..., ¢n; (1), we shall
use the notation

o111 d12 - P

¢21 P2 - P
Q(t):[¢la¢2>'--a¢n]: . . .

¢n1 ¢n2 T ¢nn

for the matrix of these solutions. Then from (8.14), since (bj (1) = A()g; (1),

D(1) = [G1,h25.»0p] = AW D1, b2, ., b,] = AD)D(1), (8.15)

where ®(7) represents the matrix ®(¢) with all its elements differentiated.
Remember that the constituent solutions may be real or complex; for example it is convenient
to be able to choose a matrix of solutions for

X1 = x2, Xy = —x1
of the form

elt

e—it

Correspondingly, the constants occurring in linear dependence, and the eigenvalues and eigen-
vectors, may all be complex. This possibility will not always be specially pointed out in the rest
of this chapter.

Theorem 8.2  Any n+ 1 nonzero solutions of the homogeneous system x = A(t)x are linearly

dependent.

Proof Let the solutions be ¢ (1), $,(1),...,¢,,1(t). Let fp be any value of ¢. Then the n + 1
constant vectors @ (10),$,(10), ..., P,1(to) are linearly dependent (as are any set of n + 1
constant vectors of dimension n); that is, there exist constants oq,a2,...,q,1, not all zero,
such that

n+1
Zajcbj(to) = 0.
j=1
Let
n+1
x(t) =) aj¢;(0).
=1

Then x(fp) = 0, and x(¢) is a solution of (1). Therefore, by the Uniqueness Theorem
(Appendix A), x(¢) = 0 for all #: that is to say, the solutions ¢;(t),j = 1,2,...,n + 1 are
linearly dependent. |
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Theorem 8.3 There exists a set of n linearly independent solutions of x = A(1)x.

Proof By the Existence Theorem (Appendix A), there is a set of n solutions
Y1), ¥o(1),...,¥,() whose matrix W(r) satisfies

w(0) =1,

where I is the identity matrix. Since the columns of ¥(0); ¥ 1(0),...,¥,(0); are linearly inde-
pendent, so are the solution vectors ¥ (1), ¥, (¢),...,¥,(). For if not, there exist numbers
at,02,...,0a,, not all zero, such that 2?21 a;j¥ ;(t)=0 for all ¢ (including ¢ = 0), which is a
contradiction. [ |

These two theorems settle the dimension of the solution space: every solution is a linear
combination of the solutions ¥;,j = 1,2,...,n of Theorem 8.3; but since these solutions
are themselves linearly independent, we cannot do without any of them. Instead of the special
solutions ¥ ; (1) we may take any set of n linearly independent solutions as the basis, as in shown
in Theorem 8.4.

Theorem 8.4 Let ¢ (2), (1), ..., () be any set of linearly independent vector solutions (real
or complex) of the homogeneous system x = A(t)x. Then every solution is a linear combination
of these solutions.

Proof Let ¢(t) be any non-trivial solution of (8.14). Then by Theorem 8.2, ¢, ¢, ¢,,...,¢,
are linearly dependent. The coefficient of ¢ in any relation of linear dependence is non-zero, or
we should violate the requirement that the ¢ ; are linearly independent. Therefore ¢ is a linear
combination of ¢4,...,¢,. [ |

Definition 8.6 Let ¢ (t),¢(1),...,9,(t) be n linearly independent solutions of the homoge-
neous system x = A(t)x. Then the matrix

o111 d12 - O

@21 P22 -0 P
Q(l)=[¢1,¢2,...,¢n]= . . .

¢n1 ¢n2 e ¢nn

is called a fundamental matrix of the homogeneous system.
Note that any two fundamental matrices ®1 and ®; are related by
®,(1) = ®1(1)C, (8.16)

where C is a nonsingular n x n matrix (since by Theorem 8.4, each column of ®; is a linear
combination of the columns of ®1, and vice versa).

Theorem 8.5 Given any n x n solution matrix ®(t) = [¢(1),...,¢$,)] of the homogeneous
system x = A(1)x, then either (i) for all t, det{®(¢)} = 0, or (ii) for all ¢, det{®(¢)} # 0. Case
(i) occurs if and only if the solutions are linearly dependent, and case (ii) implies that ®(t) is a
fundamental matrix.
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Proof Suppose det{®(19)} = 0 for some ry. Then the columns of ®(z) are linearly dependent:
there exist constants a1, ..., a,, not all zero, such that a1¢{ (7)) + ... + a9, (7o) = 0. Define

é(1) by
() =a1d1(t) + ...+ a9, (1).

Then ¢(r) is a solution satisfying the initial condition ¢(zp) = 0. By the Uniqueness Theorem
(Appendix A), ¢(¢) = 0 for all z. Therefore

a1 () + a2y () + ... +and, (1) =0

for all ¢, and det{@®(z)} is therefore either zero everywhere, or non-zero everywhere. |

el e2’
eZt > e4t

cannot be a pair of solutions of a second-order linear homogeneous system.

Example 8.7  Verify that

For, writing
t

2t
e e
P(1) =
Q) |:62t 641] >

det{®(r)} =5 — e*, which is zero at # = 0 but nowhere else. By Theorem 8.5(ii), ®(#) cannot be fundamental
matrix. ()

Theorem 8.6 The solution of the homogeneous system x = A(t)x with the initial conditions
x(to) = xg is given by x(t) = ® (1) ®~ L (t0)x 0, where ® is any fundamental matrix of the system.

Proof The solution must be of the form
x(t) =®()a (8.17)

where a is a constant vector, by Theorem 8.4. The initial conditions give xg = ®(#9)a. The
columns of ®(zy) (regarded as columns of constants) are linearly independent by Theorem 8.5,
so ®(to) has an inverse ® 1 (#o). Therefore @ = ® 1 (79)xo and the result follows from (8.17).

[ ]

Example 8.8 Verify that
are solutions of

and find the solution x(t) such that
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Direct substitution confirms that the given functions are solutions. They are linearly independent, so

-1
o[z 4]

is a fundamental matrix. We have

¢©=ﬁi} ¢”@=P1§1

Hence, by Theorem 8.6,

3 1 T2 e[ 1 —1)[3] _[4-e
x(1) = (1@ <mxw»—Lz 1][_1 2}[J-—Lg_1] o

Exercise 8.4
By eliminating y solve the system

el 1 1 X
T T l—6+4r -2 G—nylly

for ¢t > 0, and obtain a fundamental matrix solution for x.

8.6 Structure of #-dimensional inhomogeneous linear systems
The general inhomogeneous linear system is
x=AMx + f@), (8.18)

where f(¢) is a column vector. The associated homogeneous system is

¢ =A0)o. (8.19)
The following properties are readily verified.

(I) Let x =x,(7) be any solution of (8.18) (called a particular solution of the given system) and
¢ =@ (1) any solution of (8.19) (called a complementary function for the given system).
Then xp (1) + ¢.(¢) is a solution of (8.18).

(II) Let xp, (r) and xp, (r) be any solutions of (8.18). Then xp, () —xy, (¢) is a solution of (8.19);
that is, it is a complementary function.

Theorem 8.7 follows immediately:

Theorem 8.7  Let x (1) be any one particular solution of x = A(t)x + f(t). Then every solution
of this equation is of the form x (1) = x,(t) + ¢ (1), where ¢ is a complementary function, and
conversely. |
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The strategy for finding all solutions of (8.18) is therefore to obtain, somehow, any one
solution of (8.18), then to find all the solutions of the associated homogeneous system (8.19).

Example 8.9  Find all solutions of the system x1 = x3, Xxp = —x1 + 1.
In the notation of (8.18),

where

0 1 0
2 o[

The corresponding homogeneous system is ¢1 = ¢, ¢ = —¢1, which is equivalent to ¢1 + ¢1 = 0. The linearly
independent solutions ¢1 = cost,sint correspond respectively to ¢p = —sint, cost. Therefore all solutions of
the corresponding homogeneous system are the linear combinations of

cost sint |
—sint |’ cost |’

cost sint||aq
t) = .
$1) |:— sin ¢ cost:| [az]

which are given in matrix form by

where aq, ay are arbitrary.
It can be confirmed that x; = ¢, x = 1 is a particular solution of the original system. Therefore all solutions

are given by
|t cost sint||aq
X0 = [1] + [— sint  cos t] [az} ’

where a1, ay are arbitrary. ()

Theorem 8.8 The solution of the system x = A(t)x + f(t) with initial conditions x(ty) = x is
given by

t
x(1) = ®(1)® L(t0)xo + D (1) / @~ 1(s) £ (5)ds,
Iy

where ®(t) is any fundamental solution matrix of the corresponding homogeneous system
é = A(0)g.

Proof Let x(t) be the required solution, for which the following form is postulated
x(1) = N (t0){xo + (1)) (8.20)

The inverses of ®(¢) and ® (1) exist since, by Theorem 8.5, they are non-singular. Then by
the initial condition x(f9) = xq, or xo + ¢(¢p) by (8.20), and so

(o) = 0.
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To find the equation satisfied by ¢(z), substitute (8.20) into the equation, which becomes
(1@ (10)x0 + (1)} + BN~ (10)p (1)
=A@ ® ' (t){x0 + (1)} + f(1).

Since ®(r) is a solution matrix of the homogeneous equation, ®(r) = A(r)®t, and the previous
equation then becomes

&)@ L(t0)d(t) = f(1).
Therefore,
(1) = d(10)® (1) f (1),

whose solution satisfying the initial condition is
1
$(1) = @(10) / @1 (5) £ (5)ds.
Iy
Therefore, by (8.20),

t
x(t) = <I>(t)<I>_1(to)xo + <I>(t)/ <I>_1(s)f(s)ds. [
0]

For an alternative form of solution when A is a constant matrix, see Theorem 8.13 in
Section 8.10.

Example 8.10 Find the solution of

x=AM0x+ f(),

X1 0 1 0 e
x=|x2|, AO=]| 1 0 0f, fO=]0],
X3 te™ re7t 1 1

which satisfies the initial conditions x(0) = [0, 1, -1T.

where

The solution is given by the formula in Theorem 8.8. We first require a fundamental solution matrix of the
associated homogeneous system ¢ = A(¢)¢. In component form, this equation separates into

br=02, da=¢1, $3—¢3=1e""(¢1+ ).
From the first two equations
¢1 = Ae' + Be™!, ¢y = Ae' — Be™!.
The third equation now becomes
$3 — ¢3 = 24t
which has the general solution

¢3 = —2A(1 4+ 1)+ Ce'.
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Hence a fundamental solution matrix is

e! e ! 0
&) = e -t 0.
—2(1+41) 0 el
Since det[®(t)] = —2¢,
1 e ! e ! 0
o )= 5 e! —e! 0 |,
20 +1e 2 2(141e 2 27!
and
1 1 1 O
o 10) = S|t -1 of.
2 2 2
Thus the required solution is
el et 0 % % 0 0
x(t) = e! — 1 0 % _% 0 1
—2(1+41) 0 el 1 1 1 -1
1t e s e s 0 e’
+ 2/ es —eS 0 0 dS
O [2(1+s)e 21452 25| |1
_ (I 17
e et 0 2 1t 1
= ¢! -1 0 —% + 5/ e2s ds
-2+ 0 €] 0 O [ (4+25)
_ _ (I 17
¢! e ! 0 2 1 . Zt .
_ t
= et —€ ! (3‘ _% =+ E ze -
20+ 0 e 0 623 +1)

Hence the solution is
x1(1) = (3 + g0’ — Fe,

3 .—t
3¢ >

x3(t) =3¢ — 1> — 3t — 4.

x() = (§ + 30" +

Exercise 8.5
Using Theorem 8.8 find the solution of x = A(¢)x + f(¢), where

and x(0) = [0, 1,

X1 0o 0 1 0
x=|x2|, A@®)=|re" 2 re'|, f@)=]|e*]|,
X3 1 0 O 0

17T,
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8.7 Stability and boundedness for linear systems

The following theorem requires a suitable norm (see Appendix D) for a matrix. For any matrix
A, with elements g;;,i, j = 1,...,n, which are real or complex, we define

2

Al = | Y lail* | . (8.21)

i’j
The norm serves as a measure of magnitude for A. It combines with the norm (8.1) for a vector
to produce the inequality

|Aall < [[Allllall (8.22)
if a is a vector of dimension 7.

Theorem 8.9 For the regular linear system x = A(t)x the zero solution, and hence, by
Theorem 8.1, all solutions, are Liapunov stable on t > 1y, to arbitrary, if and only if every
solution is bounded as t — oo. If A is constant and every solution is bounded, the solutions are
uniformly stable.

Proof By Theorem 8.1 we need consider only the stability of the zero solution.
First, suppose that the zero solution, x*(r) =0 is stable. Choose any & > 0. Then there exists a
corresponding § for Definition 8.2. Let

‘I’(t) = ['lll(t)’ '/,2(1‘)3 cee "/,n(t)]

be the fundamental matrix satisfying the initial condition
W (1) = 381

where I is the unit matrix. (This is a diagonal matrix with elements %5 on the principal diagonal.)
By Definition 8.2

¥ o)l =38 <8 = ¥l <&, =1

Therefore every solution is bounded since any other solution is a linear combination of

the ¥, (¢).
Suppose, conversely, that every solution is bounded. Let ®(¢) be any fundamental matrix;
then there exists, by hypothesis, M > 0 such that ||®(¢)|| < M, ¢ > tg. Given any & > 0 let

S -
M@= (1)l

Let x(¢) be any solution; we will test the stability of the zero solution. We have x(r) =
®(1)® ' (19)x(t9), (Theorem 8.6), and if

llx(20)ll < 8,
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then

@ < 1B 19" (o) Ix o)l < MML(SS =e. (8.23)

Thus Definition 8.2 of stability for the zero solution is satisfied.
When A is a constant matrix, the autonomous nature of the system ensures that stability is
uniform. u

Linearity is essential for this theorem: it predicts that the system x1 = x, X = —x1 has only
stable solutions; but the solutions of x| =x,, Xy = —sinx; are not all stable. Note that the
stability of forced solutions (Theorem 8.1) is not determined by whether they are bounded or
not; it is the boundedness of the unforced solutions which determines this.

Exercise 8.6
Find the norm of

€

—t _1
AW = |:1/(z‘2 + 1) sin t] i

and show that ||[A(®)| < 2.

8.8 Stability of linear systems with constant coefficients

When the coefficients g, (¢) in (8.14) are functions of ¢, it will usually be impossible to construct
an explicit fundamental matrix for the system. When the coefficients are all constants, however,
the solutions are of comparatively elementary form, and we shall obtain a simple statement
(Theorem 8.12) summarizing their stability properties. The lines of the proof follow those of
Section 2.4, where the system of dimension 2 is solved.

Consider the system

i = Ax, (8.24)
where A is a constant n x n matrix with real elements. We look for solutions of the form

x =reM, (8.25)

where A is a constant, and r is a constant column vector. In order to satisfy (8.24) we must
have

Are* —are* = (A —ADreM =0

for all ¢, or

(A —rD)r = 0. (8.26)
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Given a value for A, this is equivalent to n linear equations for the components of r, and has
non-trivial solutions if and only if

det(A —AI) = 0. (8.27a)
In component form (8.27a) becomes
aj] — A ain - aip
ax apy — A ... azy -0 (8.27b)
an1 ann cee Qum — A

Equation (8.27) is a polynomial equation of degree n for A, called the characteristic equation.
It therefore has n roots, real or complex, some of which may be repeated roots. If A is a
complex solution, then so is A, since A is a real matrix. The values of A given by (8.27) are the
eigenvalues of A. Equation (8.24) therefore has a solution of the form (8.25) if and only if A is
an eigenvalue of A.

Now suppose that the eigenvalues are all different, so that there are exactly n distinct eigen-
values, real, complex or zero, A1, A3,...,A,. For each A; there exist nonzero solutions r = r; of
equation (8.26). These are eigenvectors corresponding to A;. It is known that in the present case
of n distinct eigenvalues, all the eigenvectors of a particular eigenvalue are simply multiples of
each other: therefore we have essentially n solutions of (8.24):

ME . Aot Ant
[rlel,rzez,...,rne"],
where r; is any one of the eigenvectors of 1;. The solutions are linearly independent. Therefore:

Theorem 8.10 For the system x = Ax, with A a real, constant matrix whose eigenvalues
Ay A2, ... Ay are all different,

®(t) = [rieM, rae?, .. ryet] (8.28)

is a fundamental matrix (complex in general), where r; is any eigenvector corresponding
to A;. [ |

Example 8.11 Find a fundamental matrix for the system
Xy =xp—x3, X2=1x3, X3=x2.

We have x = Ax with

0 1 -1
A=|0 0 1
01 0
To find the eigenvalues, we require
- 1 -1
det(A =D =|0 —A 1|=-aG—10+1),
0 1 -2

so the eigenvalues are A1 = 0, A» = 1, A3 = —1. The equations for the eigenvectors, r1,r,r3 are as follows.
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For A1 =0, rq = [a1, 1, 711" where
B1—v1=0, B =0, y1=0.
A solution is r1 = [1,0, 01T,
For Ay =0, ry = [a, 2, v2]T where
—a+p—r=0, —B+rn=0, fh-rn=0
A solution is rp = [0, 1, 17T,
For a3 =-1,r3 = [a3,,33,y3]T where
a3+p3—y3=0, B3+y3=0, B3+y3=0.
A solutionisr =[2,—1, 17,
A fundamental matrix is therefore given by (8.28), namely

1 0 2!
d)=[0 e —e']. )
0 e et

When the eigenvalues are not all distinct the formal situation is more complicated, and for
the theory the reader is referred, for example, to Wilson (1971) or Boyce and DiPrima (1996).
We illustrate some possibilities in the following examples.

Example 8.12  Find a fundamental matrix for the system
X1 =x1, Xp=2x3, X3=2x3.

The coefficient matrix for the system is

1 0 0
A=(0 1 0
0 0 1

The characteristic equation is det(A —AI) = 0, which becomes (1 — )3 = 0. Thus A = 1 is a threefold repeated
root. The equation for the eigenvectors, (A — AI)r = 0, gives no restriction on r, so the linearly independent
vectors [1,0,01T,10,1,017,[0,0, 11T can be chosen as eigenvectors. This leads to the fundamental matrix ®
given by

et 0 0
@) =|0 ¢ 0]. [ )
0 0 ¢

Example 8.13  Find a fundamental matrix for the system
X1 =x1+x, Ar=1x, X3=13.

We have
1 1 0
A=(0 1 0
0 0 1
The characteristic equation becomes (1 — )3 = 0, so A = 1 is a threefold root. The equation (8.26) for

the eigenvectors gives ry = 0 with rq and r3 unrestricted. We choose the two simplest linearly independent
eigenvectors, [1,0,0]T and [0,0, 117, say, satisfying this condition. The corresponding solutions are

le,0,017, [0,0,¢1T.
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To find a third solution let
x =rte’ +se’.
Then
¥—Ax=—-[(A=Ds—rIle' —=(A—Drte =0
if r and s satisfy

A-Dr=0, (A-Ds=r.

Choose r =[1,0, 0]T. Then s = [0,1, O]T, so that a third solution is [te!, e, 0]T. A fundamental matrix @ is
therefore given by

e 0 e
on=[0 0 ¢ |. °
0 ¢ 0

Example 8.14  Find a fundamental matrix for the system
X =x1+x3, Xp=x2+x3 X3=2x3.
We have
1 1 0
A=10 1 1
0 0 1

Once again, A =1 is a threefold root of the characteristic equation. The equation for the eigenvectors gives
ry =r3=0. One solution is # =[1,0,0]T and there is no other which is linearly independent of this one. The
corresponding solution is x =[e’, 0, 0]1. A second solution is given by

x =rte’ +se,
where

A-Ds=r,
and a third solution by

2, ! '
x =roe fste! +ue,

where
(A—Du=s.
By finding vectors s and u, it can be confirmed that two more linearly independent solutions are
x = [tet,et,O]T, x = [%tzet,tet,et]T
leading to the fundamental matrix

te! %tze’

dH)=|0 te! |. ()
0 0 e
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Inspection of these examples suggests the following theorem on the form of linearly
independent solutions associated with multiple eigenvalues. We state the theorem without
proof.

Theorem 8.11 Corresponding to an eigenvalue of A, A = A;, of multiplicity m < n there are
m linearly independent solutions of the system x = Ax, where A is a constant matrix. These
are of the form

PO py (e, (8.29)
where the p ;(t) are vector polynomials of degree less than m. [ |

Note that when an eigenvalue is complex, the eigenvectors and the polynomials in (8.29) will
be complex, and the arrays consist of complex-valued solutions. Since the elements of A are
real, the characteristic equation (8.27) has real coefficients. Therefore, if A; is one eigenvalue,
A; is another. The corresponding polynomial coefficients in (8.29) are, similarly, complex
conjugates. In place, therefore, of the pair of complex solutions ¢, (z), @, () corresponding to
A; and A; respectively, we could take the real solutions, Re{¢; (1)}, Im{@; (¢)}.

According to Theorems 8.9, 8.10 and 8.11 it is possible to make a simple statement about
the stability of the solutions of systems with constant coefficients, x = Ax.

Theorem 8.12 Let A be a constant matrix in the system x = Ax, with eigenvalues \;,
i=1,2,...n.

(1) If the system is stable, then Re{)\;} < 0,i =1,2,...,n.
(ii) If either Re{\;} < 0,i = 1,2,...,n; orif Re{r;} < 0,i = 1,2,...,n and there is no zero
repeated eigenvalue; then the system is uniformly stable.
(iii) The system is asymptotically stable if and only if Re{);} <0, i=1,2,...,n (and then it is
also uniformly stable, by (ii)).
(iv) If Re{)r;} > O for any i, the solution is unstable. |

In connection with (ii), note that if there is a zero repeated eigenvalue the system may be
stable or unstable. For example, the system X1 = 0, X, = 0 has a fundamental matrix

b 1]

which implies boundedness and therefore stability, but x; = x5, X2 = 0 has a fundamental

matrix
1 ¢
0 1

showing that the system is unstable.
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Exercise 8.7
Find the eigenvalues of

-1

A=| 0
-1

S k=
[EEO NS RN

and find a fundamental matrix solution of x = Ax.

Exercise 8.8
Show that

2 0 1
A= |1 1 1
1 -1 2

has a repeated eigenvalue. Find a fundamental matrix solution of x = Ax.

8.9 Linear approximation at equilibrium points for first-order
systems in ~ variables

The equilibrium points of the autonomous first-order system in n variables (often described
simply as an nth order system)

i=X(x) (8.30)

occur at solutions of the n simultaneous equations given by X(x) = 0. For nonlinear systems
there are no general methods of solving this equation, and we must rely on ad hoc eliminations,
or numerically computed solutions. The phase space of this system is the n-dimensional space
of the components of x: phase paths are curves drawn in this space.

Example 8.15  Find all equilibrium points of the third-order system

x=|x|=Xx)= X1 —Xx2 . (1)
x3 2X%+X3—2

We require all simultaneous solutions of X (x) = 0, that is,
2 _ .
x] —x2 +x3 =0, (11)
X1 —x3 =0, (iii)

Zx% +x3—-2=0. (iv)
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Using (iii), eliminate x; in (ii) and (iv):
x%—x1+x3=0, 2x%+x3—2=0.
Now eliminate x3 between these equations, so that
x% +x1—-2=x1+2)(x1 —1)=0.
Thus x; = —2 or 1, and the coordinates of the two equilibrium points are (—2,—2, —6) and (1, 1, 0). )

As in Chapter 2, we can investigate the nature of an equilibrium point by examining its linear
approximation. Suppose that the system (8.30) has an equilibrium point at x = x.. Consider a
perturbation x = x. + & about the equilibrium point, where it is assumed that the magnitude
of & is small. Substitution into (8.30) leads to

E=X(xc+8 =Xx)+JE+o(El),= J&+o(lE]D,

where J is the n x n Jacobian matrix of X = [X1(x), X2(x),..., X, (x)]T evaluated at the
equilibrium point x., namely the matrix with elements J;; given by

0X;
J =] z[ (x)] , (8.31)
9xj ly—rx,
Then the linear approximation is
E=J&. (8.32)

Example 8.16  Find the linear approximations at the equilibrium points of

x% — Xy +x3
X = X1 —x)

2x% +x3—2
(see Example 8.15).
From Example 8.15 the equilibrium points are located at (—2,—2,—6) and (1, 1, 0). In this case the
Jacobian is

2 -1 1

JX=|1 -1 0f.
0 4x; 1

Hence at (—2,—2, —6) the linear approximation is

-4 -1 1
E=|1 -1 0]§
0 -8 1

2 -1 1
E=|1 -1 0]¢&. °
0 4 1

and at (1, 1, 0),
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As we explained in Theorem 8.12, the stability of the solutions of a linear system with
constant coefficients depends on the sign of the real parts of the eigenvalues of the Jacobian
matrix evaluated at the equilibrium point. If the eigenvalues are listed as [A1,A2,...,,] and
Re{r;} < 0,i =1,2,...,n), then the linear approximation will be asymptotically stable. We
shall look briefly at the stability of the equilibrium points of some first-order linear systems in
three variables,

x = Ax,
where A is a constant matrix. Since the equation for the eigenvalues is a real cubic equation,

the eigenvalues will either be all real, or one real and two complex. The eigenvalues satisfy the
characteristic equation

det(A — A1) =0,

where I, represents the identity matrix of order n.

Example 8.17  Find the eigenvalues of

-3 0 2
A=|-1 -3 5],
-1 0 0

and discuss the phase diagram near x = 0 of x = Ax.
The eigenvalues are given by the characteristic equation

-3-x 0 2

[A—aI|=| -1 =3-% 5S|=—14+0Q2+0)3+1=0.
-1 0 —A
Denoting the eigenvalues by A1 = —1, Ay = —2, A3 = —3, then the corresponding eigenvectors are
1 2 0
ri=12|, rp=13|, r3=|1],
1 1 0

and the general solution is

X1 1 2 0
x|=a|2|leT+8]|3 e 2 4 y|1 e_3t,
X3 1 1 0

where a, B8, and y are constants. Since all the eigenvalues are negative the origin will be asymptotically stable.
This equilibrium point has strong damping with a node-like structure. [ )

Example 8.18 Find the eigenvalues of

9
-3 -3

A=

RN
| o
AW =

1
1

and sketch some phase paths of x = Ax near x = 0.
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The eigenvalues are given by

A W) -3
13- ! =—gj(1+4x)<x+%+i)(x+%—i):o.
1 1 7~
Denoting them by 11 = —%,AZ = —% —i,A3 = —% + 1, the corresponding eigenvectors are
-1 —-2—i —2+i
ri=| 1|, rp= 1 , ry= 1
0 1 1

Hence the general solution can be expressed in real form as

1 (1 _(1_;
x=arje 4 +(B+iy)rye (4+l)t+(ﬂ—iy)r3e (3 l>t,

where o, B, and y are arbitrary real constants. Since all the eigenvalues have negative real part, the equilibrium
point is asymptotically stable. The system has an exponentially damped solution of x{ +xp = 0, x3 = 0 if
B =y = 0. All other solutions are damped spirals: an example is shown in Fig. 8.14. )

L

Figure 8.14 A single spiral solution of Example 8.18.

Exercise 8.9
Find the general solution of ¥ = Ax where

-2 0 -1
A=|-1 -1 -1
-1 1 -3

Show that the equilibrium point at the origin is asymptotically stable, and find the equations
of the straight line phase paths which approach the origin.
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8.10 Stability of a class of non-autonomous linear systems
in » dimensions

The system considered is
x={A+C()}x, (8.33)

where A is a constant matrix. Under quite general conditions the stability is determined by the
stability of the solutions of the autonomous system

i = Ax. (8.34)
We require the following theorems, the first of which expresses the solutions of the system
x=Ax+ f(t)

in a form alternative to that given in Theorem 8.8.
Lemma Let ®(r) be any fundamental matrix of the system ¢ = A, A constant. Then for any
two parameters s, 1,

DHP (s) =Dt — 5 +10)P ' (10). (8.35)
In particular,
(NP () = ®(t —5)® 1 (0). (8.36)

Proof Since @ = A®, if we define U(r) by U(t) = ®()® ' (s), then U(r) = AU(r), and
UGis)=1.

Now consider V(1) = ¢(t — s + 10)® 1 (19). Then V(r) = AV (). (for since A is constant,
®(t) and ®(r — s + o) satisfy the same equation), and V(s) = I.

Therefore, the corresponding columns of U and V satisfy the same equation with the same
initial conditions, and are therefore identical by the Uniqueness Theorem (Appendix A). W

The following theorem is obtained by applying the above Lemma to Theorem 8.8.

Theorem 8.13 Let A be a constant matrix. The solution of the system x = Ax + f(t), with
initial conditions x(ty) = x, is given by

t
x(1) = () (t0)xo + / ®(t — 5+ 1) (10) f (5)ds, (8.37)
Iy

where ®(t) is any fundamental matrix for the system ¢ = A¢. In particular, if (1) is the
fundamental matrix satisfying W (tg) = I), then

t
x(t) = ¥(H)xo +/ W (t —s5) f(s)ds. (8.38)

Iy



8 : Stability

Example 8.19 Express the solution of the second-order equation X — x = h(t), with x(0) = 0, x(0) = 1 as an
integral.
An equivalent first-order pair is

Xx=y, y=x+h@),

(-0 E) L] =aF)e o

Since the eigenvalues of A are A1 = 1, A» = —1, and the corresponding eigenvectors are r1 = [1,1]T and
ry =[1,—1]T, a fundamental matrix for the homogeneous system is

t —t
®@1) = [zt _ee—t} .

and

Then, following Theorem 8.13

D= D=
|
Nl D=
| |
-

and

®(0) = E _11} el = [
1

1
x e e ' ]|2 310 TTel=s  e=its 0
[y] = |:et 7eft:| |:; _%i| [1] +/(; |:etfs 7e71+si| |: i| |:h(s)j| ds
sinh ¢ " Th(s) sinh(z — s)
|:cosh —t:| +/0 |:h(s) cosh(t — s):| ds. L4

Theorem 8.14 (Gronwall’s lemma) If, for ¢t > 1o,

D= N[—=
Nol= D=

(1) u(t) and v(t) are continuous and u(t) > 0, v(t) > 0;
(i) u(t) < K +ft; u(s)v(s)ds, K > 0; (8.39)
then

t
u() < K +exp (/ v(s) ds), t> 1. (8.40)
1

0

Proof Theright-hand side of (8.39) is positive, since K > 0 and u(¢), v(¢) > 0. Therefore (8.39)
gives

Mt(l)U(f) < v(0).
K +ft0 u(s)v(s)ds

Integrate both sides from 7y to ¢:

t t
log{K—i—/ u(s)v(s)ds} —logK 5/ v(s) ds.
1 1

0 0
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t t
K —I—/ u(s)v(s)ds < Kexp (/ v(s) ds> .
to Iy

The application of (8.39), again gives the required result. [ |

Therefore

Gronwall’s lemma implies that if

t
u(t)—f u(s)v(s)ds
11

0

is bounded, then

t
u(t)/ exp (/ v(s) ds)
Iy

is also bounded by the same constant. Equality occurs if & = wuv. Given v, the optimum u
can be found from this equation. For example, if v(#) = ¢ and 9 = 0, then we could choose

u(t) = e212 (or any multiple), in which case K = 1.
Theorem 8.15  Suppose that

(i) A is a constant n x n matrix whose eigenvalues have negative real parts;

(i1) For tg <t < oo, C(1), is continuous and

t
/ IC(®)||dt is bounded. (8.41)
fo

Then all solutions of the linear, homogeneous system x = {A+C (t)}x are asymptotically stable.

Proof Write the system in the form
x =Ax + C(t)x. (8.42)

If x(¢) is a solution, then C(¢)x(¢) is a function of r which may play the part of f(r) in
Theorem 8.13. Therefore (8.42) implies

t
x(t) = ®(1)® (19)xy +/ D — 5 +10)® ' (19)C(s)x(s) ds,

4]

where ® is any fundamental matrix for the system x = Ax, and x(f9) = x. Using the properties
of norms (Appendix C), which parallel the properties of vector magnitudes, we obtain

e < 1B~ (o)l lIxol

t
+|I<I>‘1(to)||/ @ — s+ 1)l IC ) 12 ()]l ds. (8.43)
Io
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Since A has eigenvalues with negative real part, Theorem 8.12 shows that for some positive M
and m,

@@ < Me™, > 1. (8.44)
Therefore, putting
12~ (t0) ]| = B,

(8.43) implies, after some regrouping, that for r > 1

t
lx(®)lle™ < MBllxoll +/ {lx(s)lle™ HC (s)M e~} ds. (8.45)

fo

In Theorem 8.2, let
u(t) = llx@le™, v@)=|C@|Me™",
and
K = MpBllxoll.
Then from (8.45) and Theorem 8.13,

t
lx(@)lle™ < MB|lxoll exp </8Me‘””°/ C) ds)
Iy

or
t

X1 < MBllxoll exp (ﬂMe"”O/ IC(s)lIds — mt) . (8.46)
Iy

Therefore, by (8.41) every solution of (8.42) is bounded for r > 7y and is therefore stable

by Theorem 8.9. Also every solution tends to zero as + — oo and is therefore asymptotically
stable. m

Corollary 8.15 If C(¢) satisfies the conditions of the theorem but all solutions of x = Ax are
merely bounded, then all solutions of x = {A + C(t)}x are bounded and therefore stable.

Proof This follows from (8.46) by writing m =0 in (8.45). Note that Re{);} < 0 for all i is
not in itself sufficient to establish the boundedness of all solutions of X = Ax. [ |

The stability of nth order differential equations can be discussed in the same terms as that of
suitable n-dimensional systems. If we replace the equation

W FaOx" @ x = £
by the equivalent system

X1 =X2, X2 =X3,...,%1-1=2Xp, Xy =a1()x, — -+ —a,(t) x1 + f(1), (8.47)
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the set of initial conditions for the system, (x1(tg), . . ., x,(fy)), correspond with the usual initial
conditions appropriate to the equation: the set

[x1(10), " (1), . ., x" "V (o)1

Therefore, to discuss the stability of the solutions of equations in terms of the definitions for
systems we use the presentation (8.47) rather than any other. It can, in fact, be shown (Problem
8.7) that a system obtained by a general transformation of the variables need not retain the
stability properties of the original system.

Example 8.20 Show that when a > 0 and b > 0 all solutions of

t

X+ax+(b+ce "cost)x =0

are asymptotically stable for t > 1, for any 1.
The appropriate equivalent system (with x = y) is

S S e

In the notation of the above theorem

0 1 0 0
A= [—b —a] » CO= [—ce_’ cost 0] ’

The eigenvalues of A are negative if a > 0 and b > 0. Also

00 o]
/ IC@®)|Idr = |c] e !|cost|dr < oo.
0] 0]
The conditions of the theorem are satisfied, so all solutions are asymptotically stable. [

Example 8.21 Show that all solutions of ¥ +{a+c(1+ 2~y = f (@) are stable if a > 0.
Let x = y. The equation is equivalent to

.0 1], 0 0[], [ 0
vl lma Of[y] T [—e@+ AT o) ] T LFr0]
By Theorem 8.1, all solutions of the given system have the same stability property as the zero solution (or
any other) of the corresponding homogeneous system & = {A + C(¢)}&, where

0 1 0 0
A= |:—a O] , Ct)= |:_C(1 n 12)_1 O] .

The solutions of & = A& are bounded when a > 0 (the zero solution is a centre on the phase plane). Also

/ IC@®)lldt = el 7 <00
1) o 1+l

By Corollary 8.15 all solutions of ‘g‘ = {A + C(1)}¢ are bounded and are therefore stable. (Note that the
inhomogeneous equation may, depending on f(¢), have unbounded solutions which are stable.) [
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Exercise 8.10
Show that all solutions of

* 24+ 1A+H! 0 -1 X1
% | = -1 1+ 1 +H)1 -1 X2
x3 -1 1 B+A 4+ | x3

are asymptotically stable.

8.11 Stability of the zero solutions of nearly linear systems

Certain nonlinear systems can be regarded as perturbed linear systems in respect of their stability
properties, the stability (or instability) of the linearized system being preserved. The following
theorem refers to the stability of the zero solutions.

Theorem 8.16 If h(0,t) = 0, A is constant, and

(i) the solutions of x = Ax are asympiotically stable;
(i) limyej—ofllkCe,)I/Ix|I} = 0 uniformly int,0 < t < oo;

then the zero solution, x(t) =0 for t >0, is an asymptotically stable solution of the regular
system

&= Ax + h(x,1). (8.48)

Proof Regularity implies that h is such that the conditions of the existence theorem
(Appendix A) hold for all x and for + > 0. However, it does not of itself imply that any
particular solution actually persists for all 7: for a proof see Cesari (1971, p. 92).

Let ¥(¢) be the fundamental matrix for the system x = Ax for which ¥(0) = I. Then by
Theorem 8.13 with & in place of f, every solution of (8.48) with initial values at ¢ = 0 satisfies

t
x(t) =¥ (Hx(0) + f W(t —s)h(x(s),s)ds. (8.49)
0
By (i) and (8.44) there exist M > 0, m > 0 such that
@) < Me™, 1>0. (8.50)
Also, by (ii), there exists 8y such that
Il < 80 = Ikl < 3 lxl, 120, (8.51)

Now let § be chosen arbitrarily subject to

0 <8 <3, (8.52)
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and consider solutions for which
lx(O)| < 8. (8.53)
From (8.51) to (8.53), (8.49) gives

t
(@)l < Me™™ [lx(0)]| + / Me e 2 (s)lds, 0 <1 < oo,
0 oM
or

t

1 ‘

lx (@) lle™ < M|lx 0]l +/ Emllx(S)lle"“ds, 0<t=<o0. (8.54)
0

By Gronwall’s Lemma, Theorem 8.13 with u(r) = ||x(¢)|e™, v(r) = %m, K = M|x)],
applied to this inequality we obtain

X)) < M||lx(0)[le” 2™ < Mse~1™, 0 <t < oo. (8.55)

by (8.53).
Now § is arbitrarily small, so we have proved that

lx )] <8 = llx@)] < Mse™2™, 1 >0, (8.56)

which implies asymptotic stability of the zero solution.
The asymptotic stability of the linearized system ensures that ||x(7)|| tends to decrease,
reducing the relative effect of the nonlinear term. This process is self-reinforcing. [ |

ot N R b

satisfies the conditions of the theorem since A has eigenvalues —1 and —2. In this case

e ! 0
V(1) = |:_e_z L2 e—21:| .

In the bound || ¥| < Me™™" we can choose M = /6 and m = 1.

The example in which

Example 8.22  Show that van der Pol’s equation % + v(x* — 1)% + x = 0 has an asymptotically stable zero
solution when v < 0.
Replace the equation by the system

X 0 1)\ /(x 0
=4 )6) ()=

The eigenvalues of A are negative when v < 0; therefore, by Theorem 8.13, all the solutions of x = Ax are
asymptotically stable. Condition (ii) of Theorem 8.13 is satisfied since

1R G, I = e[yl < ICx] + IyD2Ax] + [yD) = vl °
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Example 8.23 Show that the zero solution of the equation X + kx + sinx = 0 is asymptotically stable
fork > 0.
The equivalent system is

x\ (0 1 X 0 _ - -
(=[5 20+ (o) =aroheo. x=or

which satisfies the conditions of Theorem 8.15, since, using the Taylor series for sin x,

[R(xX)|l = |x —sinx| =

x3 x5
s

< 3 1 XZ
<l 5t

1 |x))?
§||x|||x||2[+ R

3! 5!

Hence

1Al

llx]]

0 as|x| — 0. [ J

Exercise 8.11
Show that the solution x = 0, y = 0 of

13 A

is asymptotically stable.

Problems
8.1 Use the phase diagram for the pendulum equation, X + sinx = 0, to say which paths are not Poincaré
stable (see Fig. 1.2).
8.2 Show that all the paths of x = x,y = y are Poincaré unstable.
8.3 Find the limit cycles of the system

X=—y+xsinr, y=x-4ysinr, r:\/(xz—}—yz).

Which cycles are Poincaré stable?
8.4 Find the phase paths for x = x, y = ylog y, in the half-plane y > 0. Which paths are Poincaré stable?

8.5 Show that every nonzero solution of x = x is unbounded and Liapunov unstable, but that every solution
of X = 1 is unbounded and stable.

8.6 Show that the solutions of the system x = 1, y = 0, are Poincaré and Liapunov stable, but that the system
X =y, y =0, is Poincaré but not Liapunov stable.

8.7 Solve the equations ¥ = —y(x% +y2), y = x(x% + y%), and show that the zero solution is Liapunov stable
and that all other solutions are unstable.



Problems

Repl'ace the coordinates x,y by r,¢ where x = r cos(r2t + ¢), y=r sin(r2t + ¢). and deduce that
7 =0, ¢ =0. Show that in this coordinate system the solutions are stable. (Change of coordinates can
affect the stability of a system: see Cesari (1971, p. 12).

8.8 Prove that Liapunov stability of a solution implies Poincaré stability for plane autonomous systems but
not conversely: see Problem 8.6.

8.9 Determine the stability of the solutions of
(1) x4 =xpsint, xy = 0.
(if) X1 =0, X3 =x1 +x3.
8.10 Determine the stability of the solutions of

Gl X] (=2 1 x 1 )
L e | B Y
(ii) ¥ +efx+x=¢.

8.11 Show that every solution of the system

X = —tzx, y=—ty

is asymptotically stable.

8.12 The motion of a heavy particle on a smooth surface of revolution with vertical axis z and shape z = f(r)
in cylindrical polar coordinates is

1 e 1, o, 2 e (dr\ 1 g
S+ “}@+[r—4f<r>f )=+ f “}} (@> 5 =30,

where h is the constant angular momentum (h = r26). Show that plane, horizontal motion r = a,
z = f(a), is stable for perturbations leaving & unaltered provided 3 + [af" (a)/ f/(a)] > O.

8.13 Determine the linear dependence or independence of the following;:
(1) (13 15 _1)’ (2’ 13 1)3 (09 1: _3)
(11) (z,21), (3t,41), (5t,61).

(iii) (ef,e™"), (e7*,e"). Could these both be solutions of a 2 x 2 homogeneous linear system?

8.14 Construct a fundamental matrix @ for the system x = y, y = —x — 2y. Deduce a fundamental matrix ¥
satisfying W (0) = I.
8.15 Construct a fundamental matrix for the system 1 = —x1, £ = x1 +x +x3, X3 = —x3.

8.16 Construct a fundamental matrix for the system X1 = x, ¥ = x1, and deduce the solution satisfying
x1=1,xp=0,atr =0.

8.17 Construct a fundamental matrix for the system X1 = x;, Xp = x3, 3 = —2x1 +x» + 2x3, and deduce the
solution of ¥1 = xy + €, &) = x3, ¥3 = —2x1 + x3 + 2x3, with x(0) = (1,0,0)T.

8.18 Show that the differential equation x™ + a;x®~1 ... 4 g,x = 0 is equivalent to the system

).C=x2, ).62=x3, cees ).Cnfl = Xn, xn=_anx1_"'_alxna
with x = x7. Show that the equation for the eigenvalues is
Mta 4. 4a,=0.

8.19 A bird population, p(r), is governed by the differential equation p = u(r) p —kp, where k is the death rate
and (1) represents a variable periodic birth rate with period 1 year. Derive a condition which ensures
that the mean annual population remains constant. Assuming that this condition is fulfilled, does it seem
likely that, in practice, the average population will remain constant? (This is asking a question about a
particular kind of stability.)
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8 : Stability

Are the periodic solutions of
X +sgn(x) =0.

(i) Poincaré stable? (ii) Liapunov stable?

Give a descriptive argument to show that if the index of an equilibrium point in a plane autonomous
system is not unity, then the equilibrium point is not stable.

Show that the system
d=xdy—x(? 40D, F=—xty -y +yh), i=-z

has a limit cycle x2 + y2 = 1, z = 0. Find the linear approximation at the origin and so confirm that
the origin is unstable. Use cylindrical polar coordinates r = /(x% + y?2), z to show that the limit cycle is
stable. Sketch the phase diagram in x, y, z space.

Show that the nth-order nonautonomous system ¥ = X(x,t) can be reduced to an (n + 1)th-order
autonomous system by introducing a new variable, x,, 11 = ¢. (The (n + 1)-dimensional phase diagram
for the modified system is then of the type suggested by Fig. 8.9. The system has no equilibrium points.)
Show that all phase paths of

F=x—x3

are Poincaré stable except the homoclinic paths (see Section 3.6).
Investigate the equilibrium points of

i=y, y=z-y-2%, i=y+x-2.
Confirm that the origin has homoclinic paths given by

x = +/2secht, y = F,/2 sech?t sinhz, z = +./2 sechr F /2 sec hZ¢sech?t sinh 7.

In which directions do the solutions approach the origin as t — +o00?

By using linear approximations investigate the equilibrium points of the Lorenz equations
x=a(y—x), y=bx—y—xz, Z=uxy—cz.

where a,b,c¢ > 0 are constants. Show that if b < 1, then the origin is the only equilibrium point, and that
there are three equilibrium points if b > 1. Discuss the stability of the zero solution.

Test the stability of the linear system
X1 = t_2x1 —4xy) — 2x3 + tz,
Xy = —x1 41 2x) +x3+1,
X3 = t_2x1 —9x) —4x3+ 1.
Test the stability of the solutions of the linear system
%1 =2x14+eTxy —3x3+¢,
iy =—-2x14+e Ty +x3+1,
i3=G@+e Hxy —xp —4x3 +¢.
Test the stability of the zero solution of the system

F=y+xy/A+1%), y=—-x—y+y?/A+17).
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Problems

Test the stability of the zero solution of the system
= MR 1 gy=e2TH 1, x3=-—x3.
Test the stability of the zero solution of the equation
F4H {1+ (= DY/ + 15 + dx = 0.

Consider the restricted three-body problem in planetary dynamics in which one body (possibly a satellite)
has negligible mass in comparison with the other two. Suppose that the two massive bodies (gravitational
masses 11 and py) remain at a fixed distance a apart, so that the line joining them must rotate with spin
w = /[(n1 + 112)/a’]. It can be shown (see Hill 1964) that the equations of motion of the third body are
given by

E— 200 =0U/dE, ii+2wé=203U/dn,

where the gravitational field

1
U(s,n>=5w2(sz+n2)+d + 22,

W1, M2
1 d2

and

2 2
d1=J[<s+’“a) +n2} dz=¢[<s—m> +n2]
w1+ uo M1+ p2

The origin of the rotating (&, n) plane is at the mass centre with & axis along the common radius of the
two massive bodies in the direction of u;.

Consider the special case in which 11 = puy = p. Show that there are three equilibrium points along
the & axis (use a computed graph to establish this), and two equilibrium points at the triangulation points
of u1 and pj.

Express the equations
i=x[1 - a2+ - biva? +y%) —al,
¥ =301 = o2+ 31+ I + %) - x,

in polar form in terms of r and 8. Show that the system has two equilibrium points at (0, 0) and (1, 0).
Solve the equations for the phase paths in terms of r and 6, and confirm that all paths which start at any
point other than the origin approach (1, 0) as t — oo. Sketch the phase diagram for the system.

Consider the half-path which starts at (0, 1). Is this path stable in the Poincaré sense? Is the equilibrium
point at (1, 0) stable?

Consider the system
i=-y, J=x+rad—yr—2dy, i=-y+ul-x* -z

Classify the linear approximation of the equilibrium point at the origin in terms of the parameters A # 0
and u # 0. Verify that the system has a periodic solution

x =cos(t —ty), y=sin(t —1ty), z=cos(t—ty),

for any 1.
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Stability by solution
perturbation: Mathieu’s
equation

Stability or instability of nonlinear systems can often be tested by an approximate procedure
which leads to a linear equation describing the growth of the difference between the test solution
and its neighbours. By Theorem 8.9 the stability or instability of the original system resolves
itself into the question of the boundedness or otherwise of the solutions of the linear equation.
This ‘variational equation’ often turns out to have a periodic coefficient (Mathieu’s equation)
and the properties of such equations are derived in this chapter. The fact that the solutions to
be tested are themselves usually known only approximately can also be assimilated into this
theory.

9.1 The stability of forced oscillations by solution perturbation

Consider the general n-dimensional autonomous system
X = f(x,1). (9.1)

The stability of a solution x*(¢) can be reduced to consideration of the zero solution of a related
system. Let x(¢) be any other solution, and write

x(@®) =x*@) +&Q@). (9.2)

Then & (¢) represents a perturbation, or disturbance, of the original solution: it seems reasonable
to see what happens to &(¢), since the question of stability is whether such (small) disturbances
grow or not. Equation (9.1) can be written in the form

BHE= FON D+ fETHED - f&TD)
Since x* satisfies (9.1), this becomes
E= (" +&0 - f(x*,0) = h,0), (9.3)

say, since x*(¢) is assumed known. By (9.2), the stability properties of x*(r) are the same as
those of the zero solution of (9.3), §(¢) = 0.
The right-hand side of (9.3) may have a linear approximation for small &, in which case

E=h(E,n~ A@E. (9.4)
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Here, A(¢) = J(0,t), where J(&,¢) is the Jacobian matrix (see also Section 8.9) of first partial
derivatives given by

hi(&,1)
9;

The properties of this linear system may correctly indicate that of the zero solution of the exact
system (9.3). The approximation (9.4) is called the first variational equation. This process is
not rigorous: it is generally necessary to invoke an approximation not only at the stage (9.4),
but also in representing x*(¢), which, of course, will not generally be known exactly.

We shall illustrate the procedure in the case of the two-dimensional forced, undamped
pendulum-type equation (a form of Duffing’s equation)

J[f;,t]:|: } Gi=1,2,...,n; j=1,2,...,n).

X +x +ex3 =T coswr. (9.5)

In order to match the notation of the theory of linear systems of Chapter 8 we will express it in
the form

. _ .X.. _ y
T |:yj| B [—x —ex3 + Fcoswtj| ) (9.6)

To obtain the variational equation define & = (£,7)T by
E=x—x", (9.7)
where
¥ = ()C*, y*)T
and x* is the solution to be tested. Substitution for x and y from (9.7) into (9.6) gives
E+i* =n+y",
04y = —& —x*— e +x%)° + I cosot.

By neglecting powers of £ higher than the first, and using the fact that x*, y* satisfy (9.6), the
system simplifies to

E=n, n=—&—3ex*’, (9.8)

corresponding to (9.4).
From Section 7.2 we know that there are periodic solutions of (9.5) which are approximately
of the form

X = acoswt,

where possible real values of the amplitude a are given by the equation

3ea’ — (@' —1a—T =0. (9.9)



9.1 The stability of forced oscillations by solution perturbation

We shall test the stability of one of these solutions by treating it as being sufficiently close to
the corresponding exact form of x* required by (9.8). By eliminating n between eqns (9.8) we
obtain

E4+ (14 3ex*?)E = 0.

When x* is replaced by its appropriate estimate, x* = a coswt, with a given by (9.9), this
equation becomes

E+(1+ %saz + %saz cos2wt)é =0,

and we expect that the stability property of x* and & will be the same. The previous equation
can be reduced to a standard form

£+ (a+BcosT)E=0 (9.10)
by the substitutions
t =20, & =d§/dr, a=Q2+3ea®)/8w?, B =3ea’/8x7. (9.11)

For general values of @ and B equation (9.10) is known as Mathieu’s equation. By Theorem 8.8
its solutions are stable for values of the parameters, a, 8 for which all its solutions are bounded.
We shall return to the special case under discussion at the end of Section 9.4 after studying the
stability of solutions of Mathieu’s general equation, to which problems of this kind may often
be reduced.

A pendulum suspended from a support vibrating vertically is a simple model which leads to
an equation with a periodic coefficient. Assuming that friction is negligible, consider a rigid
pendulum of length @ with a bob of mass m suspended from a point which is constrained to
oscillate vertically with prescribed displacement ¢(¢) as shown in Fig. 9.1.

Figure 9.1 Pendulum with vertical forcing: ¢ () is the displacement of the support.
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The kinetic energy 7 and potential energy V are given by
T = %m[(é — asin06)? + a? cos? 062],
YV =—mg(¢ +acosb).

d (aT)_aT__av
dr \ 96 90 90

ab + (g —¢)sinf =0,

Lagranges’s equation of motion

becomes

which, for oscillations of small amplitude, reduces to
al + (g — )0 = 0.
As a standardized form for this equation we may write
i+ (a+ p@)x =0.
When p(¢) is periodic this equation is known as Hill’s equation. For the special case p(t) =
B cost,
X+ (x+ Bcost)x =0

which is Mathieu’s equation (9.10). This type of forced motion, in which p(¢) acts as an energy
source, is an instance of parametric excitation.

Exercise 9.1
Show that the damped equation

X+kx+ (y+pBcost)x =0

can be transformed into a Mathieu equation by the change of variable x = ze# for a suitable
choice for p.

9.2 Equations with periodic coefficients (Floquet theory)

Equation (9.10) is a particular example of an equation associated with the general n-dimensional
first-order system

¥ =P()x, (9.12)

where P(¢) is periodic with minimal period T; that is, T is the smallest positive number for
which

Pt+T)=P@), —oo<t<oo. (9.13)
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(P (1), of course, also has periods 2T, 3T, ...) The solutions are not necessarily periodic, as can
be seen from the one-dimensional example

x=P@t)x = (1 +sint)x;
the coefficient P (¢) has period 27, but all solutions are given by
t—cost

X =ce S

where c is any constant, so only the solution x = 0 is periodic. Similarly, the system

x | [ 1 cost X
y] L0 -1 y
has no periodic solutions apart from the trivial case x = y = 0.

In the following discussions remember that the displayed solution vectors may consist of
complex solutions.

Theorem 9.1 (Floquet’s theorem) The regular system x = P(t)x, where P is an n X n matrix
function with minimal period T, has at least one non-trivial solution x = x(t) such that

X@+T)=pux(), —-oo<t< o0, (9.14)

where |1 is a constant.

Proof Let ®(r) =[¢;;(1)] be a fundamental matrix for the system. Then ®(t) = P(1)®(¢). Since
P(t+T)=P(t), ®(r + T) satisfies the same equation, and by Theorem 8.5, det ®(r + T) # 0,
so ®(¢t +T) is another fundamental matrix. The columns (solutions) in ®(t +T) are linear
combinations of those in ®(¢) by Theorem 8.4:

¢ij(t+T) = Z ik (t)exj
k=1

for some constants e;, so that
(1t +T)=®(1)E, (9.15)

where E = [¢4;]. E is nonsingular, since det ®(r+7) = det ®(r) det(E), and therefore det(E) #
0. The matrix E can be found from ®(zy + T) = ®(¢yp) E where 1y is a convenient value of ¢.
Thus

E =& '(t0)®(+T).
Let u be an eigenvalue of E:

det(E — puI) = 0, (9.16)
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and let s be an eigenvector corresponding to u:
(E — pul)s = 0. (9.17)

Consider the solution x = ®(r)s = x (¢) (being a linear combination of the columns of ®, x
is a solution of (9.12)). Then

Xt +T)=®@+T)s
— ®()Es = ®(t)us  (by (9.17))

= ux (). (by (9.14))
[ |

The eigenvalues u of E are called characteristic numbers or multipliers of eqn (9.12) (not to
be confused with the eigenvalues of P(t), which will usually be dependent on ¢). The importance
of this theorem is the possibility of a characteristic number with a special value implying the
existence of a periodic solution (though not necessarily of period T).

Example 9.1 Find a fundamental matrix for the periodic differential equation

x| _ |1 1 X1
= roe=]5 0[] o8

where h(t) = (cost +sint)/(2 +sint — cost), and determine the characteristic numbers.
From (9.18),

(2 +4sint — cost)xy = (cost + sint)xy,
which has the solution
Xy =b(2 +sint — cost)
where b is any constant. Then xq satisfies
X1 —x1 =x) =b2 +sint —cost)
and therefore
x1 = ae' — b2 +sint).

where a is any constant. A fundamental matrix ®(r) can be obtained by putting, say,a =0,b =1,anda =1,
b=0:

D TR t
<I>(t):|: 2 —sint ei|'

2+4sint —cost 0

The matrix P(¢) has minimal period T = 27, and E in (9.15) must satisfy ®(t + 27) = ®()E for all ¢.
Therefore ®(27) = ®(0)E and

1 0
E=o"10)®2n) = [0 eh} .
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The eigenvalues u of E satisfy

1—n 0 _

0 CZH—,LL_O’

sou=1or e2™ . From (9.14), since one eigenvalue is unity there exist solutions such that x (t + 27) = x(1):
that is, solutions with period 2. We have already found these: they correspond to a a = 0. [ )

Theorem 9.2  The constants p in Theorem 9.1 are independent of the choice of ®.
Proof Let ®(r), ®*(¢) be two fundamental matrices; then
®* (1) = ®(1)C, (9.19)

where C is some constant, nonsingular matrix (nonsingular since ®(¢) and ®*(¢) are nonsingular
by Theorem 8.5). Let T be the minimal period of P(¢). Then

& (1 +T)= &1t +T)C  (by(9.19))

= ®(EC (by (9.15))
=®*(1)C~'EC (by (9.19))
= ®*(1)D,

say, where D = C~'EC and C is nonsingular. We may write
det(D — uI) = det(C~'EC — puI) = det[C™Y(E — nI)C]
= det(C™'C) det(E — nI) = det(E — pI)
(using the product rule for determinants). Since det(D — ul) is zero if and only if det(E — ul)

is zero, D and E have the same eigenvalues. [ |

We can therefore properly refer to ‘the characteristic numbers of the system’. Note that
when @ is chosen as real E is real, and the characteristic equation for the numbers u has
real coefficients. Therefore if u (complex) is a characteristic number, then so is its complex
conjugate [i.

Definition 9.1 A solution of (9.12) satisfying (9.14) is called a normal solution.

Definition 9.2 (Characteristic exponent) Let u be a characteristic number, real or complex,
of the system (9.12), corresponding to the minimal period T of P(t). Then p, defined by

— (9.20)

is called a characteristic exponent of the system. Note that p is defined only to an additive
multiple of 27i/T. It will be fixed by requiring —w < Im(pT) < 7, or by p = (1/T)Ln(p),
where the principal value of the logarithm is taken.
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Theorem 9.3 Suppose that E of Theorem 9.1 has n distinct eigenvalues, j;, i = 1,2,...,n.
Then (9.12) has n linearly independent normal solutions of the form

xi = p;(1)en" (9.21)

(pi are the characteristic exponents corresponding to w;), where the p;(t) are vector functions
with period T.

Proof To each u; corresponds a solution x;(¢) satisfying (9.14): x;t + T) = uix;(t) =
e”Tx;(t). Therefore, for every t,

xi(r + T)e P+ = x;(ne i, (9.22)
Writing
pi(t) = e Px;(1),

(9.22) implies that p;(¢) has period T.

The linear independence of the x;(¢) is implied by their method of construction in Theo-
rem 9.1: from (9.17), they are given by x; () = ®(¢)s;; s; are the eigenvectors corresponding to
the different eigenvalues u;, and are therefore linearly independent. Since ®(¢) is non-singular
it follows that the x;(7) are also linearly independent. |

When the eigenvalues of E are not all distinct, the coefficients corresponding to the p;(r) are
more complicated.

Under the conditions of Theorem 9.3, periodic solutions of period T exist when E has an
eigenvalue

uw=1.

The corresponding normal solutions have period T, the minimal period of P(r). This can be
seen from (9.14) or from the fact that the corresponding p is zero.

There are periodic solutions whenever E has an eigenvalue u which is one of the mth roots
of unity:

w=1Y"""m a positive integer. (9.23a)
In this case, from (9.14),
Xt +mT)=px{t+m—-DT}=---=u"x@) = x (), (9.23b)

so that x(¢) has period mT.

Example 9.2 Identify the periodic vectors p;(t) (see eqn (9.21)) in the solution of the periodic differential
equation in Example 9.1.

The characteristic numbers were shown to be 1 = 1, uy = e27. The corresponding characteristic exponents
(Definition 9.2) are p; = 0, pp = 1. From Example 9.1, a fundamental matrix is

—2 —sint e

t
o) = |:2+sint—cost O]'
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From the columns we can identify the 27 -periodic vectors

no=a| 5] mo=el).

—2 +sint — cost

where a and b are any constants. In terms of normal solutions

x1 | _ —2 —sint 0 11
[xz}_a[l—{—sint—cost ]e +b|:0]e. o

In the preceding theory, det ®(¢) appeared repeatedly, where @ is a fundamental matrix of
the regular system x = A(¢)x. This has a simple representation, as follows.

Definition 9.3 Let [¢1(2),$,(2),...,¢,()] be a matrix whose columns are any solutions of
the n-dimensional system ¥ = A(t)x. Then

W(t) = det[¢1(t)s¢2(t)a--'3¢n(t)] (924)

is called the Wronskian of this set of solutions, taken in order.

Theorem 9.4  For any to, the Wronskian of x = A(t)x is

t
W(t) = W(ty) exp (/ tr{A(s)}ds) , (9.25)

Io

where tr{A(s)} is the trace of A(s) (the sum of the elements of its principal diagonal).

Proof 1If the solutions are linearly dependent, W () = 0 by Theorem 8.5, and the result is true
trivially.

If not, let ®(¢) be any fundamental matrix of solutions, with ® () = [¢;;(¢)]. Then dW/dr
is equal to the sum of n determinants Ay, k = 1,2,...,n, where A is the same as det[¢;; (1)],
except for having q'ﬁkj (1), j = 1,2,...,n in place of ¢y;() in its kth row. Consider one of the
Ay, say Aq:

(l'sll (ﬁlZ q'ﬁln glalm(bml ¥1a1m¢m2 glalmd)mn
ap= (P2 02 T, g o o
¢n1 ¢n2 ¢nn ¢nl ¢nz ¢nn
(from eqn (8.14))
. Om1 Pm2 0 Pun o111 P12 - P
= Y PP P PO,
m=1

(Pnl ¢n2 T (pnn ¢n1 ¢n2 e ¢nn
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since all the other determinants have repeated rows, and therefore vanish. In general Ay =
ai W (). Therefore

WO _ aamwa,
dr
which is a differential equation for W having solution (9.25). [ |

For periodic systems we have the following result.

Theorem 9.5 For the system x = P(t)x, where P(t) has minimal period T, let the
characteristic numbers of the system be 1, (L2, ..., un. Then

T
WK - Jn = exp (/0 tr{P(s)}ds),

a repeated characteristic number being counted according to its multiplicity.

Proof Let ¥(¢) be the fundamental matrix of the system for which
w(0)=1. (9.26)
Then, (eqn (9.15)),
W(T)=W(0)E =E, (9.27)

in the notation of Theorem 9.1. The characteristic numbers w; are the eigenvalues of E,
given by

det(E — nI) = 0.

This is an nth-degree polynomial in x, and the product of the roots is equal to the constant
term: that is, equal to the value taken when u = 0. Thus, by (9.27),

W12 ... oy = det(E) = det W(T) = W(T),
but by Theorem 9.4 withto =0 and ¢t =T,
T
W(T) = W(O)/ tr(P(s)}ds
0

and W(0) = 1 by (9.26). (]

Example 9.3  Verify the formula in Theorem 9.5 for the product of the characteristic numbers of Example 9.1.
In Example 9.1, T = 27 and

1 1
P(t) = [0 (cost +sint)/(2 + sint — cos 1)} ’



9.3 Mathieu’s equation arising from a Duffing equation

Then
2m 27 1 2w d(si _ d
/ tr{p(s)}ds:/ 14 _CossHsins ds:/ 1 4 dGins —coss)/ds]
0 0 2 +ssins —coss 0 2 4 sins —cos s
=[5 + log(2 + sins — cos s)]%” =2m.
Therefore

27
exp |:/ tr{P(s)} ds:| =2 =y,
0

by Example 9.1.

Exercise 9.2
Find the matrix E for the system

x| _ | 1 cost—1 X1
x| |0 cost x |’

and obtain its characteristic numbers. Verify the result in Theorem 9.5.

9.3 Mathieu’s equation arising from a Duffing equation

We now return to look in more detail at Mathieu’s equation (9.10)

X4+ (@ + Bcost)x =0, (9.28)

As a first-order system it can be expressed as

X 0 1 X
|:y'] - [—Ot — B cost 0:| |:y:| ’ (9.29)

In the notation of the previous section,

0 1
P() = [_a eost 0] (9.30)

Clearly P(¢) is periodic with minimal period 27. The general structure of the solution is deter-
mined by Theorem 9.3, whilst the question of the stability of a solution can be decided, through
Theorem 8.9, by the boundedness or otherwise of the solution for given values of the parame-
ters @ and 8. We are not particularly interested in periodic solutions as such, though we shall

need them to settle the stability question.
From eqn (9.30),

tr{P (1)} = 0. (9.31)
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Therefore, by Theorem 9.5,
pipny =e’ =1, (9.32)

where 1, wo are the characteristic numbers of P(r). They are solutions of a quadratic
characteristic equation (9.16), with real coefficients, which by (9.16) has the form

1 —pa, fu+1=0.

where the value of ¢, depending on E (eqn (9.27)) can, in principle, be found in a particular
case. The solutions u are given by

wis 2 = 3l £ V(97 = 4. (9.33)
Although ¢ (a, B) is not specified explicitly, we can make the following deductions.

(i) ¢ > 2. The characteristic numbers are real, different, and positive, and by (9.32), one of
them, say w1, exceeds unity. The corresponding characteristic exponents (9.20) are real
and have the form p; =0 > 0, p»p = — o <0. The general solution is therefore of the form

(Theorem 9.3)

x(t) = c1e” p1(t) + c2e” " pa (1),

where c1, ¢y are constants and p1, p» have minimal period 27. The parameter region
¢ (a, B) > 2 therefore contains unbounded solutions, and is called an unstable parameter
region.

(i) ¢ =2. Then w1 =u2 =1, p1 = p2 =0. By (9.21), there is one solution of period 27 on the
curves ¢(a, B) =2. (The other solution is unbounded.)

(ili) —2 < ¢ < 2. The characteristic numbers are complex, and uy = ji1. Since also 1| =
|u2| = 1, we must have p; = iv, py = —iv, v real. The general solution is of the form

x(t) = c1e™ p1(1) + c2e 7V pa(r)  (p1, pa period 27).

and all solutions in the parameter region —2 < ¢ (o, B) <2 are bounded. This is called the
stable parameter region. The solutions are oscillatory, but not in general periodic, since
the two frequencies v and 27 are present.

(iv) ¢ = =2. Then pu1 = pur = —1(p1 = p2 = %i), so by Theorem 9.1, eqn (9.14), there is
one solution with period 4 at every point on ¢ (a, B) = —2. (The other solution is in fact
unbounded.)

(v) ¢ < —2. Then 1 and p; are real and negative. Since, also, 12 = 1, the general solution
is of the form

1. o+
x(1) = 1€ T2 py () + Cze( ”+2‘)'pz(t),
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where o >0 and p1, py have period 2. For later purposes it is important to notice that
the solutions have the alternative form

c1e”'q1(t) + c2e 7 g2 (1), (9.34)

where q1, q2 have period 4.

From (i) to (v) it can be seen that certain curves, of the form
¢(a, p) = £2,

separate parameter regions where unbounded solutions exist (|¢ («, 8)| > 2) from regions where
all solutions are bounded (|¢(a, B)| <2) (Fig. 9.2). We do not specify the function ¢(a, 8)
explicitly, but we do know that these are also the curves on which periodic solutions, period
27 or 47, occur. Therefore, if we can establish, by any method, the parameter values for which
such periodic solutions can occur, then we have also found the boundaries between the stable
and unstable region by Theorem 8.8. These boundaries are called transition curves.

Some solutions unbounded,

|:| none periodic
[ ]

All solutions bounded, none =~ ~ Uil

periodic N

— Transition curve, solutions exist
with period 27 or 47 o

Figure 9.2

First, we find what parameter values o, B8 give periodic solutions of period 27. Represent
such a solution by the complex Fourier series

o0
x(t) = Z cpe™.
n=—~oo

We now adopt the following formal procedure which assumes convergence where necessary.
Substitute the series into Mathieu’s equation

X+ (x+ Bcost)x =0

replacing cost by %(e” + e7i*), The result is

o0 o0
— Z can’e + [a + %,B(eit + e_it)] Z cpe = 0.
n=—0oo n=—oo
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which becomes after re-ordering the summation,

o0
3 [Benst +2(@ — nPew + Pea—11e™ = 0.

n=—oo
This equation can only be satisfied for all 7 if the coefficients of e are all zero, that is if
Bepy1 + 2(a — n2en + Ben1 =0, n=0,+1,42,....

Assume that « # n?, and express this equation in the form

B

YnCnt1 + Cn + Yacn—1 =0, where y, = m

,(n=0,+1,£2,...), (9.35)
but observe that y_, = ¥,. The infinite set of homogeneous linear equations in (9.35) for the
sequence {c,} has nonzero solutions if the infinite determinant (Whittaker and Watson, 1962),
known as a Hill determinant, formed by their coefficients is zero, namely if

n 1 v 0 0 -
0 v 1 9y 0 ---|=0. (9.36)

The condition that y, = O(n~2) (from (9.35)) ensures the convergence of the determinant. This
equation is equivalent to ¢ (a, B) = 2 (see Section 9.3(ii)).

The determinant in (9.36) is tridiagonal (zero elements everywhere except on the leading
diagonal and the diagonals immediately above and below it), and a recurrence relation can be
established for n x n approximations. Let

1 Vi 0 0
Ym—1 1 Ym—1 0
Dun=| -+ o i 0 w1 w0 e |l (9.37)
0 Vn—1 1 Yn—1
0 0 Vi 1

Dy is a determinant with m +n + 1 rows and columns. Expansion by the first row leads to

Dy = D10 — YmVm—1Dm—2,.

Note that Dy, , = Dy . Let E, = Dyyy Py = Dy—1pand Q, = D2, Putm =n,n+1,n+2
successively in (9.37) resulting in

Eyw = Py — ¥Yu Vu—10n, (9.38)
Pii1=Ey — Va1 Vu P, (9.39)
On+2 = Put1 — Vnt2 Vut1En. (9.40)
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Eliminate Q,, between (9.38) and (9.40), so that
Eny2 = Poy2 — Va2 Va1 Put1 + Vn2+2 Vnz+1En- (9.41)
Now eliminate E,, between (9.39) and (9.41), so that
2V Vo2 Poy1 = Eny1 — Eng2 + Vnz+1 VanrzEn-

Finally substitute this formula for P, back into (9.39) to obtain the following third-order
difference equation

Eni2a = = Yat1 Yar2) Ent1 — Va1 Vor2(L = Yus1 Vay2) En + J/nz)/:+1 Ynt+2En—1,

for n > 1. In order to solve this difference equation we require Eg, E1 and E, which are
given by

1 1 O
Eo=1, E1=|y 1 y |=1-2yn,
0 yw 1
1 3 0 0 0
vi 1 vy 0 0
Exy=|0 yw 1 vy 0 |=01rv2-Diyv2—14+2vp0.
0 0 v 1 wn
0O 0 0 » 1

The sequence of determinants {E,} is said to converge if there exists a number E such that

lim E, =E.

n—oo
It can be shown (see Whittaker and Watson (1962), Section 2.8) that E,, converges if the sum
of the non-diagonal elements converges absolutely. The sum is

o0
2’7/0 + 42 Vi,
i=1

which is absolutely convergent since |y,| = O(n~2%) as n — oo.

Given B we solve the equations E; = 0 for « for i increasing from 1 until « is obtained to
the required accuracy. However there can be convergence problems if « is close to 1,22, 32, .. ..
To avoid this numerical problem rescale the rows in E to eliminate the denominators o — n?.

Hence we consider instead the zeros of (we need not consider Eg)

2@—1%) B 0
Hi(a, B) = B 2a B = a(a — 1%)*Ey,
0 B 2a—1%)
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2(a —22) B 0 0 0
B 2Q—1%) 8B 0 0
Hy(a, B) = 0 B 20 B 0
0 0 B 2« —1?%) B
0 0 0 B 2(a —22)

= 25a(a — 1%)*(a — 2%)2E,
and so on. The evaluations of the first three determinants lead to
Hy(o, B) = 4@ — 1)(—20 + 20 — B7),
Hy(a, B) = 2(16 — 20« + 4 — B2 (160 — 200% + 4a> + 88% — 3ap?),
H3(a, B) = 8(—72 + 98« — 28a? + 20> + 582 — ap?)
(—288a + 3920% — 11203 + 8a* — 14482 + 72ap> — 8a?B% + B,

(computer software is needed to expand and factorize these determinants). It can be seen from
the determinants H;(«,0) that H;(«,0) = 0 if o = j% for j < i. These are the critical values
on the o axis shown in Fig. 9.3.

The table shows the solutions of the equations H;(a,8) = 0 for i = 1,2, 3 for values of
B = 0,0.4,0.8,1.2. As the order of the determinant is increased an increasing number of
solutions for « for fixed B appear. The results of a more comprehensive computation are shown

s B
I:I Stable region, all l /
solutions bounded \ | //
Unstable region: at | ,' //
I:I least one solution 4 ! |/
unbounded ,' 1/
/ 1/
/ I
Solution period 27 2 \\ / I
T T 77T exists \ / I
/ |
Y I a
Solution period 47 1 |
exists -2 0 '\ 2 ||4 6 8
I
\ |
A \
ot \ \
\ I\
\ I\
! I
! I\
—4 | 1\
I 1\
| \ \
I \
| \
-6 \

Figure 9.3 Stability diagram for Mathieu’s equation X + (« + B cost)x = 0.
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in Fig. 9.3. The dashed curves show the parameter values of « and 8 on which 27 -periodic
solutions of the Mathieu equation exist. The curves are symmetric about the a axis, one passes
through the origin, and the others have cusps ata = 1,4,9,....

Hi(o,) =0 Hy(a,f) =0 H3(x,8)=0
B=0 a=0 a=0 a=0
a=1 a=1 a=1
a=4 a=4
a=29
B=04|a=-0.074 «a=-0.075 «oa=-0.075
a = 1.000 o =0.987 a=0.987
a=1.074 o =1.062 a = 1.062
o =4.013 o =4.005
o =4.013 o =4.005
B=08|a=-0255 «aoa=-0.261 o=-0.261
a = 1.000 o = 0.948 a = 0.947
a=1.256 o =1.208 o =1.207
o =4.052 o =4.021
o =4.053 a =4.022
B=12|a=-0485 «a=-0.505 o=-0.505
a = 1.000 o =0.884 o =0.883
o = 1.485 o =1.383 o =1.381
a=4.116 o =4.046
a=4.122 oa=4.052

For the 47 periodic solutions, let

x(t) = Z d,e2™,

n=—oo

. . . . . 1,
As in the previous case substitute x () into eqn (9.28) and equate to zero the coefficients of ez

so that

1Bdyi2 + (@ — 2n*)dy + $dy—1 = 0,

n=0,1,2...).

This set of equations split into two independent sets for {d,}. If n is even then the equations
reproduce those of (9.35) for the 27t period solutions. Therefore we need only consider solutions
for n odd, and can put d3,, = 0 for all m. For n odd, the set of equations have a nontrivial
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solutions if, and only if,

&2 1 52 0 0 0
0 & 1 8 O 0 _0
0 0 & 1 8 0 o
0 0 0 6 1 &
where
81 = le, & = le,
p

-1,2,...,

dm = 5
2[a — 32m — 1)2]

provided o # }‘(Zm —1)2. The numerical relation between « and 8 can be computed by taking
finite approximations to the infinite determinant. The transition curves corresponding to the
47 periodic solutions are shown in Fig. 9.3. The curves pass through the critical points 8 = 0,
o= %(Zm -3, m=1,2,3,...).

Exercise 9.3
For the 47 -periodic solutions of Mathieu’s equation, let

2@—1 B

G =| "o ety |
2@—73) B 0 0
_ B 2a-1 B 0
GZ(aaﬂ) - 0 /3 2(()[ _ %) ,3
0 0 B 2@-9

Obtain the relations between B and « in the first two approximations to the zeros of
Gi(a,8) = 0 and Gy (a, B) = 0.

9.4 Transition curves for Mathieu’s equation by perturbation

For small values of |8] a perturbation method can be used to establish the transition curves. In
the equation

X4+ (@4 Bcost)x =0, (9.42)
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suppose that the transition curves are given by
o =a(f) =ao+ par + flaz---, (9.43)
and that the corresponding solutions have the form
x(1) = x0() + Bx1(1) + B2 (D) + -, (9.44)

where xg, x1, ... all have either minimal period 27 or 47.
When (9.43) and (9.44) are substituted into (9.42) and the coefficients of powers of 8 are
equated to zero in the usual perturbation way, we have

Xo + agxg = 0, (9.45a)
X1 + agx1 = —(aq + cost)xg, (9.45b)
X2 + agxy = —axxg — (a1 + cost)xq, (9.45¢)
X3 + apx3 = —a3xg — axx1 — (a1 + cost)xy, (9.45d)

and so on.

From the analysis in the Section 9.3, we are searching for solutions with minimum period
27 if ag = n?, n —0,1,2,..., and for solutions of minimum period 47 if ¢g = (n + %)2,
n = 0,1,2,.... Both cases can be covered by defining ag = %nz, n=20,1,2,... We consider
the casesn =0 and n = 1.

(i) n = 0. In this case ag = 0 so that X9 = 0. The periodic solution of (9.45a) is xg = ao,
where we assume that ag is any nonzero constant. Equation (9.45b) becomes

X1 = —(a1 + cost)ao,
which has periodic solutions only if @1 = 0. We need only choose the particular solution
X1 = apcost.

(inclusion of complementary solutions does not add generality since further arbitrary constants
can be amalgamated). Equation (9.45¢) becomes

Xy = —agoy — %ao —ap cos?t = —aopa) — %ao — %ao cos 2t,

which generates a periodic solution of 27 (and 7) only if ay + %ao = 0, thatis, if ap = —%ao.
Therefore choose

Xy = %ao cos 2t.
From (9.45d),
X3 = —a3xp — apag cost — %ao cost cos 2t

=ap[—a3 — (a2 + %6) cost — %6 cos 3¢].
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Solutions will only be periodic if a3 = 0. Therefore, for small |8,
o =3+ 0(pY,

which is a parabolic approximation to the curve through the origin in the «, 8 shown in Fig. 9.3.
The corresponding 27 periodic solution is

x =ap[l+ Bcost + §p%cos2t]+ O(B>).

(ii) n = 1. In this case ap = }‘, and xo = ag cos %t + bg sin %t. Equation (9.45b) becomes

X1+ %xl = — (a1 + cost)(ag cos %t + by sin %t)
= —ag(aq + %) cos %t —bo(a1 — %) sin %t—%ao cos %t — %bo sin %t (9.46)
There are periodic solutions of period 47 only if either by = 0, a1 = —%, orag=0,01 = %
Here are two cases to consider.
(a) bp = 0, a1 = —%. It follows that the particular solution of (9.46) is x1 = }Tao cos %t.

Equation (9.45c¢) for x; is

X2+ }sz = —(a2 + %)ao cos %t + %ao cos %t - %ao cos %t.
Secular terms can be eliminated by putting oy = — %. Hence one transition curve through o = Al‘,
B=0is
1_1 1
a=7—35B8—3B*+ 0. (9.47)

(b) ap = 0, a1 = 4. From (9.46), x1 = $bg sin 31. Equation (9.445c) becomes

X+ %xz = —(a2 + %)bo sin %t — %bo sin %t — %bo sin %t.
Secular terms can be eliminated by putting ay = —%. Therefore the other transition curve is
given by
a =7+ 38— §B*+ 0. (9.48)

The transition curves given by (9.47) and (9.48) approximate to the computed curves through
@ = 1, B = 0 shown in Fig. 9.3.

The same perturbation method can be applied to approximate to the transition curves through
a=1, %, 4, % .... A more extensive investigation of perturbation methods applied to Mathieu’s
equation is given by Nayfeh and Mook (1979, Chapter 3).
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9.5 Mathieu’s damped equation arising from a Duffing equation

As we saw in Section 9.1, the variational equation for the undamped forced, pendulum
is Mathieu’s equation (9.10) or (9.28). With dissipation included, the Duffing equation in
standardized form is

¥+ kx +x +ex’ =T cosot. (9.49)

In Chapter 7 we also showed that this equation has periodic solutions which are approximately
of the form a cos wt + bsin wt where r = /(a® + b?) satisfies

[ =1-Fer? 402 }r? =12, (9.50)

which reduces to eqn (7.23) if ¢ replaces B in the earlier notation. Following the notation and
procedure of Section 9.1, write (9.49) as the first-order system

ol .
= |:y:| B |:_ky —X _8x3+FCOSa)t:| (9.51)

and put (approximately)

x* =acoswt +bsinwt, y* = —awsinwt + bw coswt.
The variations § = x — x* and n = y — y* satisfy

E+ X" =n+y,

. k E3 k *k 3

n+y ' =—k(n+y)—E+x)—eE +x7)° + T coswt.

By using (9.51) and retaining only the first powers of & and n we obtain corresponding linearized
equations

E=n, n=—kn—&—3ex™e.
Elimination of 5 leads to the second-order equation
E+ké+(1+3ex*)E =0.
By substituting for x* its approximate form a cos wt + b sin wt we obtain
Ekét {1 +3er? 4+ 3er? cosQoot + 2c)}g —0, (9.52)
where r, ¢ are defined by

acoswt + bsinwt = r cos(wt + ¢).
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We can reduce the eqn (9.52) to ‘standard’ form by putting

d
T=2wt+2y, &= _é,
dr
k 24 3er? N P 3er? p
K=— =K1 V= —r—=1g+eV = = B1e
% 1€, ) 0 15 ) 1€,
say, so that
£ + kg + w4+ Bcost)E =0, (9.53)

This is known as Mathieu’s equation with damping.
We assume that 0 < ¢ < 1, k = O(¢) and w & 1 = 1 + O(¢) (near resonance). For near
resonance v = % + O(¢). Let n = &’ in (9.53). Then the corresponding first-order system is

€] 0 1 1€z
C_[n’]_[—v—ﬁcosr _K][n]—mr)c, (9.54)

say. The characteristic numbers of P (1) satisfy (see Theorem 9.5)

2 27
U112 = €Xp |:/ U’{P(‘L’)}d‘[:| = exp |:_f Kd‘L’:| — 6—271’/('
0 0

The numbers 11 and w; are solutions of a characteristic equation of the form
2 — o, B k) + e 2" = 0. (9.55)
The two solutions are
w12 = 319 £ Vip? — 4e 2. (9.56)

For distinct values of 1 and w3, (9.54) has 2 linearly independent solutions of the form (see
Theorem 9.3)

S =pi(0e”t (G =1,2),

where 2™ = u;, (i =1,2) and p; are functions of period 27.
From (9.55), the general solution for &, the first component of £, is given by

£ = c1q1(D)e”'" + 22 (), (9.57)

where c1, ¢ are constants and ¢1(t), ¢2(r) have minimum period 27: n can then be found
from n’ = &. The stability or otherwise of the periodic solution of (9.53) will be determined by
the behaviour of & in (9.57). If the solution for & is damped then we can infer its stability. The
characteristic exponents may be complex, so that the limit £ — 0 as t — oo will occur if both
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=1+

¢ =2)

$=—1-1%

-2

Figure 9.4 The boundaries of the shaded region are ¢ = 21, ¢ = 1+ 12, and ¢ — 21, ¢ = —1 — A2, where A = e ¥,

Re(p1) <0 and Re(p2) < 0. This is equivalent to |u1] <1 and |u2| < 1. There are three cases to
consider.

o $2>4e 2% 1y and py are both real and positive, or both real and negative according to
the sign of ¢: in both cases uy < uq. If they are both positive, then the periodic solution is
stable if

1= 309 + V(@7 — 4] < 1, or, ¢ < 14e P (9.38)

For ¥ > 0, this lower bound is always greater than 2e "%, The shaded region in ¢ > 0 in
Fig. 9.4 shows the stability domain. Similarly if ¢ < —2e~"*, then the stability boundaries

are ¢ = —2e " and ¢ = —1 — e~ "%, which are also shown in Fig. 9.4.

o ¢ = 4e=27 Inthiscase u| = py = %q& =te " = pu,say. If u = e "%, then p = —%K, and
if £ = —e ™% then Re(p) = —%K. In both cases the solution is stable, also shown shaded in
Fig. 9.4.

o ¢ <4e 2™, ;1 and pup are complex conjugates given by %(qﬁ:i:i@), where 0 =
J[4e 27 — ¢2]. The system is therefore stable if |¢| < 2.

As in Section 9.5, we can search for periodic solutions of periods 27 and 47 by using Fourier
series. Let

Er) = ) cpe.

n=—0oo

Substitute this series into (9.50) so that

Z [Bens1 + 2{v — n? + ikn}e, + Ben—11e™ = 0.

n=—oo
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where we have used cost = %(eir + e717). These equations will only be satisfied for all  if

Bens1 +2{v —n* +iknjen + Ben1 =0, n=0,+1,42,.... (9.59)
Let
B

Yn = 2(v —n? +ikn)’

(9.60)

and express eqns (9.59) in the form

Yn+1Cnt1 + Cn + Yn—1¢n—1 = 0. (9.61)

There are non-zero solutions for the sequence {c,} if, and only if the infinite determinant is
zero, that is,

or

Y
<o

y 0
O »»w 1 y»w 0 - |=0,
0 0 7, 1 7, -

P

since y_, =y, (n =1,2,...), the conjugate of y,. We can approximate to the determinant by
choosing a finite number of rows. Let

t'n 0 B 1)
0 7, 1 2v[(v — 1)% + k4]

With v = 1 + O(e),
Ei=1+ %,3282 + o(g?).

Hence Eq cannot be zero for ¢ small. The implication is that there are no 27 periodic solutions
in the variable 7.
To search for 47 periodic solutions, let

ad 1
S — E dnejlnl’.

n=-—0o0o
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Substitution of this series into (9.50) leads to

o0
3 [Bdusa +2{v — tn? + Likn)d, + Bd,_21e" = 0.

n=—oo

These equations will only be satisfied for all 7 if
Bdyia +2{v — in? + Yikn)d, + Bd,_> = 0. (9.62)

As in Section 9.3 there are two independent sets of equations for n even and for n odd. The
even case duplicates the previous case for 27 periodic solutions so that we need not consider
it. For the case of n odd, let

B

= l
2[v — 2@2m — D2 + 1 @2m — Dyix] m=1

Elimination of {d,} in (9.62) results in the infinite determinant equation

5 1 & 0 0 0
0 & 1 & 0 0 o
0 0 & 1 3 0 :
0 0 0 & 1 3

where §,, is the conjugate of §,,. The value of this determinant can be approximated by

1 6 < B
Gi=| = =1-6161=1— ——— + O(e).
1 ‘81 1 101 PR (e)
To lowest order, G; = 0 if
Bi
—————=0, or —«?
R 2V =D

Therefore the stability boundaries are given by
=1t 1ey(BF - kD) +0(e)

Note that if k1 =0 (no damping), then the stability boundaries given by (9.45) can be
recovered. Note also that x1 < 1 is required. Using the stability boundaries, the periodic
solution of the Dufﬁng equation is stable in the domain defined by

V< g— —8\/(/31 —k?), or v> Z (9\/(,31 —k?),
or

w—5H?%> 1e2(BF — kD).
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eB1
0.6
Unstable

0.

02+

Stable
, , , , v
-0.2 0.2 0.4 0.6 0.8

Figure 9.5 The stability for the damped Duffing equation with ex; = 0.3 and w ~ 1.

A typical stability domain is shown in Fig. 9.5 for ex; = 0.3 in the neighbourhood of resonance
near w = 1. In terms of the original variables, the condition becomes

2 2
2+ 3er 1 1| (3er? k2 0
—_— — — —_— [ _—— >
8w? 4 4|\ 8w? 4? ’

(1 —w?? +3e(1 — w)r? + Fe*r* + k20? > 0. (9.63)

or

Since the solutions of the damped Mathieu equation tend to zero in the stable region, asymptotic
stability is predicted, confirming the analysis of Chapter 7.
We can also confirm the remark made in Section 5.5 (vi): that stability is to be expected when

d(r?)
123 > 0, (9.64)
that is, when an increase or decrease in magnitude of I" results in an increase or decrease
respectively in the amplitude. From (9.51) it is easy to verify that d(I'2)/d(r2) is equal to the
expression on the left of (9.63), and the speculation is therefore confirmed.

In general, when periodic solutions of the original equation are expected the reduced equa-
tion (9.4) is the more complicated Hill type (see Problem 9.11). The stability regions for this
equation and examples of the corresponding stability estimates may be found in Hayashi (1964).

Problems

9.1 The system

X1 = (=sin2f)x1 4+ (cos2t — 1)xy, X3 = (cos2t + 1)xq + (sin2¢)xy



9.2

9.3

9.4

9.5

9.6

Problems

has a fundamental matrix of normal solutions:

el(cost —sint) e !(cost +sint)
ef(cost +sint) e !(—cost+sint) |°

Obtain the corresponding E matrix (Theorem 9.1), the characteristic numbers, and the characteristic
exponents.

Let the system ¥ = P(¢)x have a matrix of coefficients P with minimal period T (and therefore also
with periods 27,37T,...). Follow the argument of Theorem 9.1, using period mT,m > 1, to show that
®(r +mT) = ®()E™. Assuming that if the eigenvalues of E are y;, then those of E™ are u!*, discuss
possible periodic solutions.

Obtain Wronskians for the following linear systems:

(1) X1 = xqsint + xp cost, Xy = —x1 CcoOst + x) sint,

(ii) X1 = f()x2, X2 = g(t)x1.

By substituting x = ¢ + a cost + bsint into Mathieu’s equation

X4+ (¢ + Bcost)x =0,

obtain by harmonic balance an approximation to the transition curve near « = 0, 8 = 0, (compare with
Section 9.4).

By substituting x = ¢ + a cos %t + bsin %t, find the transition curves near o = %, B =0.
Figure 9.6 represents a particle of mass m attached to two identical linear elastic strings of stiffness A and
natural length . The ends of the strings pass through frictionless guides A and B at a distance 2L, [ < L,
apart. The particle is set into lateral motion at the mid-point, and symmetrical displacements a + b cos wt,
a > b, are imposed on the ends of the string. Show that, for x < L,

. 2ML —14+a) 2xb
Xi+|————+ —coswt | x =0.
mL mL

a+bcos wt a+bcoswt

Figure 9.6

Analyse the motion in terms of suitable parameters, using the information of Sections 9.3 and 9.4 on the
growth or decay, periodicity and near periodicity of the solutions of Mathieu’s equation in the regions of
its parameter plane.

A pendulum with a light, rigid suspension is placed upside-down on end, and the point of suspension is

caused to oscillate vertically with displacement y upwards given by y = e coswt, ¢ < 1. Show that the
equation of motion is

. 1
i+ (—5 - fji) sinf = 0,
a a

where a is the length of the pendulum, g is gravitational acceleration, and 6 the inclination to the vertical.
Linearize the equation for small amplitudes and show that the vertical position is stable (that is, the
motion of the pendulum restricts itself to the neighbourhood of the vertical: it does not topple over)



9.7

9.8

9.9
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provided e2w?/(2ag) > 1. For further discussion of the inverted pendulum and its stability see Acheson
(1997).

Let ®(t) = (¢;; (1)), i, j = 1,2, be the fundamental matrix for the system X1 = x5, ¥ = —(a + B cost)xq,
satisfying ®(0) = I (Mathieu’s equation). Show that the characteristic numbers u satisfy the equation

12 = {11 Q) + ¢22 Q1)+ 1 = 0.

In Section 9.3, for the transition curves of Mathieu’s equation for solutions period 27, let Dy, be the
tridiagonal determinant given by

1 Ym 0
Ym—1 1 Ym—1

Yn—1 1 v
0 Yn 1

form > 0,n > 0. Show that

Dy = Di—1,n — YmYm—1Dm—2.n-
Let E;, = Dy, and verify that
Eog=1, Ei=1-2yy, Ey=-yr)*-2rnd-rr).
Prove that, forn > 1,
Eni2 =0 = Va1 Vn+2) Ent1 — Vat1Vn+2(1 = Va1 va+2) En
+ V;127713+1)’n+2En—1-

In eqn (9.38), for the transition curves of Mathieu’s equation for solutions of period 4, let

Show as in the previous problem that G, = F), , satisfies the same recurrence relation as E,, for n > 2 (see
Problem 9.8). Verify that

G1=1-48%,
Gy = (1-815)* 83,

G3 = (1818 — 583> — 57(1 — 5,83)°.

9.10 Show, by the perturbation method, that the transition curves for Mathieu’s equation

X+ (@+ Bcost)x =0,

near o =1, =0, are given approximately by « =1 + ﬁﬁz, a=1- %,32.
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9.12
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Problems

Consider Hill’s equation X + f(t)x = 0, where f has period 27, and

o0
f(@) =a+Zﬂrcosrt

r=1
is its Fourier expansion, with o ~ % and |Br| < 1,r=1, 2,.... Assume an approximate solution e®’g(¢),

where o is real and ¢ has period 47 as in (9.34). Show that

o0
G+20q+ 02+a+2ﬁ,cosrt q =0.
r=1

Take ¢ ~ sin(¢+y) as the approximate form for ¢ and match terms in sin 1, cos lt, on the assumption
q s pp q 20 2 p
that these terms dominate. Deduce that

or =—(@+ 1+ 3/ Ga+ )

and that the transition curves near o« = % are given by a = % + %/31. (Bn is similarly the dominant
coefficient for transition curves near o = %nz, n>1.)
Obtain, as in Section 9.4, the boundary of the stable region in the neighbourhood of v=1, =0 for
Mathieu’s equation with damping,

X4+xx+ W+ pBcost)x =0,

where k = 0(/32).

Solve Meissner’s equation
X+@+Bft)x=0
where f(1) =1,0 <t <m; f(t) = -1, 7 <t < 2w and f(t +27x) = f(¢) for all z. Find the conditions

on o, B, for periodic solutions by putting x(0) = x(27), x(0) =x(27) and by making x and x continuous
at t = . Find a determinant equation for « and 8.

By using the harmonic balance method of Chapter 4, show that the van der Pol equation with parametric
excitation,

)'c'—i—s(xz—l))'c—l—(l—i—ﬂcost)x =0

has a 27 -periodic solution with approximately the same amplitude as the unforced van der Pol equation.

The male population M and female population F for a bird community have a constant death rate k and
a variable birth rate u(z) which has period T, so that

M =—kM + u@t)F, F = —kF + u()F.
The births are seasonal, with rate

@ = 8, O<rt<eg
H = 0, e<t=<T.

Show that periodic solutions of period T exist for M and F if kT = §e.

A pendulum bob is suspended by a light rod of length a, and the support is constrained to move vertically
with displacement ¢ (7). Show (by using the Lagrange’s equation method or otherwise) that the equation
of motion is

al + (g +Z(t))sind =0,
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9.18

9.19

9.20

9.21

9.22

9.23

9 : Stability by solution perturbation: Mathieu’s equation

where 6 is the angle of inclination to the downward vertical. Examine the stablity of the motion for the
case when ¢(r) = ¢ sin wt, on the assumption that it is permissible to put sinf ~ 6.

A pendulum, with bob of mass m and rigid suspension of length a, hangs from a support which is
constrained to move with vertical and horizontal displacements ¢ (¢) and 5(¢) respectively. Show that the
inclination 6 of the pendulum satisfies the equation

abl + (g +£)sinf + ijcos @ = 0.
Let ¢ = Asinwt and n = Bsin2wt, where w = 4/(g/a). Show that after linearizing this equation for
small amplitudes, the resulting equation has a solution

0 =—(8B/A)coswt.

Determine the stability of this solution.

The equation

X+ (% — 2¢b cos® %t)x +ex3=0

has the exact solution x*(r) = ./(2b) cos %t. Show that the solution is stable by constructing the
variational equation.

Consider the equation ¥ + (@ + B cost)x =0, where |f| <1 and « = 14 B¢, In the unstable region near

q 7 g

a = % (Section 9.4) this equation has solutions of the form c1e°?qq(¢) + c2e~%"q,(t), where o is real,
o > 0 and q1, > have period 4. Construct the equation for g1, g2, and show that o ~ iﬂ\/(% —c2).
By using the method of Section 9.5 show that a solution of the equation

X +s(x2 —1Dx+x =T coswt
where || € 1, w=1+ w1, of the form x* = rq cos(wt + &) (« constant) is asymptotically stable when
4w%+%6rg—r§+l < 0.
(Use the result of Problem 9.19.)

The equation

¥ 4 ax +ex3 = gy cos wt

has the exact subharmonic solution
x = (4)/)1/3 cos %wt,

when

3
wr=9 ((x + msy2/3> .

If 0 < & « 1, show that the solution is stable.
Analyse the stability of the equation

)'c'—i—exxz—i-x =TI coswt

for small &: assume I' = ¢y. (First find approximate solutions of the form acoswt + bcoswt by the
harmonic balance method of Chapter 4, then perturb the solution by the method of Section 9.4.)

The equation X + x + ex3 = Tcoswt(e < 1) has an approximate solution x*(f) = acoswt where
(eqn (7.10)) %sa3 — (@* — 1)a — T'=0: Show that the first variational equation (Section 9.4) is
£ + {1+ 3ex*2(1)}& = 0. Reduce this to Mathieu’s equation and find conditions for stability of x*(¢) if
I'=c¢y.



Problems

9.24 The equation ¥ + x — +x3 = 0 has an approximate solution a coswt where w? = 1 — %az, akl1

(Example 4.10). Use the method of Section 9.4 to show that the solution is unstable.

9.25 Show that a fundamental matrix of the differential equation

x = A()x,
where
A | Beosti—sin’t 1= (1+pysinicost
T |-1- (1 +pB)sintcost —1+ (1 + p)sin?¢

is
ePlcost  e! sint]

—ePtsint e cost

(1) = [

Find the characteristic multipliers of the system. For what value of 8 will periodic solutions exist?

Find the eigenvalues of A(7) and show that they are independent of 7. Show that for 0 < 8 < 1 the
eigenvalues have negative real parts. What does this problem indicate about the relationship between the
eigenvalues of a linear system with a variable coefficients and the stability of the zero solution?

9.26 Find a fundamental matrix for the system
x=A®0)x,

where

A(t):|: sin ¢t ) 1 ]

—cost +cos“t —sint

Show that the characteristic multipliers of the system are uq = €2 and uy = e 27. By integration

confirm that
2w
exp / tr{A(s)}ds | = uiup = 1.
0
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Liapunov methods for
determining stability of
the zero solution

In Chapter 1, we described the ‘energy method’ for determining that an equilibrium point at
the origin is an attractor, in connection with simple systems that allow a discussion in terms
of the change in energy levels along the phase paths as time progresses. The Liapunov theory
described in this chapter may be regarded as a development of this idea. It has no necessary
connection with energy, concerns solution stability rather than Poincaré stability, and has a
broader field of application. We discuss only two-dimensional autonomous systems in detail,
but the theory can be extended to higher-dimensional and nonautonomous cases (Cesari 1971).

Sections 10.1 to 10.4 give a geometrical treatment for two-dimensional systems based on the
Poincaré-Bendixson theorem applied to topographic systems of a simple type. In particular it
is shown how a further requirement will frequently allow asymptotic stability to be proved by
using a weak Liapunov function. In Section 10.5 the theorems are proved in the usual, and
more general, form. With small changes in expression they also apply to n-dimensional cases.

10.1 Introducing the Liapunov method
To point the direction in which we are going, consider the following example.

Example 10.1 [Investigate the phase paths of the system

)%:—y—x3, )'):x—y3.

The system has only one equilibrium point, at the origin. Consider the family of circles
V(x,y) :xz—{—y2 =a, O<a<oo,

which are centred on the origin and fill the plane. We shall show that every path crosses these circles in an
inward direction; that is to say, the value a of V(x,y) strictly decreases along every phase path as time ¢
increases to infinity. This is illustrated for one path in Fig. 10.1.

To prove this, consider any particular phase path P, corresponding to a solution x(¢), y(¢). On this path

Vix,y) =Vix(®),y®)}

(), (o)
dt Jp ax 8yy73

= 2x(—y —x%) + 2y(x — %)

SO

= 20+ yh.

Except at the origin, (dV/dr) < 0 on every phase path P, so V is strictly decreasing along P. In other words,
the representative point on P moves across successive circles of decreasing radius, as in Fig. 10.1. It is plausible
to deduce that unless its progress is blocked by a limit cycle, P enters the equilibrium point at the origin as
t — oo. [ ]
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y
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N

Figure 10.1 Path P crossing the family of circles in the inward direction.

The family of curves V (x,y) =x?+ y> =« in Example 10.1 is called a topographic system
for the problem, and it plays a similar role to the energy levels which appear in the energy
method of Chapter 1.

Some progress has been made beyond the linear approximation at the origin for this system,
which predicts a centre rather than a spiral. However, the proof that all paths enter the origin
as t — oo is incomplete, and we still need to prove Liapunov stability rather than Poincaré
stability.

Exercise 10.1
Show that V (x,y) =x? 4 y? is a topographic system for

H |

What type of equilibrium point is the origin?

10.2 Topographic systems and the Poincaré-Bendixson theorem

We need to define a class of general topographic systems which have a topological structure
similar to the family of circles used in Example 10.1. They take the form

V(X,J’):Ol, Ol>0,

and consist of a family of closed curves, surrounding the origin, which converge on to the origin
(continuously) as « — 0, as suggested in Fig. 10.2. Formally, we shall adopt the conditions in
Definition 10.1, although these may be relaxed in some respects without affecting our results
(see Section 10.5). In the theorem statement, a connected neighbourhood of the origin can be
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y .
o decreasing to zero

/
L

Figure 10.2

regarded as any simple ‘patch’ on the x,y plane covering the origin that is also an open set,
in the sense that its boundary is excluded. Thus the set of points satisfying x> + y> <1 is an
example of a connected neighbourhood of the origin.

Definition 10.1 (Topographic System) In some connected neighbourhood N of the origin, let
V(x,y) satisfy:
(i) V(x,y) is continuous; dV/dx,dV/dy are continuous except possibly at the origin.

(i) V(0,0)=0and V(x,y)> 0 elsewhere in N.

(iii) Awvalue of n > 0 exists such that, for every value of the parameter a in the interval 0 < a < p,
the equation V(x,y) =a for (x,y) in N defines, uniquely, a simple closed curve T, in N'
which surrounds the origin. Then the family of curves V(x,y)=a, 0 <a < u is called a
topographic system on N, where N, is a connected neighbourhood of the origin defined
by V(x,y) <, where N, € N.

Theorem 10.1  The topographic system of Definition 10.1 has the following properties:

(i) V(x,y) <a in the interior of the topographic curve 1,, 0 <o < .

(ii) There is a topographic curve through every point interior to Ty, 0 <a < p (Le., N is a
connected neighbourhood of the origin).

(iif) If 0 <oy <ap <, then Ty, is interior to Ty,, and conversely.

(iv) As o — 0 monotonically, the topographic curves 1, close on to the origin.

Proof The proof of Theorem 10.1 is given in Appendix B. [ |

The neighbourhood N, can be regarded as the largest open set in which the conditions (i)
to (iii) hold good, but it is often convenient to use a smaller value of u, so that NV, is smaller,
and a smaller range of topographic curves is utilized.
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Despite the technicalities it is usually easy to see when the conditions are satisfied. For example
they are satisfied by the system

V(x,y) =x*+y*=a, N, is the whole plane;

or we may adopt a smaller AV}, say x* +y? < 1.
For the function given by

Vix,y) = rle " = a,

the greatest V,, allowed is the interior of the circle r =1, corresponding to u = e~ ! (otherwise
the uniqueness requirement in Definition 10.1 (iii) is not satisfied: to see this, sketch the curve
V= rze_’z, which turns over when r =1).

Consider the surface defined by the equation

z=V(x,y).
The contours or level curves on the surface, projected on to the x, y plane are given by
Vix,y) =a,

where the parameter « takes a range of values. If the contours form a topographic system on
a range 0 < a < u then the surface must be bowl shaped or trumpet shaped near enough to the
origin, as shown in Fig. 10.3.

Theorem 10.2, proved in Appendix B, defines a fairly broad class of eligible functions V (x, y)
which suffices for ordinary purposes, and which are usually easy to identify. They are restricted
to curves consisting of oval shapes that are concave with repect to the origin.

(@) (b)
2=Vxy)

Figure 10.3 Showing typical topographic curves as projections of contour of the function z = V (x, y).
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Theorem 10.2 In some neighbourhood N of the origin let V(x,y) be continuous, and
aV/dx, dV/dy be continuous except possibly at the origin. Suppose that in N,V (x,y) takes
the polar coordinate form

V(x,y) =r?f(0)+ E(r,0),

where

(i) V(0,0) = 0;
(i1) g > 0O;
(iii) f(0) and f'(®) are continuous for all values of 0;
(iv) f(0) > 0, and has period 27;
)

(v limo r~1tY 9 E/ar)=0 for all 6.
Then there exists i > 0 such that
Vi,y)=a, O<a<pu

defines a topographic system covering a neighbourhood of the origin N,,, where N, lies in N.
Proof See Appendix B. [ |

As a special case, if V(x,y) can be represented by a Taylor series about the origin with
V(0,0) =0, and the group of terms of lowest degree present has a minimum at the origin, then
the conditions are satisfied. A useful sub-class of this type are functions of the form

Vix,y) = f(x) +g(y),

where f(x) and g(y) have Taylor series starting with terms Ax?" and By?™ respectively with
A and B positive (see Fig. 10.3(a)).

The theorem also allows trumpet-shaped surfaces (see Fig. 10.3(b)) arising from expansion
in fractional powers, for example the radially symmetric system

_ 172 _ 1
Vix,y)=r? —r =a, O<a<g.

Here pn= }‘, and NV, is the region r < % (to secure uniqueness of the topographic curves required
by Definition 10.1).

In tracking the progress of the paths in the vicinity of an equilibrium point the following
major theorem is frequently required.

Theorem 10.3 (The Poincaré—Bendixson theorem) Let R be a closed, bounded region in the
(x,y) plane on which the system x = X (x,y),y =Y (x,y) is regular (Appendix A). If a positive
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Figure 10.4 (a) H is a closed paths, (b) H approaches a limit cycle; (¢) H approaches an equilibrium point E.

half-path H defined in Section 8.11 lies entirely on R, then either

(1) 'H consists of a closed phase path on R;
(i) H approaches a closed phase path on R;
(iii) H approaches an equilibrium point on R. |

The theorem confirms what we should expect: that for regular systems there are no limiting
cases other than closed phase paths and various types of equilibrium point, and that a path
cannot wander about at random forever. However, the proof is difficult (see, e.g., Cesari (1971)
or Andronov et al. (1973)). The three alternatives are illustrated in Fig. 10.4.

Exercise 10.2
Find the time solutions for the positive half-paths of

i=x(1—-x*—=y)+y, y=y1-x*-y})—x,

which start at (a) x=1, y=0, (b) x =2, y=0, at time =0, and discuss their subsequent
behaviour. (Hint: switch to polar coordinates.)

10.3 Liapunov stability of the zero solution

We shall consider regular, autonomous systems (see Appendix A) having the form
x=X(x,y), y=Y(x,y), (10.1)
with an equilibrium point at the origin:
X(0,0) =Y(0,0) =0; (10.2)

(assuming that, if necessary, the equilibrium point whose stability is being considered has been
moved to the origin by a translation of the axes).
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T Topographic curve
Vix.y) =a

P:(x,y)

Phase path

Figure 10.5 A phase path P crossing a topographic curve defined by V (x,y) = .

We adopt a topographic system (Definition 10.1) defined in a neighbourhood N, of the
origin by a function V (x, y):

Vi, y)=a, 0<a <y (10.3)

with V(0,0) = 0.

Now define the function V(x,y), whose sign at a point P will determine whether the
phase path of (10.1) through P crosses the topographic curve through P inwardly (« decreas-
ing) or outwardly (o increasing). In Fig. 10.5, 7 is the topographic curve and P the phase

path through the arbitrary point P: (x,y) in N,. Let the time solutions corresponding
to P be

x =x(1), y=y(@).
The time rate of change of V (x(¢), y(¢)) along P at the point P is given by

Ly ey =2V 33V o x2V y2Y
—Vix =Xi—+y—=X— —.
dr Y 0x yay ox 0y

This is a function of position, denoted by V (x, y):

. A% A
Vix,y)=X—+Y—. (10.4)
ax ay

Then, as illustrated in Fig. 10.6.

if V> 0at P, P points outward from 7;
if V.<0at P, P pointsinward across 7 ; (10.5)
if V.=0at P, P istangential to 7.

We shall refer to V(x, y) as a Liapunov test function for the system (10.1).
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(a) (b)

Figure 10.6 Phase path P crossing topographic curves 7. (a) V > 0 at P. (b) V < 0 at P. (c) V = 0 at P: the paths
are tangential and the directions undetermined.
Theorem 10.4 Let T, be a topographic curve in N, defined by
Vix,y) =a < u,
and suppose that
Vx,y) <0 inN,. (10.6)

Let H be any half-path that starts at a point P on, or in the interior of, Ty. Then H can never
escape from this region.

Proof (See Fig. 10.7). Let B be any point exterior to 7. Since a < u, there exists a1 with
o <aq < U, such that the topographic curve 7, lies between 7, and the point B. In order to
reach B, P must cross 7y, outwards, but since o1 > «, this would contradict (10.6). This result
is used in Theorem 10.5 and at several points thereafter. |

Figure 10.7 If V < 0 on A, and the topographic curve 7, lies in AV, then the path from a point P inside 7, cannot
reach B.

Theorem 10.5 (Liapunov stability of the zero solution) Let V (x, y) satisfy the conditions of
Definition 10.1, and let the system x = X(x,y), y = Y(x,y) be regular in N, and have an
equilibrium point at the origin. Suppose that

V(x,y) <0 (10.7)
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Figure 10.8

in the region consisting of N, with the origin excluded. Then the zero solution is uniformly
stable in the Liapunov sense.

Proof The following construction (see Fig. 10.8) takes place in NV,,.C; is a circle, centre the
origin, having arbitrary radius ¢, and enclosing no equilibrium points except the origin, 7 is
any topographic curve interior to Cg, and Cs is any circle of radius § which interior to 7. P is
any point in the interior of C5 and H the half-path starting at P, at a time #g which is arbitrary.
The same value of 7y is to be used for every such choice of initial point.

Since V(x,y) <0 in N, H can never enter the region exterior to 7 (by Theorem 10.4);
therefore H can never reach the circle C,. Stability of the zero time solution x*(¢) = y*(¢) =0,
follows immediately. Let the time solution correspoding to the arbitrarily chosen half-path H
be x(t), y(t), t > to. We have shown that given any ¢ > 0 there exists § > 0 such that if

(% (10) + y*(to))V? < 8
(i.e., if H starts in Cs) then
@@+ YNt <e, 1>t

(i.e., H never reaches C;). These are the conditions of Definition 8.2 for Liapunov stability of
the zero solution. Also, since § is independent of ¢y, the zero solution is uniformly stable. W

Notice the exclusion of the origin from the requirement (10.7). By (10.4), V, is zero at the
origin of dV/dx,0V/dy exist there; but this is not required by Definition 10.1. We are only
interested in making the distinction between V < 0 and V < 0 ouiside the origin.

Example 10.2  Show that the zero solution of the system
F=X,» =y, §=Y0r,»=-Ba*—Dy—x, B<0 (10.8)

is Liapunov stable.

This represents the van der Pol equation ¥ +8(x2 —1)x +x = 0 with negative parameter 8. Try the topographic
system given by the test function

V(x,y)=x2—|—y2=ot, O<a<u. (10.9)
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Then
aV A%

V,y) = X— + Y — = =28(* — 1)y2.
ax ay

Therefore
V(x,y) <0 when 0 < |x| < 1.

(We require ;& < 1in (10.9).) Theorem 10.5 determines that the zero solution, represented by the equilibrium
point at the origin of the phase plane, is Liapunov stable. )

A function V (x,y) which satisfies the conditions of Theorem 10.5 and which therefore pre-
dicts stability of the zero solution, is called a weak Liapunov function. The word ‘weak’ is used
because the condition V < 0 is not alone ‘strong’ enough to distinguish asymptotic stability
when it occurs. In Section 10.5 we show how it can be made successful in some cases by adding
a further condition.

Exercise 10.3
Suggest a weak Liapunov function for the zero solution of

F+ki+x3=0, x=y.

10.4 Asymptotic stability of the zero solution

Asymptotic stability of the zero solution requires, first, that the solution be Liapunov stable
and second, that in the phase plane all half-paths starting sufficiently near to the origin at a time
to approach the origin. The conditions of the following theorem exclude the obstacles, namely
closed paths and extraneous equilibrium points, that would block the progress of half-paths
on their way to the origin.

Theorem 10.6 Let V (x, y) satisfy the conditions of Definition 10.1 for a topographic system
in N, and let the system x = X(x,y), y = Y(x,y) be regular in N,,. Suppose also that

V(x,y) <0 (10.10)

in the region R, defined to be the neighbourhood N,, with the origin excluded. Then (a) there
are no equilibrium points in R, (the only possible equilibrium point is at the origin); (b) N,
does not contain any closed phase paths (limit cycles).

Proof (a)Let P be any pointin R,. Then P cannot be an equilibrium point since, from (10.4),

would be zero at P, which would contradict (10.10). Therefore the only possible equilibrium
point is at the origin.
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Boundary of A,

e — —

Figure 10.9

(b) (See Fig. 10.9) P is any phase path intersecting V,,, and A is any point on P in NV,. B is
any point in V,, on P subsequent to A and 74, 73 are the topographic curves through A and B
respectively: by (10.10), the direction of P is inward across 74 and 7. P can never re-emerge
across 7p to rejoin A, therefore P cannot be a closed phase path. In particular it cannot be a
closed phase path lying in NV,,. [ |

Theorem 10.7 (Asymptotic stability of the zero solution) Let V(x,y) satisfy the conditions
of Definition 10.1, of a topographic system, and in the neighbourhood N, of the definition let
the system x = X(x,y), vy = Y(x,y) be regular and have an equilibrium point at the origin.
Suppose also that

Vix,y) <0 (10.11)

in the region consisting of N, with the origin excluded. Then the zero solution is (a) uniformly
and (b) asymptotically stable.

Proof (a) The zero solution is uniformly stable by Theorem 10.5, since the condition (10.11)
implies the truth of condition (10.7).

(b) Let P be any point in N, 7T the topographic curve through P, and H the half-path
starting at P. The region consisting of 7 together with its interior is a closed region, so the
Poincaré-Bendixson theorem (Theorem 10.3) is applicable to H. Since, by Theorem 10.6, there
are no closed paths in V,,, or any equilibrium points apart from the origin, H must approach
the origin. Since H is arbitrary in NV}, all half-paths from N, approach the origin, so the zero
solution is asymptotically stable. |

A Liapunov test function satisfying the condition (10.11) for the system and therefore
determining asymptotic stability is called a strong Liapunov function.

Example 10.3 Investigate the stability of the zero solution of the system ¥ = —y — x3, y = x — y3.

Here we return to complete Example 10.1. The family of curves

V(x,y):xz—{—yz:a, 0<a< oo,
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is a topographic system. Then

. A% A%
Viny) = X— 4+ Y—— = (—y —x)2x + (x — y3)2y
dx ay

=—20* +yh

which is negative everywhere except at the origin. Therefore we have found a strong Liapunov function for the
system, and by Theorem 10.7 the zero solution is uniformly and asymptotically stable in the Liapunov sense.
(This result brings with it the fact that all phase paths approach the origin as ¢ — oo, which was the question
left unresolved in Example 10.1.) ®

Example 10.4 By using the Liapunov test function V(x,y) = x* + xy + y2, show that the zero solution of
the linear system x = y, y = —x — y is uniformly and asymptotically stable.

The proposed test function V (x, y) does define a topographic system, since
Viny) =x2+xy+y> =+ %y)2 + %yz >0
for (x,y) # (0,0). Also
V(x,y) = yQ2x +y) + (—x — y)(x +2y)
=~ +xy+yH)=-V(x,y <0.

for (x,y) # (0,0). Therefore, by Theorem 10.7, the zero solution is uniformly and asymptotically stable. (Also,
by Theorem 8.1, all the solutions have the same property since the system equations are linear.) ()

Example 10.5 Investigate the stability of the system x = —x — 2y, y = xy — y3.
The family of curves defined by

Vix,y) :xz—i—by2 =a, a>0, b>0
constitutes a topographic system (of ellipses) everywhere. We obtain
Vix,y) = —2(x> + 2 — b)xy* + by™h).

It is difficult to reach any conclusion about the sign of V by inspection, but if we choose the value b = 2 we
obtain the simple form

Vix,y) = —2(x2 +2y%

which is negative everywhere (excluding the origin). Therefore V (x, y) is a strong Liapunov function for the
system when

Vix,y) = X%+ 2y2.

By Theorem 10.7 the zero solution is uniformly and asymptotically stable. )

Exercise 10.4
Show that the system

F+Q243x)i+x=0
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is equivalent to the first-order system

F=y—x3, y=—x+2x3-2y.
Using the Liapunov function V (x,y) = x2 4+ y2, show that the origin in the (x, y) plane is
asymptotically stable.

In each of the cases of an asymptotically stable zero solution shown in Examples 10.3 to 10.5
we have displayed a neighbourhood NV, from which all half-paths approach the originast — oco.
Any neighbourhood having this property is called a domain of asymptotic stability or a domain
of attraction for the origin. \V;, will not, in general, be the largest possible domain of attraction,
since it depends on the Liapunov function chosen. If the domain of attraction consists of the
whole x, y plane, as in Example 10.4, the system is said to be globally asymptotically stable.

10.5 Extending weak Liapunov functions to asymptotic stability

In Example 10.2 we showed that the zero solution of the system x =y, y = —(x2 — 1)y — x,
with 8 < 0 is Liapunov stable, by using a weak Liapunov function V (x, y) = x2+ y2. However,
the linear approximation to the system,

)'c=y, y'=—x+ﬂy (/3<O)a

predicts a stable spiral or a stable node (in the Poincaré sense) at the origin. It therefore seems
likely that the zero solution is not merely stable, but asymptotically stable, so there might exist
a strong Liapunov function, having the property V(x,y) < 0 (rather than V(x,y) < 0) in a
region exterior to the origin. It is possible to construct such a function as will be shown in
Example 10.8; for example,

V(x,y) = {2+ gHx* — 2Bxy + 2y%).

However, we now show how it is often possible, and simpler, to work with a weak Liapunov
function in order to demonstrate asymptotic stability when it does occur.

Theorem 10.8 Let V (x,y) satisfy the conditions for a topographic system in Definition 10.1,
and let the system equations be regular, in N,,. Suppose that

(i) V(x,y) < 0 in the region consisting of N, with the origin excluded,
(ii) none of the topographic curves in N, is also a phase path.
Then N,, does not contain a closed phase path.

Proof 1In Fig. 10.10, A is any point in N, H is the half-path starting at A, and 74 is
the topographic curve through A. 74 is not a phase path (by the restriction (ii)) so H must
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Boundary of N,

Figure 10.10

separate from 7y, either immediately, or after following 74 for a time, but before completing
the cycle. Also, by (i) and Theorem 10.4, when H departs from 7y its direction is inward,
as shown.

Let B be a subsequent point on H, and 73 the topographic curve through B. By the same
argument, H must enter the interior of 7. Once there, it cannot emerge without violating
Theorem 10.4, so it can never rejoin A to form a closed phase path. Since the point A is
arbitrary there are, therefore, no closed phase paths in V,,. |

Theorem 10.9 (Conditions for asymptotic stability from a weak Liapunov function) Let
V (x, y) satisfy the conditions in Definition 10.1 for a topographic system V (x,y) = o, 0 <a < pu
in a neighbourbood N, of the origin, in which also the system x = X (x,y), y = Y (x,y) is reg-
ular with a single equilibrium point, situated at the origin. Suppose also that
(i) V(x,y) <0 in the region consisting of Ny, with the origin excluded (i.e., V(x,y) is a weak
Liapunov function);
(i) no (closed) curve of the topographic system is also a phase path.
Then the zero solution is uniformly and asympiotically stable.

Proof The zero solution is stable, by Theorem 10.5. We have to prove also that all half-paths
H starting in V,, approach the origin as t — occ.

Choose any point P in N,. Let H be the half-path starting at P at time 7, and 7 the
topographic curve through P. By Theorem 10.4 H cannot enter the exterior of 7, so it remains
in the closed region consisting of 7 and its interior.

By the conditions in the theorem statement there are no equilibrium points in this region
apart from the origin. Also the condition (ii) along with Theorem 10.8 ensures that there are
no closed phase paths on the region. Therefore, by the Poincaré—Bendixson theorem (Theorem
10.3) the arbitrarily chosen H, starting in V,,, must approach the origin. The zero solution is
therefore asymptotically stable. |
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In Theorem 10.9, notice the importance for the proof of recording firstly that the zero solution
is stable. It is not enough to prove that all neighbouring phase paths approach the origin. Such
a stable-looking feature of the phase diagram indicates Poincaré stability, but it does not
automatically mean that the representative points remain in step as t — 00.

It will usually be very easy to determine, in particular cases, whether the condition (b) of
Theorem 10.7 is satisfied by inspecting any curves along which V(x, y) = 0 in the light of the
following criteria:

Theorem 10.10 (Satisfaction of condition (b) of Theorem 10.9) Let C be any curve along
which V(x,y) = 0, under the conditions of Theorem 10.9. If either (a) C is not closed in N,
or (b) C is closed, but is not a topographic curve, or (c) C is not a phase path of the system,
then C is not a curve that need be considered under condition (b) of Theorem 10.7.

Proof (a) and (b) are obvious. For (c); if C proves to be a topographic curve, then it must be
tested against the differential equations since it might, by chance, prove to be a closed phase
path. (The possibility that V (x, y) is equal to zero on a topographic curve does not imply that
it is a phase path: it might merely indicate that at every point on the curve the phase path is
tangential to it and then continues inward, as at P; in Fig. 10.6(c).) [ |

In Example 10.2 we showed that the function V (x, y) = x? + y? is a weak Liapunov function
for the van der Pol equation for a negative parameter 8; this shows only that the zero solution
is stable. In Example 10.6 we shall use the reasoning above to show that it is asymptotically
stable.

Example 10.6 Show that the zero solution of the system x = y, y = —f(x% — 1)y — x, with B < 0, is
asymptotically stable.

Use the test function V (x, y) = X2+ y2 =a,0 < o < 1. In Example 10.7 we obtained
Vix,y) = —=2B(* = 1)y* <0 in N,

the neighbourhood NV, being defined by x24+y2<1.V=0onthecurvesy=0,-1<x<0andy=0,0<x <1
(since we exclude the equilibrium point (0,0)). These are not members of the topographic system (neither are
they closed; nor, plainly, are they solutions of the system). Therefore Theorem 10.9 applies and the zero
solution in asymptotically stable. )

10.6 A more general theory for autonomous systems

The following expression of the theory does not depend on the use of the Poincaré-Bendixson
theorem and the two-dimensional topographic systems of Definition 10.1, so the conditions
on the Liapunov functions are less restrictive. Also, comparatively small changes in wording
make the proofs available for n-dimensional systems.

We use the vector formulation. Put

x = [ﬁ] i = Bj (10.12)
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then the system equations are

i=X(x), (10.13)
where
[ X1(x)
X(x) = [Xz(x)] )

and X1(x), X2(x) are scalar functions of position such that (10.13) satisfies the regularity
conditions of Appendix A.
A scalar function f(x) is called

positive definite if £(0)=0, f(x)>0 whenx #0;
positive semidefinite if f(0) =0, f(x) >0 whenx # 0;
negative definite if £(0)=0, f(x) <0 whenx #0;

negative semidefinite if f(0) =0, f(x) <0 whenx #0.

The functions V(x) used in the previous sections are either positive definite or semidefi-
nite, but they have other restrictions imposed. Notice that if f(x) is definite, then it is also
semidefinite.

Theorem 10.11 (Liapunov stability) Suppose that in a neighbourbood N of the origin
(i) x = X(x) is a regular system and X (0) = 0;

(i) V(x) is continuous and positive definite;

(iii) V(x) is continuous and negative semidefinite.

Then the zero solution of the system is uniformly stable.

Proof Choose any k > 0 such that the circular neighbourhood |x| <k lies in V. Without loss
of generality, let & be any number in the range 0 < & <k. In Fig. 10.11, C; is the circle |x| =¢ in
the phase plane.

Figure 10.11
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Since C, is a closed set of points and V (x) is positive and continuous on C,, V (x) attains its
minimum value m, say, with m > 0, at some point on C,:

Ir(lzil’l Vix)=m > 0,

t:3

so that
Vx)>m >0 onCs. (10.14)
Since V(0) = 0 and V (x) is continuous at the origin
lirr%) V(x) =0.
Therefore there exists § > 0 such that
0<V(x) <m forall|x| <§; (10.15)

that is, for all x interior to the circle Cs having radius 8§, shown in Fig. 10.11.

Let x¢ be any point (excluding the origin) that is interior to Cs; H the half-path starting at
x at the arbitrary time 7g; and x (), ¢ > 1y, with x(¢fg) = x0, is the time solution corresponding
to H. By (10.15)

0<V(xg) <m (10.16)
and by condition (iii)
V(x(t) <0 (10.17)

for all t >t so long as the path remains in V. Therefore V (x(t)) is non-increasing along H, so
from (10.16) and (10.17)

0< V@) <m forallt> 1.

Therefore H can never meet C,, since this would contradict (10.14). The existence of the
solution for all 7 > 1 in the domain 0 < |x| < ¢ is then assured by Theorem A2 of Appendix A.

Therefore, given any ¢ > 0 there exists § > 0 such that for any path x(¢) the following is
true:

if |x(#9)| <8, then |x(t)| <& forallt> 1.
This is the definition of uniform stability of the zero solution, since § is independent of 7o. W
Theorem 10.11 remains true for systems of dimension n > 2.

Theorem 10.12 (Asymptotic stability) Suppose that in some neighbourbood N of the origin
(1) x = X(x) is a regular system, and X (0) = 0;

(i) V(x) is positive definite and continuous;

(iii) V (x) is negative definite and continuous.

Then the zero solution is uniformly and asymptotically stable.

Proof V(x) is negative definite, so it is also negative semidefinite and by Theorem 10.11
the zero solution is uniformly stable. It remains to show that, in terms of phase paths, there
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exists a neighbourhood of the origin from which every half-path approaches the origin, or that
lim;_, o0 x () = 0 for every such half-path.
Take any fixed value of k > 0 such that the circular neighbourhood

x| < k

bounded by C; (see Fig. 10.12) lies in V. By Theorem 10.11, there exists a number p > 0 such
that

lx(10)| = |xo| < p = |x()| <k forr> 1, (10.18)

where x(¢) is the time solution with initial condition x(¢p) = x, represented in Fig. 10.12 by
the half-path H from xo, and where C,, is the circular boundary |x| = p. Note that p depends
only on k since the system is autonomous.

Let C, be any circle, however small, defined by

x| =n, 0<n<lxol <p.

It will be shown that H will enter the interior of C, at some time 1, > 1.
Let R be the closed annular region defined by

n=<l|x| <k,

shown shaded in Fig. 10.12. By condition (iii), V (x) attains its maximum value M on R and
this value is negative:

M = max V(x) <0,
R

so that

Vix)<M <0 noR. (10.19)

Figure 10.12 R is shown as shaded.
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So long as H remains on R the values V (x(¢)) along H are given by

t

0 < V(x() = V(xo) +/ V(x(e) dr

fo

< V(xo) +M(t —ty),

by (10.19). V is non-negative, but the right-hand side becomes negative for large enough 1;
therefore, H must exit from R at some time, through one of the boundaries |x| = k or |x| = .
By (10.18), H cannot escape through Cy, so it must cross C, and enter its interior. Denote the
time of its first arrival on C, by ¢,.
Although 7 is arbitrarily small, H may, and in general will, emerge again and re-enter R. We
now show that, nevertheless, its distance from the origin remains infinitesimally bounded.
Choose any ¢ > 0 (however small) in the range

0<e<|xgl <p.
Since the solution is stable, there exists § > 0 such that any path entering Cs (see Fig. 10.13)
remains in the interior of C, for all subsequent time. Choose the value of n in the foregoing
discussion in the range 0 < n < §, and let C,, be the circle

lx|=n with0 <75 <.

We have shown above that H, starting in C, at time fy, will reach C, at a certain time #,. Since
C, is interior to Cs, H will remain interior to C;, for all ¢ > ¢,. (The existence of the solution is
secured by Theorem A2 of Appendix A.)

In terms of the corresponding time solution x(z) we have, proved that for arbitrary n > 0,

lx(t) <& forallt >1,,

Figure 10.13
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or that

lim x(r) =0,

=00
for every solution with 0 < |x(79)| < p. The region 0 < |x| < p is therefore a domain of
asymptotic stability. [ |

Theorem 10.12 remains true for systems of dimension n > 2.

Exercise 10.5
Using the Liapunov function V (x, y) = x + y2, show that the origin of

i=—x+yl-x*—y"), y=-y—x(1-x>—y?

is asymptotically stable.

10.7 A test for instability of the zero solution: n dimensions

The general approach of the Liapunov method can be adapted to test for instability of the
zero solution of an n-dimensional system. The notation ||x| denotes any norm (a measure of
magnitude) of a vector x (see Section 8.2 and Appendix C).

Theorem 10.13  Let x(t) = 0, t > 19, be the zero solution of the regular autonomous system
x = X(x), of dimension n, where X(0) = 0. If there exists a function U(x) such that in some
neighbourhood ||x|| < k

(i) U(x) and its partial derivatives are continuous;

(i) U(0) = 0;

(iii) U (x) is positive definite for the given system

(iv) in every neighbourhood of the origin there exists at least one point x at which U(x) > 0;
then the zero solution (and therefore every solution) is unstable.

Proof By (iv), given any 8, 0 <8 <k, there exists x5 such that 0 < ||xs]| <8 and U(xs) > 0.
Suppose that x(8,1), 7> 1ty, is the solution satisfying x(3,79) = xs. Its path cannot enter the
origin as r — 00, because U(0) =0 (by (ii)) but U(x) > 0, x # 0. Since U is positive definite by
(iii), and continuous (by (i) and the regularity condition), and since the path is bounded away
from the origin there exists a number m > 0 such that

Ulx@,0)} >m >0, 1>t
so long as

[, D < k.
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Therefore

t
Ulx(5,1)) — Ulx(8,10)} :/ Ulx (5, 7)}dr > m(t — o). (10.20)

fo

U (x) is continuous by (i) and therefore bounded on ||x| < k; but the right-hand side of (10.20)
is unbounded. Therefore x (8, f) cannot remain in ||x|| < k and so the path reaches the boundary
lx|l =k.

Therefore, given any ¢, 0 < & < k, then for any §, however small, there is at least one
solution x(8,1) with ||x(8,19)| < 8 but ||x(8,#)|| > ¢ for some ¢. Therefore the zero solution is
unstable. [ |

Typically (by (iv)), U(x) will take both positive and negative values close to x = 0. In the
plane, simple functions of the type xy, x> — y, may be successful, as in Example 10.7.

Example 10.7 Show that x(t) = 0, t > 1, is an unstable solution of the equation X — x + x sinx = 0.

The equivalent system is X = y,y = x — y sin x. Consider
Ux,y)=xy
satisfying (i), (ii), and (iv) for every neighbourhood. Then
Ux,y) = X+ y2 — xysinx.
It is easy to show that this has a minimum at the origin and since U(0,0) = 0, U is positive definite in a

sufficiently small neighbourhood of the origin. Therefore the zero solution is unstable. (To show by calculus
methods that there is a minimum at the origin is sometimes the simplest way to identify such a function.) @

Exercise 10.6
Show that the origin in the system

=y, y=—(1-xHy+=x

is an unstable equilibrium point.

10.8 Stability and the linear approximation in two dimensions

The specific question discussed is the following. For the two-dimensional autonomous system
i=X(x) = Ax + h(x), (10.21)

where A is constant and k(x) is of smaller order of magnitude than Ax, does the instability
or asymptotic stability of the zero solution of ¥ = Ax imply the same property for the zero
solutions of the system x = X (x)? To answer this question we shall construct explicit Liapunov
functions for the linearized system x = Ax and show that they also work for the original system.
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Suppose that the linear approximate system

i=Ax, or [i]:[i Z] B] (10.22)

is asymptotically stable. We show that a strong Liapunov function V (x) for this system can be
constructed which is a quadratic form, namely,

V(x)=x"Kx, (10.23)
where the constant matrix K has to be determined. It follows that
V) =% Kx +x"Kx =x"ATKx + xTKAx
=x"[ATK + KAlx.

We now arrange for V(x) to be positive definite and V(x) negative definite: the second
requirement is satisfied if, for example, we can choose K so that

ATK + KA =-1, (10.24)

for then V (x) = —x2 — y2. To find K, in the notation of Chapter 2, let p = a+d, ¢ = ad — bc.
We shall show that there is a solution of (10.24) of the form

K=mA") 1A + a1, (10.25)

where m and n are constants, which makes V (x) in (10.23) positive definite. The left of (10.24)
becomes

ATK + KA =m{A~" + A"} +nA + AT).

Since

then by (10.24) we require

ATK 4 KA= 1 [ 2md +2naq  (nq —m)(b+c):| _ [—1 0].
q

(ng —m)(b+ ¢) 2ma + 2ndq 0 -1
This equation is satisfied if

m=—q/2p, n=-=1/2p.
Then from (10.25)

K =

1 2 2 _ _
|:c +d*+gq ac bd]. (10.26)

T 2pq | —ac—bd  a*+b:+¢
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The associated Liapunov function is given by (10.23):
V(x) = —{(c* + d* + ¢)x* = 2(ac + bd)xy + (a* + b* + ¢)y*}/2pq
= —{(dx — by)* + (cx —ay)” + ¢ (x* + y*)}/2py, (10.27)
which is positive definite at least when

p<0, ¢g=>0. (10.28)

Thus V is a strong Liapunov function for the linearized system (10.22) when (10.28) is satisfied.
Now, the stability regions for (10.22) are already known, and displayed in Fig. 2.10, which is
partly reproduced as Fig. 10.14. We see that (10.28) in fact exhausts the regions I of asymptotic
stability of eqn (10.22). This fact is used in Theorem 10.14.

2=
p p=4q

I v
Stable spirals | Unstable spirals

Stable nodes Unstable nodes

q

I
Saddle points

Figure 10.14 Stability regions in the (p,q) plane for x = ax + by,y = cx + dy, where p = a +d and ¢ = ad — bc
(see also Fig. 2.10).

Theorem 10.14 Let (0, 0) be an equilibrium point of the regular system
X a bl|x hi(x, y)]
= , 10.29
[y] [c d} u * [hz(x, » (10.29)
where the order of magnitude of h1 and hy as the origin approached are given by

hi(x,y) = 0(x2 +y%), ha(x,y) = O(x* +y?) (10.30)

as x> + y> — 0. Then the zero solution of (10.29) is asymptotically stable when its linear
approximation is asymptotically stable.

Proof We shall show that V given by (10.27) is also a strong Liapunov function for the system
(10.29). It is a function positive definite when p < 0, ¢ > 0; that is, whenever the linearized
system is asymptotically stable.



10 : Liapunov methods for determining stability of the zero solution

Also, for the given system (10.29),
V=x"[ATK + KAlx + kT (x)Kx + x"Kh(x)
= —xTIx + ZhT(x)Kx
= —(x* +y)) + K11h? + 2K 12hihy + Koah3, (10.31)

where the symmetry of K has been used.

By (10.30), for any p, q, there is clearly a neighbourhood of the origin in which the first
term of (10.31) predominates, that is to say, where V is negative definite. Therefore, V is a
strong Liapunov function for (10.29) in the parameter region p < 0, g > 0; that is, when the
linearized system is asymptotically stable. The result follows by Theorem 10.12. |

The open regions II, III, IV in Fig. 10.14 are, we know, where the solutions of x = Ax
are unstable. To prove a statement in similar terms to the last theorem, only relating to the
instability of the zero solution of x = Ax +h(x), we require a function U (x) with the properties
stated in Theorem 10.13. There are two principal cases according to the eigenvalues of A, given
as (i) and (ii) below:

(i) Instability: the eigenvalues of A real and different (regions Il and Il in Fig. 10.14)

Since we hope that the stability of ¥ = Ax will determine that of x = Ax + h(x), we are
interested in the case where the solutions of X = Ax are unstable: then (Theorem 8.11) at least
one eigenvalue of A is positive. This covers the regions II and III of Fig. 10.14. (We will not
consider the case when the eigenvalues are equal: the line p? = 44 in Fig. 10.14; nor when one
of the eigenvalues is zero: ¢ = 0.) In this case we can reduce the problem to a simpler one by a
transformation

x = Cu, (10.32)
where C is non-singular, and u = [u1, u>]"; whence the equation satisfied by u is
u=ClACu. (10.33)

It is known that matrices of the form A and C~'AC have the same eigenvalues; hence the
stability criteria for x(¢) and u(¢) in terms of the eigenvalues are the same. When the eigenvalues
of A are real and different, it is known that C can then be chosen so that

CAC = [ Aol fz } =D, sy, (10.34)

where the columns of C are eigenvectors corresponding to A1, A>. Suitable C are given by

C:[ —b —b } b # 0;

a—M a—»A

—c —c
C_|:d—X1 d—kz]’ b=0, c#0,
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and if b = ¢ = 0, the equations are already in a suitable form. Then from (10.33) and (10.34)
i = Du, (10.35)

and we wish to establish the instability of the zero solution of this system.
Consider U defined by

Uw)=u"'D7'u = ul/r1 +ud/ns. (10.36)

Then U (u) > 0 at some point in every neighbourhood of u =0 (since instability requires A1 or
Ao positive). U (u) therefore satisfies conditions (i), (ii), and (iv) of Theorem 10.13 in the open
regions I and III of Fig. 10.14. Also

Uw=a' D 'u+u"DYa=u"DD 'u+u"D 'Du
=2(ut + u3), (10.37)

which is positive definite, so that Theorem 10.13 is satisfied.

(i) Instability: the eigenvalues of A conjugate complex, with positive real part
(region IV of Fig. 10.14)

Write
M=a+18, M =a—1p (a > 0).

The diagonalization process above gives # = Du where D and u are complex. Since the
theorems refer to real functions, these cannot immediately be used. However, instead of
diagonalizing, we can reduce A by a matrix G so that

G 'AG = [ 2 _aﬂ ] (10.38)

say: an appropriate G is given by

. a —p
":[,3 ) ]u (10.39)
with
x = Gu. (10.40)

Suppose we define U (u) by
Uw)=u'u. (10.41)
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This satisfies (i), (ii), and (iv) of Theorem 10.13 in region (IV) of Fig. 10.14. Also
U(u) = 2a(u? +u3) with (@ > 0) (10.42)

as in case (i), so that U is positive definite.

By using the prior knowledge of Chapter 2 as to the regions in which the linearized system
is unstable we have determined that wherever x = Ax is unstable, U, given by either (10.36)
or (10.41) as appropriate, is a function of the type required for Theorem 10.13.

Theorem 10.15 Let (0, 0) be an equilibrium point of the regular two-dimensional system

%= Ax + h(x) (10.43)
where
_ | hi(®)
hix) = [hz(x)} :

and hq(x), ha(x) = O(|x|?) as |x| — 0. When the eigenvalues of A are different, non-zero, and
at least one has positive real part, the zero solution of (10.43) is unstable.

Proof We shall assume that the eigenvalues of A are real and that one of them is positive
(the other case, with A complex with positive real part, being closely similar). Assume that
equation (10.32) is used to reduce (10.43) to the form

= Du+ g(u); (10.44)
then if u(r) = 0 is unstable, so is x () = 0, and conversely. Also, for the components of g,
g1(w),g2(w) = O(x* +y*) asx®+y* - 0. (10.45)

It is sufficient to display a function U (u) for the reduced system (10.44). U given by (10.36)
satisfies conditions (i), (ii), and (iv) of Theorem 10.13, namely

Uu) = ul/a + u3/rs.
From (10.44) we have

1y = Mui+g1(w), 1wy =ruy+ g (u),

so that
. 154 . JdU
Um)=u1— +ur—
ouq ouy

= 2(uf +ud + 27 g1 @) + 25 T uaga (w)).

From (10.45), itis clear that U is positive definite in a small enough neighbourhood of the origin,
satisfying (iii) of Theorem 10.13. Therefore, by Theorem 10.13, the zero solution u(z) = 0 is
unstable in regions I and III; thus x(r) = 0 is unstable. [ |

The calculation for region IV of Fig. 10.13 is similar, using U given by (10.41).
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Example 10.8 Show that the zero solution of van der Pol’s equation
B —Di4+x=0
is uniformly and asympiotically stable when B <0 and unstable when B > 0. Construct a Liapunov function

for the stable case.

The equivalent system is % = y, y = —x + By — Bx2y. The linearized system is x = y, y = —x + By. The
eigenvalues of

are given by 11,4 = $(8 £ /(B2 — 4)).

Suppose B < 0. Then the linearized system is asymptotically stable. Also AT (x) = [0, —x2y]. Therefore, by
Theorem 10.14, the zero solution of the given equation is asymptotically stable.

By (10.23), (10.26), V = [)c,y]K[x,y]T where

K=—i[ 2452 P }

28 —-B 2
Hence
_ 2y,2 2
Vix,y) = —{Q+ B7)x" — 2Bxy + 2y7}/(28).
It can be confirmed that V = —xZ — y2 — Bx3y + 2x2y2, which is negative definite near the origin. The

associated topographic family
1+ %;‘}Z)x2 — Bxy + y2 = constant

would be preferable to the simpler family of circles x2 + y? = constant, which is a weak Liapunov function.
Suppose B > 0. The linearized system is unstable and Theorem 10.15 applies. [ )

Example 10.9 [nvestigate the stability of the equilibrium points of
E=ya 4D, §=x(1+y7).

There are two equilibrium points, at (0, 0) and (=1, —1). Near the origin the linear approximationisx = y, y =
x, with eigenvalues A = 1. Hence, the linear approximation has a saddle point at (0, 0). By Theorem 10.13,
the zero solution of the given equation is also unstable.

Near the point (—1,—1) putx = =1+ &, y = =1 +n. Then

E=tm—1, n=E-D{1+0-13.

The linear approximation is § = —&, 7 = —3#. The eigenvalues are A =—1, —3, both negative. By Theo-
rem 10.14 the solution &(¢) =n(¢) =0 is therefore asymptotically stable; so is the solution x(r) = y(r) = —1 of
the original solution.

Figure 10.15 shows the computed phase diagram. The shaded region shows the domain of attraction of the
point (—1,—1). (

The foregoing theorems refer to cases where the linearized system is asymptotically stable,
or is unstable, and make no prediction as to the effect of modifying, by nonlinear terms, a case
of mere stability. In this case the effect may go either way, as shown by Example 10.10.
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y

Figure 10.15 Phase diagram for Example 10.9: the domain of attraction of the node at (—1, —1) is shaded.

Example 10.10 Investigate the stability of the following systems:
(i) ¥ =y —x(x?+y2), y=—x — y(x? +y2);

(ii) ¥ =y+x(?+y?2), y=—x+yu?+y?).

The linear approximation shows a centre in both cases.

(i) Let V = x2 + y2. Then
V=202 +y%)?

which is negative definite so the zero solution is asymptotically stable, by Theorem 10.7 or 10.12.

(ii) Let U = x2 + y2 (positive in every neighbourhood of the origin). Then
U =2(x% +y%)?

which is positive definite. Theorem 10.13 predicts instability.

Exercise 10.7
For the linear system x = Ax where

1 3
A=l

find the matrix K defined by (10.26). Check that ATK + KA = —1I.
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10.9 Exponential function of a matrix

It is convenient to have this technical device available in order to solve the equivalent of (10.29)
in n dimensions. Let A be a non-singular n x n matrix. Then e4 is defined by

1 1
eA=T+A+—-A>+ A%, (10.46)
2! 3!
whenever the series converges. The partial sums are n x n matrices and the series converges if
the elements of the partial-sum matrices converge, in which case e? is an n x n matrix. In fact
the series converges for all A, since for any r

1, LA
I+ A+ AT < T4 A+ + Al

(where || - - - || denotes the Euclidean matrix norms: see Appendix C) and as r — oo the series
on the right always converges to e¢ll4l, It also follows that

(i) fed| < elAl.

(ii) e? = I where ¢ is the zero matrix.

(iii) e4eB = eAtB when AB = BA.
)

(iv) e4 = (eA)~! (e™ are nonsingular).

d
(v) ae““ = Aed! = A4,
(vi) (AT = eA't , where T denotes the transpose.

(vii) Letthe eigenvalues of A of A be A1,A2,...,A,. Then for any y such that y > maxj<;<,(A;)
there exists a constant ¢ > 0 such that ||e4’|| < ce”".

(viii) The exponential function can be used to represent the solution of the system x = Ax,
where A is constant. Let

x =etle, (10.47)
where ¢ is any constant vector. Then x(0) = e®¢c = I'c = ¢ and
x = Ae’c = Ax,

At

by (v) above, which confirms the solution. In fact, e’ is a fundamental matrix for the

system, since e’ is nonsingular.

(ix) It can be shown (Ferrar 1951) that the exponential series (10.46) can be expressed as a
polynomial in A of degree less than n, whose coefficients are functions of the eigenvalues
of A. We shall not need this result, but it is worth noting that it is not essential to evaluate
infinite series.
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Example 10.11 Find the solution of

with x(0) =1, y(0) = 1.
By (10.47) the solution has the form

L= ]

Putting r = 0 we have ¢c; = 1, ¢y = 1. The representation is obviously a generalization of the one-dimensional

solution ce®!. To evaluate e4’, note that
Ar:[(l) ;:|:Br, r>1,
say. Therefore
x " x
— 1 +
A= i B | En 'TEGD| [ e
© = r Xt 0 el
r=0 0 Z —
r=0 r!

Therefore

A1) et 14eel| 1] [ +1+12€
r=e [1]_[0 e 1|~ e ) d

The relation between the exponential matrix solution and the fundamental matrix solution
of ¥ = Ax can be obtained as follows. Suppose that A is an n x n matrix with n distinct
eigenvalues A1, A2, ..., A,. Let the eigenvector associated with A, be ¢,, where

[A=XTle, =0 (r=1,2, ..., n).
Let
C=1Ic1, ¢2y ..., Cpl.
Then
AC = Alcq, €2y ..., cy] =[AcCq, AcCo, ..., Acy]
= [A1€1, A2€2y ...y Apcpl
=[c1, €25 ..., cy]D =CD,

where D is the diagonal matrix of eigenvalues given by

A 0 -0
p=|" = !
0 0 An

Hence

A=ACCH=w@Uo)c'=cpc,
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and
A" = (pcHeoce™...«cpc™h =cprc,

since D is diagonal.
Finally, the solution of x = Ax is

e A,_iArr!ﬂ:iCDrrc!—lzf:Ci Drr!trC*l
r=0 r=0 r=0
e 00
—ey | Don e e
= o 0 o At
et 0 .. 0
_c| 0 o 0o
0 0 el

which is a fundamental matrix ®(¢) satisfying ®(0) = CIC™! = 1.

Exercise 10.8
Solve the equation

X1 1 2 1) ((x
X2|1=12 1 1]|]|x
X3 1 1 2| ([x3

using the exponential matrix method, and find the fundamental matrix ®(¢) for which
®0) =1

10.10 Stability and the linear approximation for nth order
autonomous systems

Given the n-dimensional nonlinear autonomous system
i =Ax+h(x), h0) =0, (10.48)
and its linear approximation near the origin

i = Ax, (10.49)
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we wish to identify conditions on h whereby asymptotic stability or instability of (10.49)
implies the similar property for the zero solutions of (10.48). We proceed as in Section 10.6
for the two-dimensional case.

Suppose first that the solutions of the linearized system (10.49) are asymptotically stable.
This implies (Theorem 8.8) that

Re{r;} <0, i=1,2,...,n, (10.50)

where A; are the eigenvalues of A. We construct a strong Liapunov function for (10.48) which
is a quadratic form:

V(x)=x"Kx, (10.51)

where the matrix K can be determined to make V positive definite and V negative definite.
In order also to have any hope of making V negative definite for the nonlinear system (10.48),
we at least need V negative definite for the linearized system (10.49). From (10.51)

V(x) =x"(ATK + KA)x, (10.52)
and we shall arrange that
ATK + KA =1, (10.53)

which makes (10.52) negative definite:
n
V) =-> xf.
i=1

. . . T t
To achieve this, consider the product e fe4’. We have

%{eAT’eA’} — ATeA 1Al 4 oAT1cAr 4 (10.54)
By (vii) and (viii) of Section 10.9, when x = Ax is asymptotically stable,

e < ce’’, ¢>0, y <O.
Since the eigenvalues of AT are the same as those of A we can choose ¢ so that both

leA"|| and IICATtll <ce’’, wherec>0, y <0. (10.55)

This ensures the convergence of the integrals below. From (10.54),

/ i{eAT’eAt}dt =AT (/ eAlteAl dt) + (/ eAlt Al dt) A;
o dt 0 0

and it also equals [eATleAt]gO = —1, by (10.55). Comparing this result with (10.53) we see that

T
K =/ ed Al dr (10.56)
0



10.10 Stability and the linear approximation for nth order autonomous systems

will satisfy (10.53). The matrix K is symmetrical by (iii) of Section 10.9. Note that (10.56),
and hence (10.53), hold whenever the eigenvalues of A are negative, that is, whenever x = Ax
is asymptotically stable.

We have finally to show that V is positive definite. From (10.51) and (10.56),

V) =xTKx = / OO(xTeAT’)(eA’x) dr
0

=/Oo(e*"x)T(eAfx)dz=/0o B B@)dt,
0 0

where the matrix B(r) = e4’x. Since B(1)TB(t) > 0 for all ¢ (this true for any real square
matrix), V(x) is positive definite as required. We have therefore obtained a strong Liapunov
function V (x) for the linearized system (10.49).

Theorem 10.16 If the n-dimensional system x = Ax + h(x), with A constant, is regular,
and

(i) the zero solution (bence every solution: Theorem 8.1) of X = Ax is asymptotically stable;
(ii) R(0) = 0, and limy 0 [[R)|/llx]| = O, (10.57)

then x(t) = 0, t > to, for any tq is an asymptotically stable solution of
x = Ax + h(x). (10.58)

Proof We have to show there is a neighbourhood of the origin where V (x) defined by (10.51)
and (10.56) is a strong Liapunov function for (10.58). The function V given by

V(x) =xTKx,

where
T
K :/ e feAl 4y
0

is positive definite when (i) holds. Also for (10.58),
V(x) = T Kx +xTKx
=xT(ATK + KA)x + h"Kx + x"Kh
= —xTx + 20T (x)Kx, (10.59)

by (10.53) and the symmetry of K.
We have to display a neighbourhood of the origin in which the first term of (10.59) dominates.
From the Cauchy-Schwarz inequality (see Appendix C(vi))

207 (x)Kx| < 2[R K] [Ix]. (10.60)
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By (ii), given any & > 0 there exists § > 0 such that

lxll <é= Ik < ellxll,
so that from (10.60),

20T (x)Kx| < 2¢|| K|l l|x]*. (10.61)
Let ¢ to be chosen so that

e < 1/(41K1D),
then from (10.61),
x|l <8 = 120" () Kx|| < Hixl? = L + 23+ +xD).

Therefore, by (10.59). V (x) for (10.58) is negative definite on || x| < 8. By Theorem 10.12, the
zero solution is asymptotically stable. |

A similar theorem can be formulated relating to instability. Consider the regular system
% =Ax +h(x), h(0)=0, (10.62)
where A is constant. Let C be a nonsingular matrix, and change the variables to u by writing
x = Cu; (10.63)
then the original equation becomes
u=C"ACu + h(Cu). (10.64)

Let C be chosen to reduce A to canonical form, as in Section 10.8. The eigenvalues are
unchanged, so whenever a solution x(¢) of (10.62) is stable, the corresponding solution u(z) of
(10.64) is stable. Since the converse is also true, the same must apply to instability. The zero
solution of (10.62) corresponds with that of (10.64): we may therefore investigate the stability
of (10.64) in place of (10.62). The same applies to the linearized pair

x=Ax, u=C'ACu. (10.65)

Suppose, for simplicity, that the eigenvalues of A are distinct, and that at least one of them
has positive real part. Then all solutions of (10.65) are unstable. There are two cases.

(i) Eigenvalues of A real, distinct, with at least one positive
It is known that a real C may be chosen so that

c'AC =D, (10.66)
where D is diagonal with the elements equal to the eigenvalues of A. Then (10.64) becomes

it = Du + h(Cu). (10.67)
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(ii) When the eigenvalues of A are distinct, not all real, and at least one
has positive real part

It is then known that a real nonsingular matrix G may be chosen so that
G 'AG = D*, (10.68)

where D* is block-diagonal: in place of the pair of complex roots A, A in diagonal positions
which would be delivered by a transformation of type (10.62) and (10.65), we have a ‘block’
of the form

0
D = Z _aﬂ , (10.69)
0
where
A=a+1p.

The argument in the following theorem is hardly altered in this case.

Theorem 10.17 If A is constant, and
(i) the eigenvalues of A are distinct, none are zero, and at least one has positive real part;
(i) Timyyey—o R/ lIx] = 0; (10.70)

then the zero solutions x(t) = 0, t > 1, of the regular system
x = Ax + h(x)

are unstable.

Proof We shall carry out the proof only for the case where the eigenvalues of A are all real.
Reduce (10.70) to the form (10.67):

i = Du + h(Cu),

where C is nonsingular and D is diagonal with the eigenvalues of A as its elements, at least one
being positive. As explained, it is only necessary to determine the stability of u(r) = 0, ¢ > 1g.

Write
n MZ
Tpn-1 i
Uu)=u D "'u= —.
() i}_lj .

If Ax >0, then U(u) >0 when uy #0 and uy = up = -+ = ug—y = upy1 = -+ = uy =0.
Therefore (i), (ii), and (iv) of Theorem 10.13 are satisfied.
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Also, for (10.70),
Uw) =i ' D 'u=u"DD'u+u"D'Du+h"D 'u+u"D 'h
=24+ u3 4 +ud)+2u" D h(Cu), (10.72)

since DD~ = D7'D = I and D is symmetrical. Theorem 10.13 requires U to be positive
definite in a neighbourhood of the origin. It is clearly sufficient to show that the second term
in (10.72) is smaller than the first in a neighbourhood of the origin.

By (iii), given ¢ > 0 there exists § > 0 such that

ICI lull <8 = [Cull <8 = |h(Cw)| < el|Cul, (10.73)
or alternatively
lull < 8/1CI = [R(Cw)| < e||C]| ||ul.
Therefore (see (10.72)), ||u|| < §/|/C|| implies that
2u" D7 h(Cw)| < 2/l D7 R(Cw)],
<2 D7 C ul®. (10.74)
If we choose
e < 1/QID7| ICI),
then (10.74) becomes
20" D~ h(Cw)| < ||u|*

for all u close enough to the origin. By referring to (10.72) we see that U (u) is positive definite
in a neighbourhood of the origin, as required by (iii) of Theorem 10.11. Therefore the zero
solution is unstable. [ |

Example 10.12 Prove that the zero solution of the system
. 2 2 . 2 .
¥ =—x1+xy +x3, X =x1—2x+x7, *3=2x1+2x)—3x3+x2x3,

is uniformly and asymptotically stable.

Here we have

and
h(x) = [x% —l—x%, x%, xZX3]T.

The eigenvalues of A are —1, —2, —3; therefore the zero solution of ¥ = Ax is uniformly and asymptotically
stable. Also

@) = x3 + x5 + x7 + [xax3],
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and
IRGON/IIx] = (3 4+ x3 + 57 + [xax30)/(xq ]+ ol + 3],

tending to zero with ||x||. By Theorem 10.16 the zero solution of the given system is therefore uniformly
asymptotically stable. [ )

Example 10.13  Show that the zero solution of the equation

X =2 —Xx+2x =X(x +x)
is unstable.
Write as the equivalent system

X=y, y=2z, z=-2x+y+2z+z(x+y).

01 0
A=| 0 0 1],
-2 1 2

with eigenvalues 2, 1, —1, two of which are positive. Also
NGO/l = lz(x 4+ I/ (x| + [yl + 12])

which tends to zero with ||x||. Therefore, by Theorem 10.17, the zero solution of the given equation is
unstable. Y

Then

Exercise 10.9
For the linear system x = Ax where

find the matrix K using
i
K :f ed el dr.
0

Find the Liapunov function V (x) = xT Kx, and check that

ATK + KA =—1.

10.11 Special systems
Quadratic systems

Consider the strongly nonlinear system whose lowest-order terms are of the second degree:
%= X(x,y) ~ajx + 2bixy + c1y?, (10.75)
y=Y(x,y) %azxz +2b2xy+c2y2. (10.76)
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Neglecting any higher-order terms, the equations can be written as

i =[x,ylA [’; .y =Ix,ylA; m (10.77)

where

~[ar b1 _Jax b2
A1_|:b1 |’ A2_|:b2 Czi|'

For Theorem 10.13 let
Ux,y) =ax + By. (10.78)

Then for any non-zero « and B, U > 0 for some points in every neighbourhood of the origin.
Thus (i), (ii), and (iv) of Theorem 10.13 are satisfied. For (10.77), U is given by

Ux,y) = ai + B3 = alx, y]A; m + Blx, y1A; m

=[x ]aal+ﬂa2 O[bl—l—ﬂbz X
=Y by 4+ Bby acr 4+ Ber ||y ]

This quadratic form is positive definite if the conditions
aar + Bar > 0, A(c, B) > 0 (10.79)
hold, where

A, B) = a*(arcr — b}) + aflaicy + azer — 2b1by) + B (azcr — b3),
(11C1—b% %(a162+azc1—2b1b2):| |:O[i| (10.80)
3(@1ca+aze1—2b1by) aycr—b3 Bl ’

Consider whether «, 8 exist satisfying (10.79) and (10.80). On a plane for o, 8, aja¢ + b1 8 =0
is a straight line, and (10.79) is represented by a half-plane, like that shown in Fig. 10.16(a).
Since A(a, B) is a quadratic form it is either positive definite, positive on a ray or in a sector
as in Fig. 10.16(b), or negative definite. Unless A(a,B) is negative definite, or unless it is
negative except on the line ajo + b1 = 0 where it is zero, there exist some values of «, B
making U (x) positive definite and therefore satisfying the final conditions of Theorem 10.13.
The zero solution of (10.75) and (10.79) is therefore unstable, except possibly in the particular
cases, depending on exact relations between the coefficients, mentioned above. We shall not
investigate these cases.

= (Ol,ﬂ) |:

Hamiltonian problems in dynamics
Conservative problems, particularly in dynamics, can be expressed in the form

oM. M

o = i—1,2,. ., (10.81)
0g; 1 api

pi =
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(a) (b)

v
aja +bja>0 L\\dX A<0

aje +bja <0 A>0

Figure 10.16

where H is a given function called the Hamiltonian of the system, g; is a generalized coordinate,
and p; a generalized momentum. The Hamiltonian is defined by

H(p,q9) =T(p,q)+V(g),

where 7 is the kinetic energy and V the potential energy: it is assumed that V(0) = 0. 7, being
kinetic energy, is a positive definite quadratic form in p;, so H(0,0) = 0, since 7 (p,0) = 0.

Suppose that ¢ = 0 is a minimum of V(g) so that V, and hence H, is positive definite in a
neighbourhood of the origin. Then

n

n

. oH oH

Hp,q) =) —pi+y, —a=0
i 0P i 04i

by (10.81). Thus H is a weak Liapunov function for (10.81). Therefore, by Theorem 10.19
the zero solution p = 0, ¢ = 0, a position of equilibrium, is stable when it is at a minimum
of V.

Now, suppose the origin is a maximum of V, and that V has the expansion
V(@) =Pn(g@) + Pvii(g)+--, N=2

where Py(g) is a homogeneous polynomial of degree N >1 in the ¢;. Consider a function
U(p,q), of the type in Theorem 10.13, defined by

n
Up,q) =Y _ pigi.
i=1
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Then U satisfies conditions (i), (ii), and (iv) of Theorem 10.13. Also

n n
Ulp,q) =Y pidi +)_ pidi

i=1 i=1

n n

—zﬁm Yok

i=1

—sz ;qz Zq,

i=1 9qi

aqi

0T
=27—28— — NPy(g) = (N+DPyr1(g) +--,

i=1 71

where Euler’s theorem on homogeneous functions has been applied to 7, Py, Py+1,.... The
dominating terms in the series near p=¢g =0 are 27 — N Py(q). Since, by hypothesis, Py
has a maximum at ¢ =0 and 7 is positive definite, U is positive definite in a neighbour-
hood of the origin. Therefore, by Theorem 10.13, the equilibrium is unstable when it is at a
maximum of V.

The Liénard equation
This is the equation
I+ f(x)x+gkx) =0, (10.82)
or the equivalent system in the Liénard plane
x=y—-Fx), y=-g) (10.83)

where
F(x) = /x f(u) du.
0

Suppose that f and g are continuous and that

(i) f(x) is positive in a neighbourhood of the origin, except at x =0, where it is zero;
(i) g(x) is positive/ negative when x is positive / negative (implying g(0) =0).

Now let
G(x) = /x g(u) du, (10.84)
0

and consider the function

V(x,y) =Gx) + 3 2y )



Problems

as a possible weak Liapunov function. It is clearly positive definite since G(x) > 0 for x # 0.
Also, by (10.83),

V(x,y) = g% +yy = —g(x) F (x).

This is negative semidefinite. The zero solution is therefore stable.

Exercise 10.10
Using the Liapunov function V (x,y) = G(x) + 2 y2, show that the origin of the system

Y+[1+fx+gx)+ Flx)=0, x=y—-F),

is asymptotically stable: f(x), F(x), and g(x) satisfy the conditions of the Liénard equation
above. Apply the result to

P+ A+xi+x+1id =0

Problems

10.1 Find a simple V or U function (Theorems 10.5, 10.11 or 10.13) to establish the stability or instability
respectively of the zero solution of the following equations:

(i) X——ery—xyz,y'——Zx—y—xzy;

3

(ii) &= y3 +x2y, v =x° —xy%;

(i1l x—2x+y+xy,y—x—2y+x +y ;

)

)
(iv) & = —x3 4+ )% 9= —p3 + 3%
(v) X =siny, y = —2x — 3y;
(vi) x=x+e Y -1,y =x;
(vil) X =e* —cosy, y =y;
(vill)) X = sin(y +x), y = —sin(y — x);
(ix) ¥ = x3;

(x) x=x+4y,y=—-2x—1Sy;
(xi) X =—x+6y,y =4x +y.

10.2 Show that & may be chosen so that V = x2 + ay? is a strong Liapunov function for the system
)'c:y—sin3x, )'1:—4x—sin3y.

10.3 Find domains of asymptotic stability for the following systems, using V = x2 + y2:

(i) £ =—3x1—y2), 5 =1y —x2);
(ii) ¥ =y —x(1 —x), y = —x.

10.4 Find a strong Liapunov function at (0, 0) for the system
X =x(y—b), y=yx—a)

and confirm that all solutions starting in the domain (x/a)% + (y/b)* < 1 approach the origin.
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10.6

10.7

10.8

10.9
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Show that the origin of the system
X=xP(x,y), y=y0(x,y)

is asymptotically stable when P(x,y) <0, Q(x,y) <0 in a neighbourhood of the origin.

Show that the zero solution of
i=y+x, y=x+x2y

is unstable.

Investigate the stability of the zero solution of
X =x"—y°, y=—-2xy

by using the function U (x, y) = axy® + x> for suitable constants a and f.
Show that the origin of the system
), %)

i=—y—x/@+y Jy=x— v/ +y

is a centre in the linear approximation, but in fact is a stable spiral. Find a Liapunov function for the zero
solution.

Euler’s equations for a body spinning freely about a fixed point under no forces are

Ao — (B — C)wywz =0,
Bwy; — (C — A)wzw1 =0,
Cwz —(A—B)wiwy =0,

where A, B, and C (all different) are the principal moments of inertia, and (w1, wy,w3) is the spin of the
body in principal axes fixed in the body. Find all the states of steady spin of the body.

Consider perturbations about the steady state (wg,0,0) by putting w1 =wg + x1, @2 =x2, w3 =x3,
and show that the linear approximation is

1 =0, & ={(C—A)/Blwoxs, i3=1{(A—B)/Clogxa.

Deduce that this state is unstable if C < A < Bor B < A < C.
Show that

V ={(B(A— B)x3 + C(A— C)x3} + {Bx3 + Cx3 + A(xT +2wpx))>

is a Liapunov function for the case when A is the largest moment of inertia, so that this state is stable.
Suggest a Liapunov function which will establish the stability of the case in which A is the smallest
moment of inertia. Are these states asymptotically stable?

Why would you expect V as given above to be a first integral of the Euler equations? Show that each
of the terms in braces is such an integral.

10.10 Show that the zero solution of the equation

X+h(x,x)x+x=0

is stable if 2(x,y) > 0 in a neighbourhood of the origin.

10.11 The n-dimensional system

x = grad W(x)
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Problems

has an isolated equilibrium point at x = 0. Show that the zero solution is asymptotically stable if W has
a local minimum at x = 0. Give a condition for instability of zero solution.

A particle of mass m and position vector r = (x, y,z) moves in a potential field W(x, y, z), so that its
equation of motion is m# = —grad W. By putting X =u, y = v, Z = w, express this in terms of first-order
derivatives. Suppose that W has a minimum at r =0. Show that the origin of the system is stable, by
using the Liapunov function

V=W+ %m(u2 + v? + wz).
What do the level curves of V represent physically? Is the origin asymptotically stable?
An additional non-conservative force f(u,v,w) is introduced, so that
mr = —grad W + f.
Use the same Liapunov function to give a sufficient condition for f to be of frictional type.

Use the test for instability to show thatif x = X(x,y), y = Y (x, y) has an equilibrium point at the origin,
then the zero solution is unstable if there exist constants « and B8 such that

aX(x,y)+BY(x,y) >0

in a neighbourhood of the origin and is zero at the origin.

Use the result of Problem 10.13 to show that the origin is unstable for each of the following:
(i) ¥ =x2+y% j=x+y;

(ii) % = ysiny, y = xy + x2%;

(il) x = y2™, y = x2" (m,n positive integers).

For the system x = y, y = f(x,y), where f(0,0) = 0, show that V given by
X
Vix,y) = 1y - /0 £(u,0)du
is a weak Liapunov function for the zero solution when

X
FG0y) = Fx, 0y <0, /O £, 0)du < 0,

in a neighbourhood of the origin.

Use the result of Problem 10.15 to show the stability of the zero solutions of the following:
3 2

(1) ¥ = —x2 —x“x;

(i) ¥ = —x3/(1 — x%);
(ili) ¥ = —x +x° — x%i.
Let

x=—ax+Bf(), y=yx =38,

where f(0) =0, yf(y) > 0(y # 0), and a8 > 4By, where «, B, v, § are positive. Show that, for suitable
values of A and B,

y
V= %sz—{—B/ FQ) du
0

is a strong Liapunov function for the zero solutions (and hence that these are asymptotically stable).

A particle moving under a central attractive force f(r) per unit mass has the equations of motion

F—ré% = f(r), % r20) = 0.
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10 : Liapunov methods for determining stability of the zero solution

For a circular orbit, r = a, show that 726 = h, a constant, and h2 + a3f(a) = 0. The orbit is subjected
to a small radial perturbation r = a + p, in which A is kept constant. Show that the equation for p is

hZ
o— ——— — + =0.
p @t )3 fla+p)
Show that
Viop) = 152 4 h? /pf(+)d h?
,0) == —_— = a+u)du — —
PP 27 2(a + p)? 0 242

is a Liapunov function for the zero solution of this equation provided that 30t > a4f/(a), and that the
gravitational orbit is stable in this sense.
Show that the following Liénard-type equations have zero solutions which are asymptotically stable:
(i) ¥+ [x|(x +x) =05
(ii) ¥ + (sinx/x)% +x3 = 0;
(iil) # =y —x3,3 = —x3
Give a geometrical account of Theorem 10.13.

For the system

X=f)+By, y=yx+dy, (f(0)=0),

establish that V given by

X
V(x,y) = (6x — y)* +23/0 fuw)du — Byx*

is a strong Liapunov function for the zero solution when, in some neighbourhood of the origin,

f(x)—ﬂ)/>0, m—|—8<0
X X

8

for x # 0 (Barbashin 1970).
Deduce that for initial conditions in the circle x2 4+ y2 < 1, the solutions of the system

i=- 4ty y=-x

tend to zero.
For the system x = f(x) + By, y = g(x) + 8y, £(0) = g(0) = 0, show that V given by

Vix,y) = (x — )2 +2 /0 (8. ) — Bg))du

is a strong Liapunov function for the zero solution when, in some neighbourhood of the origin,

(8f(x) — Bg(x)}x >0, xf(x)+8x> <0

for x # 0 (Barbashin 1970).

Deduce that the zero solution of the system & = —x3 +2x% +y, y = —x* — y is asymptotically stable.
Show how to find a domain of initial conditions from which the solutions tend to the origin. Sketch
phase paths and a domain of asymptotic stability of the origin.

Consider van der Pol’s equation, % + (x> — 1)i + x = 0, for ¢ < 0, in the Liénard phase plane,
eqn (10.83):

)'c:y—s(%x3—x), y = —x.
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Problems

Show that, in this plane, V = l(x2 + yz) is a strong Liapunov function for the zero solution, which is
therefore asymptotically stable. Show that all solutions starting from initial conditions inside the circle
xZ + y2 = 3 tend to the origin (and hence the limit cycle lies outside this region for every ¢ < 0. Sketch
this ‘domain of asymptotic stability’ in the ordinary phase plane with x = y.
Show that the system ¥ = —x — xy2, y = —y — x2y is globally asymptotically stable, by guessing a
suitable Liapunov function.
Assuming that the conditions of Problem 10.22 are satisfied, obtain further conditions which ensure
that the system is globally asymptotically stable.

Show that the system % =y — x3, y = — x — y is globally asymptotically stable.

Assuming that the conditions of Problem 10.23 are satisfied, obtain further conditions which ensure
that the system is globally asymptotically stable.
Show that the system * = —x3 — x + y, y = —x> — y is globally asymptotically stable.

Give conditions on the functions f and g of the Liénard equation, ¥ + f(x)x + g(x) = 0 which ensure
that the corresponding system x = y — F(x), y = —g(x) (Section 10.11) is globally asymptotically stable.
Show that all solutions of the equation ¥ + x2% + x> = 0 tend to zero.

(Zubov’s method.) Suppose that a function W (x, y), negative definite in the whole plane, is chosen as
the time derivative V of a possible Liapunov function for a system £ = X(x, y), y = Y (x, y), for which
the origin is an asymptotically stable equilibrium point. Show that V(x, y) satisfies the linear partial
differential equation

X o +Y o =W
ox ay

with vV (0,0) = 0.
Show also that for the path x(¢), y(¢) starting at (xg, yo) at time £

t
V{x(@®),y®)} - V(xo,y0) = | W{x(),yw)}du.
fo

Deduce that the boundary of the domain of asymptotic stability (the domain of initial conditions from
which the solutions go into the origin) is the set of points (x, y) for which V (x, y) is infinite, by considering
the behaviour of the integral as 1 — oo, firstly when (xg, yp) is inside this domain and then when it is
outside. (Therefore the solution V (x, y) of the partial differential equation above could be used to give
the boundary of the domain directly. However, solving this equation is equivalent in difficulty to finding
the paths: the characteristics are in fact the paths themselves.)

For the system
i= X,y = —dx(1 —xH)(1 —y?),
J=Y0,y) =1y —x?a-»%

show that the Liapunov function V =x2+ y2 leads to V= — (x2 + yz)(l - xz)(l — yz) and explain
why the domain of asymptotic stability (see Problem 10.30) contains at least the unit circle xZ4y2=1.
Alternatively, start with V = —x2 — y2 — 2x2y2 and obtain V from the equation

v A% .
X—+4+Y—=V, V(0,00)=0
dx ay

(see Problem 10.30). It is sufficient to verify that V = — log{(1 — x%)(1 — y2)}. Explain why the square
|x] < 1, |y| < 1is the complete domain of asymptotic stability for the zero solution.
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10.30 Use the series definition of ¢4’ to prove the following properties of the exponential function of a matrix:

(i) eATB = cdeB if AB = BA;

i) edis nonsingular and (el =4,

..o d
(iii) aeA’ = Aed? = A4

(iv) (eAt)T — eATZ'

10.31 Let the distinct eigenvalues of the n x n matrix A be A{,A2,...,An. Show that, whenever
¥ > maxq <<, Re(};), there exists a constant ¢ > 0 such that led?|| < ce?!.

[’y‘] = [(1’ (1)] m x(0) =0, £(0) =1,

in matrix form, and, by evaluating the exponential obtain the ordinary form from it.
10.33 Evaluate

10.32 Express the solution of

o0
_ ATt At _1[-3 1
K_./O e TeA'dr, where A_2|: 1 _3|

and confirm that ATK + KA = —1I.
10.34 Show that, if B is an n x n matrix, A = ¢8 and C is nonsingular, then C~1AC = ¢C~'BC,

10.35 (i) Let L = diag(r1, A2, ...,An), where A; are distinct and A; s 0 for any i. Show that L = P, where
D = diag(InA1,InAs,...,In4,). Deduce that for nonsingular A with distinct eigenvalues, A = eB for
some matrix B.
(i1) Show that, for the system x = P(¢)x, where P(t) has period T, and E (eqn (9.15)) is nonsingular
with distinct eigenvalues, every fundamental matrix has the form @ (r) = R(1)eM! where R(¢) has period
T, and M is a constant matrix. (See the result of Problem 10.35.)

10.36 Using the results from Problem 10.36, show that the transformation x = R(¢)y reduces the system
x = P(t)x, where P(t) has period T, to the form y = My, where M is a constant matrix.



The existence of
periodic solutions

Suppose that the phase diagram for a differential equation contains a single, unstable equilib-
rium point and a limit cycle surrounding it, as in the case of the van der Pol equation. Then in
practice all initial states lead to the periodic oscillation represented by the limit cycle. In such
cases the limit cycle, is the principal feature of the system from the practical point of view, and
it is desirable to be able to decide with certainty whether it is there or not. Hitherto our attitude
to this question has been intuitive; we assemble qualitative evidence supporting the existence
of a limit cycle, from energy considerations or geometrical arguments, then attempt to estimate
the radius by the methods of Chapters 4, 5, and 7, a definite result being taken as further
confirmation that the limit cycle is really there. The present chapter contains theorems and
methods for proving positively the existence or non-existence of limit cycles and centres for
certain types of equation. The cases chosen can be interpreted physically as involving a balance
between energy gain and loss on various regions in the phase plane; they include the type dis-
cussed in Sections 1.5 and 4.1; also others with different symmetry. The latter serve as a guide
to intuition for related types which do not quite fit the conditions of the theorems. Further
theorems can be found, for example, in Andronov et al. (1973a) and Cesari (1971).

11.1 The Poincaré-Bendixson theorem and periodic solutions

We shall be concerned with second-order autonomous differential equations. A limit cycle is an
isolated periodic motion, which appears as an isolated closed curve in the phase plane. We take
Fig. 3.18 as showing the general nature of a limit cycle; neighbouring paths resemble spirals
which approach, or recede from, the limit cycle, though the appearence of actual limit cycles
may be somewhat different (see, e.g., Fig. 3.24). In Section 3.4, we gave criteria whereby it
can sometimes be shown that #o limit cycle can exist in a certain region, and also a necessary
condition for a limit cycle (the index requirement), but we have no tests giving sufficient con-
ditions for existence. In particular we lack information when the differential equations do not
contain a small parameter.

We require the Poincafe-Bendixson theorem, which describes the ultimate behaviour on
t — oo of a phase path which enters and remains on a closed bounded region. This theorem
was stated and described in Section 10.2 (Theorem 10.3), but in order to preserve continuity
we state it again here:

Theorem 11.1 (The Poincaré—Bendixson theorem) Let R be a closed, bounded region con-
sisting of nonsingular points of a plane system x = X (x) such that some positive half-path H
of the system lies entirely within R. Then either H is itself a closed path, or it approaches a
closed path, or it terminates at an equilibrium point. |
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(a) (b) (©)

— " = N

/H/\\ R 4 ) AN
O W 0O

Figure 11.1 Possible behaviour of half-paths restricted to a bounded region R shown shaded: (a) closed path; (b)
path approaching a closed path; (c) path approaching an equilibrium point.

\
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Figure 11.2  All paths are directed into the shaded region R as they cross C; and C;. There exists at least one limit
cycle £in R.

If we can isolate a region from which some path cannot escape, the theorem describes what
may happen to it. The possibilities are illustrated in Fig. 11.1. The theorem implies, in particular,
that if R contains no equilibrium points, and some half-path H remains in R, then R must
contain a periodic solution.

The theorem can be used in the following way. Suppose (Fig. 11.2) that we can find two
closed curves, C1 and C,, with C; inside Cq, such that all paths crossing C; and C; enter the
annular region R between them. Then no path which enters R can ever escape from R. If,
further, we know that R has no equilibrium points in it, then the theorem predicts at least one
closed path £ somewhere in R. Evidently £ must wrap round the inner curve C, as shown, for
the index of a closed path is 1 and it must therefore have an equilibrium point interior to it,
but R contains no equilibrium points. There must exist suitable equilibrium points interior to
C; for all this to be possible.
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The same result is true if paths are all outward from R across C1 and C, (by reversing the
time variable).

The practical difficulty is in finding, for a given system, a suitable C; and C; to substantiate
in this way the existence of a limit cycle. There is a similarity between this process and that of
finding Liapunov functions (Chapter 10).

Example 11.1 Show that the system
i=x—y—@2+3yhx, y=x+y—F+ 3Dy
has a periodic solution.
The system has an equilibrium point, at (0, 0). Any other equilibrium points must satisfy
y=x—@r+3yhx,  x=-y+ a2+ Iy

A sketch of these curves indicates that they cannot intersect.

We shall try to find two circles, centred on the origin, with the required properties. In Fig. 11.3(a), n = (x, y)
is a normal, pointing outward at P from the circle radius r, and X = (X, Y) is in the direction of the path
through P. Also cos¢ = n - X/|r||X| and therefore n - X is positive or negative according to whether X is
pointing away from, or towards, the interior of the circle. We have

n-X=xX—|—yY=xz—|—y2—x4—%)}4—%xzy2
T B
:rz—r4(l+%c0529— %COSZZQ). (11.1)

When, for example, r = %, this is positive for all # and so all paths are directed outwards on this circle, and

when r = 2 it is negative, with all paths directed inwards. Therefore, somewhere between r = % and r = 2,
there is at least one closed path, corresponding to periodic solution, since there are no equilibrium points in
this annulus. Figure 11.3(b) shows the computed stable limit cycle.

We can look for the pair of circles which pin down the narrowest annular region in which we can predict
that a closed path exists. The interval of r in which a closed path might lie is that for which, given a value of
r, X points inward on some points of the circle, outward on others; that is to say, values of r in this region give

(@) (b)

X LSp Y
y Limit cycle \

YA \ 1.0

p
y 0.5
0 X X
o -1.0y -05

Figure 11.3 (a) Notation for Example 11.1. (b) Showing the computed limit cycle, and the region between the inner
and outer ‘cycles with contact’, 0.97 < r < 1.41, shown shaded.
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circles to which X is tangential at some point (‘cycles with contact’: Andronov et al. 1973). For such values of
r the equation

PR (1 + %cos 20 — %cos2 29) =0
has a solution (r,8). Write this in the form

1
4 (7 - 1) = c0s 20 — cos? 26.
r

Investigation of the maximum and minimum values of the right-hand side shows that
—2 < cos 20 — cos? 26 < %
so that solutions will exist for values of the left-hand side which lie in this range, that is, when

% <r=<.2, or 097 <r <1.41,

which is shown as the shaded annular region in Fig. 11.3(b). This figure also shows the computed limit cycle
and neighbouring phase paths. [ )

Another point of view, closely resembling that of the Liapunov functions of Chapter 10, is
the following. Let

v(x,y)=¢c >0, c¢1<c<ao,

be a ‘band’ of closed curves for some range of ¢ including ¢ = ¢ (the curve Cp), the outer curves
corresponding to larger ¢ (Fig. 11.4). If, for every P,

d 9 9
[—“] iy =x2 1y o0, Pec,
de |, ox dy

then all paths point outwards on Cy (see Fig. 11.4). Similarly, we may seek a closed curve over
which all paths are inward.

y ¢ Increasing

P

Figure 11.4
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Example 11.2  Show that the system
i=y-xP4x, J=-x-) 4y

has at least one closed path in the phase plane.

A sketch of the cubic curves y = —x +x3, x = y + y3 indicates that they intersect only at (0, 0) which implies
that the origin is the only equilibrium point.
Put v(x,y) = x + y2. Then

d
ch;=zx<y—x3+x)+2y(—x—y3+y>=2<x2+y2—x4—y4>-

If x2 + y2 < 1 then
R S S 0 S SN e 2 S e
Hence dv/dr is strictly positive on the circle x2 4 y% = ¢ for any ¢ such that 0 < ¢ < 1. On the other hand, for
x2+y2>2
yo >4
2t +0H = 62 +yH? > 262 +0h).

As a result dv/dr is strictly negative on the circle x2 + y2 = ¢ for any ¢ > 2. Therefore the system has at least
one closed path lying between the two concentric circles. [

It is generally difficult to find curves v(x, y) = ¢ with the required properties. It may be pos-
sible, however, to construct supporting arguments which are not rigorous, as in the following
example.

Example 11.3  Show that the system

6y
1+ x2

r=y, y=-4x-5y+

has a periodic solution.

These equations are a simplified version of equations for a tuned-grid vacuum-tube circuit (Andronov and
Chaikin 1949). The only equilibrium point on the finite plane is at x = 0,y = 0. Near the origin, the linear
approximation is X = y,y = —4x + y, an unstable spiral. As in the previous example, the existence of a
Liapunov function for the stable spiral (see Chapter 10) guarantees that there is in the present case a closed
curve surrounding the origin over which the paths point outward.

To find what happens at a great distance use, for example, the mapping z = 1/x,u = y/x (eqn (3.15)); the
system becomes

7=-vz, U= —4—5u—u2—|—6uz2/(z2+1).

The equilibrium points on the horizon z = 0 are at u = —1 and u = —4 and these are unstable.
The situation is better viewed in the diametrical plane P* of Section 3.3. The picture is as in Fig. 11.5, giving
a reasonable assurance of a periodic solution, shown by the heavy line in the figure. [ )

The Poincaré—Bendixson principle can be employed to obtain theorems covering broad types
of differential equation, of which the following is an example.

Theorem 11.2  The differential equation
P4+ f,B)i+e() =0 (11.2)
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Figure 11.5 Phase diagram plotted on to a disc in the (x*, y*) plane (see Section 3.3) showing a stable limit cycle.
At infinity the equilibrium points marked A are saddle point and those marked B unstable nodes.

(the Liénard equation), or the equivalent system

x=y, y=—f(x,yy—gkx).

where f and g are continuous, has at least one periodic solution under the following
conditions:

(i) there exists a > 0 such that f(x,y) > 0 when x* + y* > a?;
y y

f(0,0) < 0 (hence f(x,y) < 0 in a neighbourhood of the origin);

)

(11)

(iii) g(0) =0,g(x) > 0 when x > 0, and g(x) < 0 when x < 0;
)

(iv) G(x) = [y g(u) du — 00 as x — oo.

Proof (iii) implies that there is a single equilibrium point, at the origin.
Consider the function
E(x,y) = 3y* + G). (11.3)

This represents the energy of the system (potential plus kinetic) when it is regarded, say, as repre-
senting a spring—particle system with external forces. Clearly, G(0) = 0, G(x) > 0 when x # 0,
and G is monotonic increasing to infinity (by (iv)); and is continuous. Therefore £(0,0) = 0,
and E(x,y) > 0 forx # 0and y # 0 (£ is positive definite). Also £ is continuous and increases
monotonically in every radial direction from the origin. Therefore (Fig. 11.6) the family of
contours of £ with parameter ¢ > 0:

Ex,y)=c (11.4)

consists of simple closed curves encircling the origin. As ¢ tends to zero they approach the origin
and as ¢ — oo they become infinitely remote (the principal consequence of (iv)).
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Figure 11.6

We can choose ¢, ¢ = ¢1, small enough for the corresponding contour, C1, to be entirely within
the neighbourhood of the origin where, by (ii), f(x,y) < 0. We will examine a half-path H
starting at a point on Cj.

Consider & (x, y) on H:

E@x,y) = g0 +yy = gy + y{—f(x,»)y — g(x))
= —y2 f(x, y). (11.5)

This is positive, except at y = 0, on C1. Choose H to start at a point on C other than y = 0.
Then it leaves Cy in the outward direction. It can never reappear inside Cq, since to do so it
must cross some interior contours in the inward direction, which is impossible since, by (11.5),
& > 0 on all contours near to Cq, as well as on Cj.

Now consider a contour C, for large ¢,c = ¢ say. Cy can be chosen, by (iv), to lie entirely
outside the circle x? + y? = a2, so that, by (i), f(x,y) > 0 on Cp. By (11.5), with f(x,y) > 0,
all paths crossing C, cross inwardly, or are tangential (at y = 0), and by a similar argument to
the above, no positive half-path, once inside C», can escape.

Therefore H remains in the region bounded by C; and C;, and by Theorem 11.1, there is a
periodic solution in this region. |

The theorem can be interpreted as in Section 1.5: near to the origin the ‘damping’ coefficient,
f, is negative, and we expect paths to spiral outwards due to intake of energy. Further out,
f(x,y) > 0, so there is loss of energy and paths spiral inwards. Between the families we expect
a closed path.

Example 11.4  Show that the equation % + (x> + %2 — 1)x + x3 = 0 has a limit cycle, and locate it between
two curves £(x,y) = constant.

With & = y, the only equilibrium point is at (0, 0). In Theorem 11.2, f(x,y) = x> +y2 —1, g(x) = x3,G(x) =
%x“. Therefore (11.4) gives the contours of & : %x“ + %yz = c. The closed path located by the theorem lies
between two such contours, one inside, the other outside, of the curve f(x,y) = 0, or x2 + y2 = 1, and is most
closely fixed by finding the smallest contour lying outside this circle and the largest lying inside. We require
respectively min/max of x2 + y% subject to %x“ + %yz = ¢, ¢ being then chosen so that the min/max is
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Region containing
closed path

Figure 11.7 The shaded region is bounded by the curves 1x* + 1y2=1 and 1x*+ 1y2=1.

equal to 1. The calculation by means of a Lagrange multiplier gives ¢ = % and ¢ = % respectively (see

Fig. 11.7). °
Exercise 11.1
Using the function v(x, y) = x* + % y2, show that the system
f=x4+y—xr’, y=-2x+2y—yrt, rr=x*+,?
has a periodic solution which lies between

v(x,y) = % and v(x,y) =1.

11.2 A theorem on the existence of a centre

The following theorem involves ingredients different from those previously considered.
(For a theorem of similar form but with less restrictive conditions see Minorsky
1962, p. 113.)

Theorem 11.3  The origin is a centre for the equation
X4+ fx)x+gx)=0,
or for the equivalent system
x=y, y=—f(x)y—g), (11.6)
when, in some neighbourhood of the origin, f and g are continuous, and

(i) f(x) is odd, and of one sign in the half-plane x > 0;
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(a) y (®) y
X x
Energy Energy
gain loss
Figure 11.8

(i) g(x) > 0, x > 0, and g(x) is odd (implying g(0) = 0);
(iii) g(x) > af(x)F(x) for x > 0, where F(x) = f(f f(u)du, and o > 1.

Proof We may assume that f(x) > 0 when x > 0, since the other case, f(x) < 0, reduces
to this by putting — for 7. The equation may describe a particle-spring system, with positive
damping (loss of energy) for x > 0, and negative damping (gain in energy) for x < 0. Since
f and g are odd, the paths are symmetrical about the y axis (put x = —z, t = —t into
(11.6)). As in Theorem 11.2, (ii) ensures that there is a single equilibrium point, at the origin.
Figure 11.8 shows possible types of closed path satisfying these conditions: we have to exclude
possibilities such as (b).
Let
E@x,y) = 37" + G, (11.7)

where

G(x) = / g(u) du.
0
As in Theorem 11.2, the family of contours
E(x,y)=c >0, (11.8)

where ¢ is a parameter, define a family of closed curves about the origin (but this time only in
some neighbourhood of the origin where the conditions hold, or for small enough c¢), and as
¢ — 0 the closed curves approach the origin.

Let Cp be an arbitrary member of the family (11.8) in the prescribed neighbourhood of the
origin, and consider the half-path H starting at A on the intersection of Cy with the y axis
(Fig. 11.9). On H,

. o0& o0&
E,y) = —i+ =5 = gy +y[=f W)y —g(0)] = —y2 f(x). (11.9)
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Figure 11.9

While y > 0, x > 0, so H constantly advances to the right in the first quadrant. Also, by (11.9),
E(x, y) <0, so y moves continuously to curves with smaller £. Since H remains within Cy it
leaves the quadrant at some point B on the positive x axis, inside Cy.

On the axis y = 0, x > 0 we have, by (ii),

x=0, y=—gx)<0.

Therefore all paths cut the positive x axis vertically downward, and so cannot re-enter the first
quadrant from the fourth. Moreover, since &(x, y) < 0 in the fourth quadrant, H continues to
lie inside Cp; therefore it must either enter the origin (the only equilibrium point), or cross the
y axis at some point C for which y < 0.

We shall show that it does not enter the origin. In the fourth quadrant,

<0 (11.10)

but
y=—f()y—gkx), (11.11)

which is sometimes negative and sometimes positive. We can deal with (11.11) as follows
(Fig. 11.9). O Q is the curve or isocline on which y = 0 (and dy/dx = 0), dividing the region
where y > 0 from that where y < 0 (eqn (11.11)). Assume initially that this curve approaches
the origin, that is, that

)}i_r)rb{—g(X)/f(X)} =0. (11.12)

For this case, H turns over in the manner indicated; is horizontal at R, and has negative slope
up to C, where dy/dx = 0 again. We have to show that yg < 0. On RC

X1 dy
y1—Yo= i dx.
0 X
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Therefore,

x1
o= yi+ /O () 4y 'g0o)dx  (by (11.6)),

= ff(( 1)) + F(x1) +/ ylg(x)dx (since F(0) = 0),

_glxr)
S x1)

< —aF(x1) + F(x1) <0 (by (iii)).

+ F(x1) (sinceg(x) >0,y <0o0on0 <x <xq),

Therefore yg <0, and ABRC is half of a closed path which is its own reflection in the y axis.
Now return to the possibility that the curve y = —g(x)/ f (x) does not pass through the origin.
Since g(x) > 0 and f(x) > 0 when x > 0, it lies entirely below the x axis, and Fig. 11.10 shows
how H must in this case also remain below the x axis, and therefore cannot enter the origin.
Finally, since the argument is independent of A near enough to the origin, the origin is a
centre. ]

Figure 11.10

Example 11.5  The equation ¥ + xx + x> = 0 has a centre at the origin.

With x = y, the system had only one equilibrium point at the origin. It cannot be classified by linearization.
Theorem 11.3 will be applied with f(x) = x and g(x) = x3, so that F(x) = zxz Conditions (i) and (ii) of
Theorem 11.3 are satisfied. Also

FOF@) = 13,
Therefore,
g —afMFx) =132 -a)
so (iii) is satisfied with 1 < a < 2 (see Fig. 11.11). ]
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Figure 11.11 Computed paths for ¥ + xx + x> = 0 together with the isocline y = 0(y = —x?2).

Exercise 11.2

In equation ¥ + f(x)x + f(x) = 0 f(x) satisfies the conditions of Theorem 11.3. Show that
the origin is a centre if

/xf(u)du < 1.
0

If f(x) = xe"‘z, find the equation of the phase paths of the centre.

11.3 A theorem on the existence of a limit cycle
We consider the equation

4 f0)f+gkx) =0, (11.13)

where, broadly speaking, f(x) is positive when |x| is large, and negative when |x| is small, and
where g is such that, in the absence of the damping term f(x)x, we expect periodic solutions
for small x. Van der Pol’s equation, X + S(x2 — 1)x +x = 0, B > 0, is of this type. Effectively
the theorem demonstrates a pattern of expanding and contracting spirals about a limit cycle.
Paths far from the origin spend part of their time in regions of energy input and part in regions
of energy loss, so the physical argument for a limit cycle is less compelling than in the case of
Theorem 11.2.
The proof is carried out on a different phase plane from the usual one:

X=y—F), y=-g), (11.14)



11.3 Atheorem on the existence of a limit cycle

(the Liénard plane) where

F(x) =/xf(u)du.
0

The use of this plane enables the shape of the paths to be simplified (under the conditions of
Theorem 11.4, y = 0 only on x = 0) without losing symmetry, and, additionally, allows the
burden of the conditions to rest on F rather than f, f being thereby less restricted.

Theorem 11.4 The equation X + f(x)x + g(x) = 0 has a unique periodic solution if f and g
are continuous, and
(1) F(x) is an odd function;
(ii) F(x) is zero only at x = 0, x = a, x = —a, for some a > 0;
(i) F(x) — o0 as x — oo monotonically for x > a;
(iv) g(x) is an odd function, and g(x) > 0 for x > 0.
(Conditions (i) to (iii) imply that f(x) is even, f(0) <0 and f(x) >0 for x > a.)

Proof The characteristics of f(x) and F(x) are shown schematically in (Fig. 11.12). The
general pattern of the paths can be obtained from the following considerations.

s N
VAN VoV

WA a

_a\/

Figure 11.12 Relation between f(x) and F(x).

(a) If x(¢), y(t) = x — F(x) is a solution, so is —x(t), —y(¢) (since F and g are odd); therefore
the whole phase diagram is symmetrical about the origin (but not necessarily the individual
phase paths).

(b) The slope of a path is given by

dy -

dx y—F®x)
so the paths are horizontal only on x = 0 (from (iv)), and are vertical only on the curve
y = F(x). Above y = F(x), x > 0, and below, x < 0.

(c) y <0forx > 0,and y > 0 for x <0, by (iv).

In what follows, the distance between any two points, say A and B, is denoted by AB. The

(directed) phase path joining two points C and D, or any three points C, D, and E, are denoted

—~ — .
by CD and CDE respectively.

N
Some typical phase paths are shown in Fig. 11.13. A path YY'Y” is closed if and only if Y
and Y” coincide. The symmetry condition (a) implies that this is the case if and only if

oY = oY’ (11.15)
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N

Figure 11.13

A~
We prove the theorem by showing that for the path Y Y Yy through A: (0,a), where F(a) =0
(condition (ii) and Fig. 11.12),

OYy — 0¥} <0,
and that as Y recedes to infinity along the positive y axis
0Y — 0Y' — o

monotonically. There will then be exactly one point ¥ for which OY — OY’ is zero, and this
identifies the (single) closed path. Thus we are really confirming a pattern of spirals converging
on a limit cycle.

Now let

vt = [t dut 12 (11.16)
0

and for any two points, S and T say, on a phase path write (Fig. 11.14)

vsffzvr—vsz-/ﬁdv, (11.17)
ST
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Figure 11.14  YQY'and Y1Q1Y] are the representative paths considered in the text.

where the integral is a line integral. Along an element of a path we have

dv=ydy+gdx=ydy —I—gj—xdy (from (11.16))
y

—ydy+ 2= Fdy  (from (11.14)
—8

— Fdy. (11.18)

Let the ordinate BB’ (through x = a) separate the parts of the right-hand half plane where
F(x) is positive from where it is negative. We consider these parts separately in estimating Vyy-
expressed as the sum

Vo =V + Ve + Ve (11.19)

The proof is carried out through the steps (A) to (F) below.

(A) As Q moves out from A along AC, Viyg + Vgy is positive and
monotonic decreasing

N\
Choose any fixed path Ya’, with Q at the point («, F(«)) as shown, and another, Y1 01Y],
with Q1 at the point (¢1, F(a1)), where a1 > «.



11 : The existence of periodic solutions

. ~
By (11.14), since y > 0 and F(x) < O on YB, Y1 B,

0< (dy(x)> < (M>/_\ (11.20)
dx /i3 dx Jyp
for every x. Similarly, since y < F(x) (from (b)) and F(x) <0 on B/’?, B/i?l/,
dy(x) dy(x)
0<( = )B/I?l << = )B/P (11.21)

(That is to say, Yl/B\l and BT?{ are shallower than ¥ B and B@, respectively.) Therefore from
(11.18), with F(x) < 0,

Vyg :/;@de: @(_F) (—j—i}) dx > @(_F) <—3—i> dx
— Vy/l?] -0 (11.22)
using (11.20). Similarly,
V@> V@ > 0. (11.23)

The result (A) follows from (11.21) and (11.23).

(B) As Q moves out from A along AC, Vgp' is monotonic decreasing

N\
Choose B/Q\B/ arbitrarily to the right of A and let By Q1B] be another path with Q1 to the
right of Q, as before. Then F(x) > 0 on these paths, and we write

V/-\ =—V//\— /\F(x)dyf— AF(x)dy,
By B BBy B} By H{H;

(where BHy, B@{ are parallel to the x axis)
<— | Fady=vg, (11.24)
B'B
(since, for the same values of y, F(x) on B’B is less than or equal to F(x) on HjHy).
(C) From (A) and (B) we deduce that Vyy: is monotonic decreasing as Q moves
from A to infinity in the direction of C.
(D) Vgg tends to —oo as the paths recede to infinity
Let S be a point on the curve y = F(x), to the right of A, and let B/Q\B’ be an arbitrary path

with Q to the right of S. The line PSN P’ is parallel to the y axis. Then, as before, referring to
Fig. 11.14,

Vep =— [ ~F(x)dy < [ — F(x)dy.
B'B P'P
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Also
F(x)> NS on PP’

since F(x) is monotonic increasing by (iii); therefore

Ve, < —NS ﬁdy = —NS-PP' < —NS-NP. (11.25)

But as Q goes to infinity towards the right, NP — oo.

(E) From (C) and (D), Vyy is monotonic decreasing to —oo, to the right of A
(F) Vyy: > Owhen Q is at A or to the left of A (For then F(x) < 0 and dy < 0.)
From (E) and (F), there is one and only one path for which Vyy, = 0, and this, by eqn (11.17)

and the symmetry of the paths, is closed. |

Example 11.6  The van der Pol equation i + B(x% — 1)% +x = 0,8 > 0, bas a unique limit cycle. (The case
B < 0 is exactly similar (put —t for t). Also note that this proof holds even when B is not small.)

The phase plane x, y is defined by
i=y—pxGat -1, j=ux

in this first-order form of the van der Pol equation.
Here,

f) =B =1), gx)=x
so that
F(x) = B(3x° —x).

The conditions of the theorem are satisfied, with a = /3. The x-extremities of the limit cycle must be beyond
x ==+./3. [ )

Example 11.7 Show that the equation

2 x -1,

" 3
X+ —5————x+x7=0
x2 —|x|+1

has a unique periodic solution.

We apply Theorem 11.4 with f(x) = 2+ |x] — 1)/(x2 —|x|+1) and g(x) = x3. The graph of f(x) versus
x is shown in Fig. 11.15(a). Since f(x) — 1 as x — oo, (iii) is satisfied, and (i), (ii), and (iv) are obviously
satisfied. Therefore a limit cycle exists, its extreme x-values being beyond the nonzero roots of F(x) =0. The
computed limit cycle is shown in Fig. 11.15(b). [
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(a) (b) 21 ¥

Figure 11.15 (a) Graph of f(x) versus x; (b) phase diagram showing the limit cycle.

Exercise 11.3
Compute the phase diagram for the van der Pol equation

P+ —Dit+x=0 (8> 0),
in the phase plane defined by
xX=y—Fx), y=-x

(see Theorem 11.4 and Example 11.6). Possible parameter values are 8 = 0.5, 1,2. Compare
with Fig. 3.24.

11.4 Van der Pol’s equation with large parameter

Van der Pol’s equation with large parameter
F+Bx?—Di+x=0
is equivalent (by putting § = 1/8) to the equation
8%+ (x* =Dk +8x =0 (11.26)

with & small. This can be regarded as a singular perturbation problem in terms of Chapter 6
(the small parameter is the coefficient of the highest order derivative), in which the influence
of the various terms is differently disposed on different parts of the solution curves, or on the
phase paths. The existence of a limit cycle is confirmed in Example 11.6. Here we shall look
briefly at the analytical construction of the limit cycle of (11.26) for small § in the usual phase
plane with x = y, and not the Liénard plane. It is necessary to piece together the limit cycle
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from several approximate solutions corresponding to different balances between the terms.
The approximations are made for § > 0; the phase path is then completed by invoking its
symmetry in the origin.

The equation for the phase path is

dy x2—-1 «x

- _ _ -z 11.27
and the isocline for zero slope is the curve y = 8x/(1 — x?).
In eqn (11.26) put ¢ = ut, so that
1) 1
—x" 4+ =(x* = Dx’ +8x = 0. (11.28)
0 o
When u = O(8) the first two terms predominate, and to the first order
X"+ @2 = 1x' =0. (11.29)
If x = a (the amplitude) when y = 0, then integration of (11.29) gives
X =x—3x —a+3a, (11.30)

or

x' = %(x —a)(3 — x? —ax — az).

If a > 1, then on x” > 0 (the upper half of the phase plane)
%{—a + /(12 - 3a*) < x <a,

and (11.30) represents the phase path in this interval: the amplitude a will be determined later.
When we put u = O(8~!) in (11.28), the second and third terms predominate and are of the

same order, so that
x =x/(1—x?), (11.31)

which is essentially the zero-slope isocline of (11.27). This equation can only be valid for y > 0
and —a < x < —1 because of the singularity at x = —1.

The two approximate solutions given by (11.30) and (11.31) must be connected by a third
equation in the neighbourhood of x = —1. To the required order the solution given by (11.30)
must pass through y = 0, x = —1: whence

H-a+y(12-3a*)=-1, or a=2.
For the transition, put z = x + 1; then (11.28) becomes

8 1
Fz” + ;{(z — 1?1} +6z—686=0.

Now put & = O(8%), and let z = 8%u; then a balance is achieved between the terms containing
7’, z’, z and the constant if

1-2a+B=—a+2=1;
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that is, if « = % and 8 = % The differential equation for the transition region is
W' —2uu —1=0, (11.32)

an equation without an elementary solution, relating u’ and u.
There remains the solution around x = —2 to be constructed. Put z = x + 2 in (11.28):

%z” + %{(z —2)* -1} + 82— 28 =0.
Again, put £ = 0(8%) and z = §%u. The equation
u"+3u' =2 (11.33)
followsif 1 —2a+B8=B8—a=1,orifa =1, 8 =2. From (11.33)
%u/ + %log(Z — 3u’) + u = constant.
When u = 0, u’ = 0, so finally
su' + %log(2 — 3u') +u = % log2.

After restoring the original variables, x and 7, the sections of the limit cycle on the phase
plane for y > 0 are as follows:

(i) =2 <x <=2+ 0(8?):
%Sy + %62 log(1 — %8*1)1) =—(x+2)
(i) =2+ 0(8%) < x < =1 — 0(8*3):

y=6x/(1—x%);
(iii) —1 — 0(8%/3) < x < —1 4+ 0(8%/3): the appropriate solution of

8% —2(x + Dk = &
(iv) =14+ 0@*3) <x <2:

1 2
x=§y3+8y—§.

The complete limit cycle can now be constructed since it is symmetrical about the origin.
Figure 11.16(a) shows the computed limit cycle for 8 = 10, and the corresponding time solution
is shown in Fig. 11.16(b).

The van der Pol equation for large parameter B (or small §) is an example of a relaxation
oscillation, in which typically, as Fig. 11.16(b) shows, the system displays a slow build-up
followed by a sudden discharge, repeated periodically.
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Figure 11.16 (a) Limit cycle for van der Pol’s equation (11.26) with § = 1/8 = 0.1; (b) time-solution curve
corresponding to the limit cycle

Problems

11.1

11.2

11.3

11.4

Prove that the equilibrium point of

f4 i taind +x)=0, =y
is a centre in the (x, y) plane. Compute the phase diagram in the neighbourhood of (0, 0).

A system has exactly one equilibrium point, n limit cycles, and no other periodic solutions. Explain why
an asymptotically stable limit cycle must be adjacent to unstable limit cycles, but an unstable limit cycle
may have stable or unstable cycles adjacent to it.

Let ¢, be the number of possible configurations, with respect to stability, of n nested limit cycles.
Show that ¢ =2, ¢p =3, ¢3 =3, and that in general

Cn = Cp—1 tCp—2.

(This recurrence relation generates the Fibonacci sequence.) Deduce that

e ={Q2+ /A + V" (=2+ /51— 5 1@ 1 ys).

By considering the path directions across each of the suggested topographic systems show that in each of
the cases given there exists a limit cycle. Locate the region in which a limit cycle might exist as closely as
possible. Show that in each case only one limit cycle exists:
(1) x =2x+2y —xQxr + yz), y=-2x+y— y(2x2 + yz)
(topographic system x“ + y~ = constant);
(il) = —x —y+x(x2+2y), y=x—y+y@x2+2y?)
(topographic system xZ + y2 = constant);
(iii) ¥ =x+y—x3—6xy?, y=—2x+2y—8y3 —x2y
(topographic system x2 + 2y2 = constant); compute the phase diagram, and show the topographic
system.
(iv) £ =2x +y—2x3 = 3xy2, y = —2x +4y — 4y3 — 2x2y
(topographic system 2x2 4 y2 = constant).

Show that the equation X + B(x2 + %2 — i +x3 =0 (8 > 0) has at least one periodic solution.



11.5

11.6

11.7

11.8

11.9

11.10

11.11

11.12

11.13

11.14

11.15

11 : The existence of periodic solutions

Show that the origin is a centre for the equations

(i) ¥ —xx+x=0;

(i1) X +xx +sinx = 0.

Suppose that f(x) in the equation X + f(x)x +x = 0 is given by f(x) = x". Show that the origin is a
centre if n is an odd, positive integer.

Show that the equation
X+ ,B(x2 — 1Dx +tanhkx =0

has exactly one periodic solution when k > 0, 8 > 0. Decide on its stability.
The ‘restoring force’ resembles a step function when & is large. Is the conclusion the same when it is
exactly a step function?

Show that
4+ Br—Di+x3=0
has exactly one periodic solution.
Show that
X+ (x| + x| = Dx +x|x| =0

has at least one periodic solution.
Show that the origin is a centre for the equation

X4 (kx +1)sinx = 0.
Using the method of Section 11.4, show that the amplitude of the limit cycle of

X+ (x| —Di4+ex=0, x=y 0<ek1l),
is approximately @ = 1 + +/2 to order &. Show also that the solution for y > 0 is approximately
gy=(x—a)— %xzsgn(x) + %az, (-1 <x <a).
Compare the curve with the computed phase path for ¢ = 0.1.
Let F and g be functions satisfying the conditions of Theorem 11.4. Show that the equation
i+ F@) +gu)=0

has a unique periodic solution (put # = —z). Deduce that Rayleigh’s equation i +
ﬂ(%iﬁ — ) + u = 0 has a unique limit cycle.

Show that the equation
F4+BGaE+i2 - Di+x=0,
unlike the van der Pol equation, does not have a relaxation oscillation for large positive S.
For the van der Pol oscillator
88+ (x> —Di+8x=0

for small positive 8, use the formula for the period, eqn (1.13), to show that the period of the limit cycle
is approximately (3 —21n2)s~L. (Hint: the principal contribution arises from that part of the limit cycle
given by (ii) in Section 11.4.)

Use the Poincaré—Bendixson theorem to show that the system
i=x—y—x(? 42y, j=x+y—yat+2y%)

has at least one periodic solution in the annulus 1//2 < r < 1, where r = /(x% + y2).
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A characteristic of nonlinear oscillating systems which has become a subject of considerable
recent interest is the great variety of types of response of which they are capable as initial condi-
tions or parameter values change. The passage from one set of responses to another often occurs
very suddenly, or ‘catastrophically’: instances of this were shown in Section 1.7 in connection
with a parameter-dependent conservative system, and in Section 7.3 on the jump phenomenon
of Duffing’s equation. Further examples of such changes are given in the present chapter, the
linking concept being the idea of bifurcation, where the sudden change in behaviour occurs
as a parameter passes through a critical value, called a bifurcation point. A system may con-
tain more than one parameter, each with its own bifurcation points, so that it can display
extremely complex behaviour, and computer studies play an important part in providing a
taxonomy for the behaviour of such systems. We shall look at some of the elementary charac-
teristics of bifurcations as they arise in the fold and cusp catastrophes, and the Hopf bifurcation.
More discussion of bifurcations with many examples is given by Hubbard and West (1995). A
manifold is a subspace of a phase or solution space on which a characteristic property such as
stability can be associated.

12.1 Examples of simple bifurcations
In this section we take an intuitive view of some simple bifurcations. Consider the system
x =y, y=-Ax

containing a parameter A with values in (—o00, 00). The phase diagram contains a centre for
A > 0 and a saddle for A < 0, these classifications representing radically different types of
stable and unstable system behaviour. The change in stability occurs as A passes through A = 0:
a bifurcation is said to occur at A = 0, and A = 0 is called the bifurcation point.

The behaviour of the damped system

=y, y=—ky—ow’x, (12.1)

with @ > 0 given and k the bifurcation parameter, depends on the roots of the characteristic
equation

m? + km + w® = 0.

The phase diagram is an unstable node for k < —2w, an unstable spiral for —2w <k <0, a
stable spiral for 0 <k <2w, and a stable node for k > 2w. It might appear at first sight that,
for example, the transition from stable spiral to stable node should indicate a bifurcation, but
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an important common feature is that both are asymptotically stable, so that even though the
stable spiral looks different from a stable node we do not call the value k = 2w a bifurcation
point. However, the transition of k from negative k to positive k through k = 0 is accompanied
by a change of stability. Therefore we regard the system as having a bifurcation point at k = 0.
We shall say more about the general linear problem in Section 12.3.

The equation

F—k(2 4+ —Di+x=0

(see Example 1.9) has a limit cycle x2 + y2 = 1 in the phase plane with ¥ = y. Let k be the
bifurcation parameter. The behaviour close to the origin is indicated by the linearized equation

X+kx+x=0

which is essentially the same as (12.1) with @ = 1. The equilibrium point at (0, 0) passes
through the same bifurcation as that of (12.1). The limit cycle x2 + y2 = 1 is always present
but its stability changes from stable to unstable as k increases through zero, so in this example
the change in the phase diagram is not limited just to the equilibrium point but also to other
features.

Example 12.1 Find the bifurcation points of the system x = —Ax +y, y = —Aix — 3y.

Let
X —A 1
e=[3] am=[3 4

so that, in matrix form, the system is equivalent to
¥ =AQ)x.

If & # 0, the system has only one equilibrium point, at the origin: if A =0, equilibrium occurs at all points on
y = 0. Following the method of Chapter 2, we find the eigenvalues m of A(A) from

|A() —mlI| =0,
or

—A—m 1
—A -3 —-m|

Hence m satisfies
m% 4+ 3+ Mm+4r =0,
which has the roots
my, my = 3[—2 =3+ (A= D - N}

We look for bifurcations where the character of the roots changes—having regard to whether they are real or
complex, and to the sign when they are real or the sign of the real part when they are complex.
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0 1 9 1
| | |
- 1 1 /\/ 1 [
m,, m, Real Real Complex Real
opposite signs same signs same signs
(Saddle)  (Stable node) (Stable spiral ) (Stable node)
Figure 12.1
The classification of the origin is:
A mi,my
A<0 Real, opposite signs Saddle
0 <A <1 Real, negative Stable node

1 <A <9 Complex, negative real part

A>9 Real negative

Stable spiral
Stable node

The transitions are shown in Fig. 12.1. The system has a single bifurcation point A = 0, where there is a change

from a stable node to a saddle.

Exercise 12.1
In Example 12.1, ¥ = Ax where

Referring back to Fig. 2.10, express p and ¢ in terms of A. Show that ¢ = —4(p + 3), and

1
-3

]

draw this line on Fig. 2.10. Discuss the bifurcations of the system.

12.2 The fold and the cusp

Bifurcations of systems are closely linked to catastrophes. In general terms a system experiences
a catastrophe when a smooth change in the values of a parameter results in a sudden change in
the response of the system. A comprehensive account of catastrophe theory is given by Poston
and Stewart (1978). Here we shall in a general way relate the two simplest catastrophes and

their associated bifurcation sets of parameters as they arise in the ‘conservative’ systems of

Section 1.3, which take the standard form

¥=f)=-V),

where V is called the potential energy, or potential, of the system.
Suppose we have a potential containing a parameter A, defined by

V(h,x) = %x3 + Ax.

(12.2)
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The equilibrium points occur where 3V /dx = 0, or where
X2+ a=0. (12.3)

If » <0 there are two equilibrium points, at x = £+/A, one if =0, and none if A > 0. The
phase diagrams may be obtained by using the method of Section 1.3: a plot of V against x for
constant A is made, and must take one of the forms shown in Fig. 12.2, depending on the value
of A. If A < 0 then V has a minimum at x = /A, indicating a centre at this point, and a maximum
at x = —,/A, indicating a saddle there. The case A =0 and A > 0 may be discussed similarly.

Equation (12.3) defines the so-called ‘catastrophe manifold’ for this problem: this is the curve
shown in Fig. 12.3. In effect it shows the positions of the equilibrium points in terms of the
values of A, but its real significance is to display the fact that A = 0 is a bifurcation point for
the problem, where the nature of the solutions suddenly changes.

The stability of the equilibrium points to which the two branches of the curve relate can be
deduced from the method of Section 1.7. If the region where (—9V/0x) > 0 is shaded, then equi-
librium points which form the boundary above this region are stable and the rest are unstable.

2y 2y 2y
X X x
A<0 =0 21>0
Figure 12.2
x
A
V'<0
/
- g —— Stable equilibrium
_ -
- — — — — Unstable equilibrium
— -—

- - . Bifurcation point | = ()

Figure 12.3 Manifold curve for the fold catastrophe.



12.2 The fold and the cusp

Potentials may contain two or more parameters. Suppose now that the potential consists of
a fourth-degree polynomial in x of the form

VO, u,x) = %x4 — %sz + ux (12.4)
where A and u are two parameters. Equilibrium points occur where 3V /dx = 0, or where
MO, p,x)=x> —Ax +pn = 0. (12.5)

Regarding (12.5) as a cubic equation for x, the nature of its solutions depends on the sign of
the discriminant

a3
D () = +4(F) =pur - 523

(see, e.g., Ferrar, 1950). If D > O there is one real solution and two complex ones; if D = 0
there are two real roots one of which is a repeated root; and if D < 0 there are three real roots,
all different. The potential V then takes one of the forms shown in Fig. 12.4.

The catastrophe manifold defined by (12.5) is this time a surface in A, u, x space (Fig. 12.5).
A fold grows from the origin in the general direction of the A axis. The two curves radiating

2y 2V Y
X X X
4
D>0 D=0 D<0
Figure 12.4

Figure 12.5 Manifold for the cusp catastrophe.
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from the origin along which the fold turns over are of particular interest, since they form a
demarcation between the parameter region where there is a single equilibrium point and the
region in which there are three. We therefore project the latter region on to the A, i, plane. At the
edge of
the fold

M
M _ 525 —o. (12.6)
0x

The projection of the boundary of the fold is obtained by eliminating x between (12.5) and
(12.6), and the resulting curves in the A, u =1 plane are given by

L2 3p
w=E3 5t
as shown in Fig. 12.6. (This expression is equivalent to D(A, u) = 0.)

Figure 12.6 is called a catastrophe map (of a cusp catastrophe): it indicates the critical
values of the parameters at which sudden change in the nature of the equation’s output can be
expected. The bifurcation set consists of the cusp itself. In the shaded region between the two
branches of the curve there are three equilibrium points, and outside there is one.

The technique of Section 1.7 can again be used to establish which parts of the surface of
Fig. 12.5 represent stable equilibrium points, and which unstable, by noticing that the surface
divides the space into two parts, and that in the ‘lower’ half (9)/dx) is negative and in the
‘upper’ half positive (the separation occurring when (—3V/dx) = 0, which is the equation
of the surface itself). The connecting portion of the fold between the upper and lower parts
therefore represents unstable equilibrium points, and the rest are stable. The unstable set lies
between the branches of the cusp in Fig. 12.6. Thus if the parameter values undergo a change
in which they cross the cusp a marked change in response of the system is to be expected, this
change taking place ‘catastrophically’.

D>0 D>0

D=0 ) D=0

Figure 12.6 Bifurcation set for the cusp catastrophe.
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It is shown in Section 7.3 how Duffing’s equation generates a similar cusp catastrophe when
the parameters are taken to be the forcing amplitude and the forcing frequency: the observed
variables in that case are not equilibrium points and their stability, but amplitudes of steady
forced oscillations and their stability, as parametrized in the van der Pol plane.

Exercise 12.2

In the conservative system

V0, ,0)
0x ’

X =

let

VA, i, x) = %x4 — %Ax3 + ux.
Show that equilibrium points occur where

M@, x) = x> —ax> 4+ pu = 0.

Reduce this equation to standard form (12.5) by the transformation x = z + %A. Show that
in the equation for z the discriminant is

D) = p? — 55un’.

12.3 Further types of bifurcation

In this section we examine further parametric bifurcations of first-order systems, mainly in
two variables. The approach is through examples, and no attempt is made to cover general
bifurcation theory. However, we can first make some general observations about the first-
order autonomous system in n real variables which contains m real parameters. This can be
expressed in the form

x=X(p,x), xeR", peR", (12.7)

where u is an m-dimensional vector of real parameters (the letter R stands for the set of real
numbers). Equilibrium points occur at the solutions for x of the n scalar equations expressed
in vector form by

X(u,x) =0 (12.8)

for any given u.

Suppose that (g, x() is a solution of this equation. Then g = u is a bifurcation point if the
structure of the phase diagram changes as p passes through p. This rather imprecise definition
covers a number of possibilities including a change in the number of equilibrium points as u
passes through p(, or a change in their stability. There are many ways in which g can pass
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through pg: if m =3 then we would look at changes in all straight lines through py. Some
directions might produce a bifurcation and some might not, but if at least one does so then
Ko is a bifurcation point. Another possibility is that equilibrium points appear and disappear
although their number remains fixed, causing the phase diagram to suffer a discontinuous
change (see Example 12.5).

Geometrically, the equilibrium points occur where the n surfaces given by (12.8) in the
n-dimensional x space intersect, but obviously the locations of these surfaces will vary with
changes in the parameter vector . Alternatively, we can view the equilibrium points as the
intersections of the surfaces in the (m+n) dimensional (x, u) space. Any projection u = constant
vector in this space will give the n surfaces in the x subspace, whose intersections determine
the equilibrium points of the system.

We shall look at some examples of further common bifurcations which occur in plane systems
containing a single parameter.

Saddle-node bifurcation (or fold bifurcation)

Consider the equations
i=y, y=xt-y-pu (12.9)

Equilibrium points occur where y = 0, x2—y—u = 0. Geometrically they lie on the intersection
of the plane y = 0 and the surface y = x? — 11 in (x, y, i) space. In this case, all the equilibrium
points lie in the plane y = 0, so that we need only show the curve x2 = u of equilibrium points
in the (x, ) plane as shown in Fig. 12.7(a). There is a bifurcation point at u = ug = 0 where
x=x0=0,y=yg=0. For u < 0 there are no equilibrium points whilst for i > 0 there are
two at x = +./u.

For u > 0, let x = £/ + x’, y = y" in (12.12). Hence, to the first order

A=y, V=) -y —pr 2 -y (12.10)
In the notation of the linear approximation (Section 2.4)
p=-1, g=7F2Ju, A=1£8/u. (12.11)

Hence, for x > 0 the equilibrium point is a saddle; whilst for x < 0, the equilibrium point is a
stable node, which becomes a stable spiral for \/u > %. However the immediate bifurcation as
w increases through zero is of saddle-node type. Figure 12.7(b) shows the saddle-node phase
diagram for . =0.01.

Transcritical bifurcation

Consider the parametric system
. . 2
X=y, y=px—x"—y.

It has equilibrium points at (0, 0) and (u, 0). Again all the equilibrium points lie only in the
plane y = 0 in the (x, y, ) space. The bifurcation curves are given by x(x — u) = 0, which are
two straight lines intersecting at the origin (see Fig. 12.8).
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Figure 12.7 (a) A saddle-node bifurcation; (b) phase diagram for u = 0.01.
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Figure 12.8 A transcritical bifurcation.
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There is a bifurcation point at u = pg = 0, since the number of equilibrium points changes
from two (u < 0) to one (u = 0) and back to two (i > 0) as u increases. Near the origin

V. ﬂ/ 1 y )

p:—l’ q:—/,l/, A:1+4M.

For p <0, the origin is stable; a node if —% <u <0, and a spiral if u < —}‘. If i > 0 then the
origin is a saddle.
Near x = p, withx = u+x"and y = y/,

H e |}

p:—l, q =M, A=1—4M.

Hence

For u < 0, x = w is a saddle; if u > 0 then x = w is a stable node for 0 < p < % and a stable

spiral for pu > %.

This is an example of a transcritical bifurcation where, at the intersection of the two bifur-
cation curves, stable equilibrium switches from one curve to the other at the bifurcation point.
As p increases through zero, the saddle point collides with the node at the origin, and then
remains there whilst the stable node moves away from the origin.

Pitchfork (or flip) bifurcation

Consider the system
xX=y, y = ux —x3 - y. (12.12)

The (x, ) bifurcation diagram, shown in Fig. 12.9, has a bifurcation point at 4 = o = 0.

| ¢ | ~ | \
)‘} I‘L 1 y '

p:—l, q:—/,L, A:1+4M.

Hence

If u < 0, then the origin is stable, a node if —}‘ <w <0and a spiral if u < —%; if & > 0 then the
origin is a saddle point.

The additional equilibrium points are at x = £,/u for u > 0. Linearization about these points
shows that x = &./u are stable nodes for 0 < u < %, and stable spirals for pu > %. As 1 increases
through zero the stable node for i < 0 bifurcates into two stable nodes and a saddle point for
w > 0. This is an example of a pitchfork bifurcation named after its shape in the (x, ) plane.
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(Stable)
Spiral . Node
-1/4

Figure 12.9 A pitchfork bifurcation.

The bead on the rotating circular wire (Example 1.12) is a possible mechanical model for a
pitchfork bifurcation.

Pitchfork bifurcations are often associated with symmetry breaking. In the system above,
x = 0 is the only (stable) equilibrium point for u < 0, but as u increases through zero the
system could be disturbed into either stable mode, thus destroying symmetry.

Example 12.2 [nvestigate the bifurcation point of

F=x—2y—pu, V=y-—x*+u (12.13)
Equilibrium occurs where

x—2y—u=0, y—x2+//.=0.

In the (x, y, u) space, the equilibrium points lie on the curve where plane x — 2y — u = 0 intersects the surface
y —x2 4+ = 0. Elimination of  leads to y = x — x2. Hence parametically the curve of intersection is given by

X =w, y=w—w2, ,u:—w+2w2, (12.14)

where w is the parameter. The projection of this three-dimensional curve onto the (u,y) plane is shown in
Fig. 12.10. Bifurcation occurs where u has a maximum or a minimum in terms of w. Thus du/dw = 0 where
w = %, for which value u = —%. Hence there are no equilibrium points for u < —% and two for u > —%.

Suppose that (u1,x1,y1) is an equilibrium state with pq > —%. Let x =x1 +x" and y =y; + . The linear
approximations to (12.13) are

W =x14+x =2y =2y —ug =x" =2y, (12.15)
V=yi+Y =+ )+ g~ —2xqx’ 4y (12.16)
Hence

p=2, g=1—4xq, A=p2—4q=16x1.
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0.3 7
0.2
0.1
u
-0.3 -0.2 -0.1 0.1 0.2 0.3
S 3, Bifurcation point
0.1 & é’/ "

Figure 12.10 Projection of the equilibrium curve in the (x, y, 1) space on to the (u, y) plane: the bifurcation point
occurs at jy = %

From (12.14), 2x% —x1 — 11 = 0, s0

x = 31EVA+8u)] (11 = -

The upper sign corresponds to a saddle since g <0, whilst the lower sign implies that ¢ >0, A >0, which
means that this branch is an unstable node for w1 > 0 and small (see Fig. 12.10). )

Example 12.3  Show that
i=y,  F=la+ D= ptyliec— D2+ p+yl

has two equilibrium points for all u. Discuss the bifurcation which takes place at u = 0.

Equilibrium occurs where y = 0 and
(x+l)2—,u=0, or, (x—1)2—|—,u=0.

The equilibrium curves are shown in Fig. 12.11. There are always two equilibrium points for all u, but
one point disappears for u >0 and another appears at ©=0 (see Fig. 12.11). They are both saddle-node
bifurcations with bifurcation points at (0, —1) and (0, 1) in the (i, x) plane. (See Exercise 12.3 at the end of this
section.) )

As a final example in elementary bifurcation theory, we shall consider in detail a one-
parameter plane system which has several bifurcations including a Hopf bifurcation (see
Section 12.5), and requires a three-dimensional view.

Example 12.4 Investigate the bifurcations of the system
F=X(x,y) =22 —x) — x+1y% F=Y0xy=yx-1D.
Equilibrium occurs where
2e(p—x) —(x+ 1y =0, yx-1=0,
which can be separated into three curves in (x, y, ) space:

Ci:x=0,y=0; Cpx=p,y=0 C3:x=1y"=p—1u=1).
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Bifurcation points
7 P

-4 -3 =2 ~1 0//1 2 3
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Figure 12.11

The equilibrium states are shown in Fig. 12.12. The Jacobian of [X (x, y), Y (x, y)]T is

0X 00X
| ox 9y | |2u—4x-— y2 —2(x+ 1)y
TExvw =15y a5y _[ y x—1 |

ax Ay
We need to investigate the eigenvalues of J(x, y, u) in each equilibrium state since this will decide the type of
each linear approximation.

Figure 12.12 Equilibrium curves for # = 2x(u — x) — (x + 1)y%, y = y(x — 1).

(a) Equilibrium points on C1. Here

J(0,0,1) = [20" _OJ
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and the eigenvalues of J(0,0, 1) are given by

=0,

det[J (0,0, 1) —mlIy] = ’2;/«0—"1 _10_,11’

so that m = —1 or 2. Hence for i < 0, the equilibrium point is a stable node and for u > 0 a saddle point.
(b) Equilibrium points on Cy. In this case

-2 0

The eigenvalues of J(u,0,u) are m = —2p or u — 1. Hence for u < 0 and u > 1, the eigenvalues are real
and of opposite signs, indicating a saddle, whilst for 0 < u < 1 the eigenvalues are both real and negative
indicating a stable node.

From (a) and (b) it follows that there is a transcritical bifurcation at u = 0. The situation at u = 1 is
more complicated since curve C3 intersects Cy there.

—_
O

Equilibrium points on C3. On this curve

—3  —4f(u—-1
T = =| 73 D]

Hence the eigenvalues are given by

nw—3—m

_4\/(I~L_l) _ 2 _
Ju-1 —m ’—0’ or m?—(u—3)m+4u—1)=0.

The eigenvalues can be defined as

mi,my = -3+ /(- 1D% - 96}1.

The eigenvalues for u > 1 are of the following types:

(I) 1<pn<11-4,/6 (~1.202): mq, my real and negative (stable node);
(I) 11 —4./6 < < 3: mq, my complex conjugates with negative real part (stable spiral);

() 3<u<11+4./6 (=20.798): m1, my complex conjugates with positive real part (unstable spiral);
(IV) 11+4./6 < u: mq, my both real and positive (unstable node).

Results (b) and (c)(I) above show that a pitchfork bifurcation occurs at the bifurcation point at u=1. As u
increases through u = 3, the stable spirals at x = 1, y = 4/2 become unstable spirals. Hence u = 3 is a bifurcation
point indicating a change of stability. A similar bifurcation occurs at the symmetric pointx =1, y =—,/(n — 1).
These are often referred to as Hopf bifurcations: as we shall see in the next section this stability change of a
spiral can generate a limit cycle under some circumstances, but not in this example.

To summarize, the system has three bifurcation points: a transcritical bifurcation at u = 0, a pitchfork
bifurcation at u = 1 and Hopf bifurcations at u = 3. ®

Further elementary discussion on bifurcation theory can be found in the books by Hubbard
and West (1995) and Grimshaw (1990); a more advanced treatment is given by Hale and
Kocak (1991).
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Exercise 12.3
In Example 12.3, x satisfies

F=[0xr+1)% = p+ 20 — D>+ p+ 1.
Equilibrium occurs where
(x—i—l)z—u:(), (x—l)z—}—u:O.

Investigate the linear approximations for u > 0. For the equilibrium pointat x = —1+ /1,
let x = =14 /i + Z, and show that Z satisfies approximately

Z —h(WZ —2/uh(w)Z =0,

where h(n) = (/1 — 2)2 + 1. Confirm that this equilibrium point is a saddle. Similarly
show that x = —1 — ./ is an unstable node.

Exercise 12.4
Discuss all bifurcations of the system

i=xt+y*-2, y=y—x*+n.

Compute phase diagrams for typical parameter values.

12.4 Hopf bifurcations

Some bifurcations generate limit cycles or other periodic solutions. Consider the system
X =px+y—xx*+y%), (12.17)
y=—x ey =y 4y, (12.18)

where p is the bifurcation parameter. The system has a single equilibrium point, at the origin.
In polar coordinates the equations become

f:r(u—rz), f=—1.

If © < 0 then the entire diagram consists of a stable spiral. If © > 0 then there is an unstable
spiral at the origin surrounded by a stable limit cycle which grows out of the origin—the
steps in its development are shown in Fig. 12.13. This is an example of a Hopf bifurca-
tion which generates a limit cycle. Typically for such cases the linearization of (12.17) and
(12.18) predicts a centre at the origin, which proves to be incorrect: the origin changes from
being asymptotically stable to being unstable without passing through the stage of being
a centre.
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\ 40

n<o0 u>0

=

Figure 12.13 Development of a limit cycle in a Hopf bifurcation.

The following is a simple version, restricted to polar-type equations, of a more general
result.

Theorem 12.1 Given the equations x = ux +y — xf(r), y = —x + puy — yf(r), where
r= &%+ y%), fr) and f'(r) are continuous for r > 0, f(0) =0, and f(r) > 0 forr > 0.
The origin is the only equilibrium point. Then
(1) for u < 0 the origin is a stable spiral covering the whole plane;
(ii) for u = 0 the origin is a stable spiral;
(iii) for u > 0 there is a stable limit cycle whose radius increases from zero as u increases
from zero.

Proof Choose the Liapunov function V (x,y) = %(xz—l-yz) (see Section 10.5 for the Liapunov
method). Then

. av . .
Vix,y) = e + E)’

=x[px +y —xf@)]+ yl—x +pny — yf ()]

=r*(u— f(r) <O.

Suppose < 0. By Theorem 10.7 the origin is asymptotically stable and its domain of attraction
is the entire plane. That it is a spiral can be seen from the polar form of the equations

F=r(p—f@r), 6=-L

Note that the case i = 0 is included.
Suppose u > 0. Reverse the time, so 7 is replaced by (—1) in the equations. Select the same
Liapunov function. Then

V(x,y) =r*(f(r)—p) <0

for £ >0 in some interval 0 <r <r; by continuity of f(r) and the inequality f(r)> 0 for
r > 0. This proves that the origin of the time-reversed system is stable, so the original system is
unstable, and the polar equation confirms that it is a spiral in 0 <r <rj.
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Finally in some interval 0 <u < 1, u— f(r) =0 must have exactly one solution for
sufficiently small. For this value of r, the corresponding circular path is a limit cycle. The polar
equations confirm that this limit cycle must be stable. [ |

Example 12.5 Show that the equation
2+t —wi+tx=0

exhibits a Hopf bifurcation as u increases through zero.

We can apply Theorem 3.5 to show that the system has no periodic solutions for 4 < 0. Write the equation as
X =X(x,y) =y,
Y=Yy = -0+t -y - x,

Then
0X Y

2 2
— =—x“-3 0
3x+8y x YoAH<

for all (x,y) and all u < 0. Hence by Theorem 3.5, there can be no closed paths in the phase plane.
For the critical case u = 0, we can use the Liapunov function

Vix,y) =162 +y%)
which results in
V(x,y) ==+ yHy%
Since V (x,y) vanishes along the line y = 0, but is otherwise strictly negative, the origin is an asymptotically

stable equilibrium point (see Section 10.5). For 11 > 0 the system has a stable limit cycle with path x2 + y2 =p
(cf. Example 1.6) which evidently emerges from the origin at =0 with a radius which increases with . @

Exercise 12.5
A system is given by

F=—pr+rr—r3, 6=-1, 1>upu>0

in polar coordinates. As u decreases from 1, show that a limit cycle of radius % appears
when p = }‘, which then bifurcates into stable and unstable limit cycles. Sketch the phase
diagrams for }T <pu<l,u= % and u < %

Exercise 12.6
Discuss the bifurcations of the limit cycles of the system

F=0t=2rt 4+ wr, 6=-1.
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12.5 Higher-order systems: manifolds

This section contains further development of n-th order autonomous systems introduced in
Section 8.9. There we considered the real system

¥ =Xx), x=I[x1,%2,...,%]", (12.19)
X =[X1,X2,.... X" € R",

which has equilibrium points where
X(x)=0.

If x = x is an equilibrium point then the linear approximation to (12.19) will be, after putting
x =x9+x,

x' = J(xo)x' = Ax/, say,

where J is the Jacobian matrix of derivatives of X evaluated at x = x(, namely

90X (x)

J(x0) = [Jij(x0)] = [ r
J

:| (i,j=1,2,...,n).
x=x

The stability classification of equilibrium points of linear approximations will depend on
the eigenvalues of A as we explained in Section 8.9. If all the eigenvalues of A have negative
real part then the linear approximation is asymptotically stable and so may be is the nonlinear
system. Conditions under which this holds good are provided in Section 10.8. If at least one
eigenvalue has positive real part then the equilibrium point will be unstable. (There are also
critical case where the eigenvalues have either negative real part or zero real part (imaginary
eigenvalues) which require further investigation regarding stability.)

In this section we shall look specifically at the solutions which approach the equilibrium
point either as t — 0o or t = —o0. In the case of a two-dimensional saddle point, such time
solutions correspond to the four asymptotes or separatrices (see, e.g., Fig. 2.6). Higher-order
systems will be introduced by way of the following three-dimensional example.

Example 12.6  Find the eigenvalues and eigenvectors associated with

NINER]

and identify stable and unstable solutions.
The eigenvalues of A are given by

[T
N =

1-m 2 1
2 1—-m 1
1 1 2—m

det[A —mlI3] = =@l -m)(—1—-m)(1—m)=0.
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Let the eigenvalues be denoted by m{ = 4, my = 1, m3 = —1. The eigenvalues are real with two positive and
one negative so that the origin will be an unstable equilibrium point. The corresponding eigenvectors r1,ry,r3
are given by

1 -1 1
ri=|11, rp=|-11, r3=| -1/,
1 2 0
so that the general solution is
X 1 -1 1
y|l=al|l e4'+ﬁ —1|ef+y|-1]e,
z 1 2 0

where «, 8, and y are constants.

The equilibrium point is unstable since two eigenvalues are positive and one is negative. It can be described
as being of three-dimensional saddle type. Any solutions for which @ = 8 = 0 initially will always lie on the
line given parametrically by

x:Ve_I,y=—ye_’,z=0, orbyx+y=0,z=0.

Any solution which starts on this straight line will approach the origin as  — co. This line of initial points is
an example of a stable manifold of the equilibrium point. Any solution for which y = 0 will lie in the plane
x —y = 0 (obtained by eliminating « and B in the solutions for x,y and z) for all 7, and approach the origin
as t — —oo. Every solution which starts on the plane x — y = 0 ((x,y) # (0,0)) approaches the origin as
t — —oo. This collection of initial points defines the unstable manifold of the equilibrium point. [ )

We have used the term manifold rather loosely in the previous example. Technically a man-
ifold is a subspace of dimension m < n in R" usually satisfying continuity and differentiability
conditions. Thus the sphere surface x? + y? + z> = 1 is a manifold of dimension 2 in R3, the
solid sphere x? + y% 4+ z2 < 1 is a manifold of dimension 3 in R3; and the parabola y = x?
is a manifold of dimension 1 in R2. If a solution of a differential equation starts on a given
space, surface or curve (that is, a manifold) remains within it for all time, then the manifold
is said to be invariant. For example, van der Pol’s equation has a limit cycle (Section 11.3).
Any solution which starts on the limit cycle will remain on it for all time. Hence this closed
curve in the phase plane is an invariant manifold (the term set is also used instead of manifold).
Equilibrium points are invariant manifolds, as are any complete phase paths, or sets of phase
paths. Since the context is clear in this book, and since we only discuss invariant manifolds,
the term invariant has been dropped. Further details of the mathematical background can be
found in the book by Arrowsmith and Place (1990).

We shall use the result of the following Example to illustrate how a homoclinic path lies on
both the stable and unstable manifolds on the equilibrium point.

Example 12.7 Consider the system

i=—tx—y+ 4253, (12.20)
y=—tet 1y, (12.21)
i=z—(x+2)y% (12.22)

Where is the system in equilibrium? Investigate the linear approximation in the neighbourhood of the origin.
Confirm that

E-2i+i=( =2y +2(z -, (12.23)
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and deduce that time-solutions exist that lie in the plane x — 2y + z = 0. Hence show that there exists a
homoclinic solution of the origin given by

x = (1 +tanht)secht, y=secht, z=(1-—tanht)sech .
For equilibrium, we must have
—%x—y+%z+2y3 =—%x+%z=z—(x+z)y2:0.
Hence
z=x, y(1-2y2)=0, x(1-2y%) =0.

Thus equilibrium occurs at the origin and at all points on the line of intersection of the planes z = x, y = £1/,/2.
Near the origin the linear approximation of the differential equations is

IS D
Il
|

S NI =
o

_ = D=
~<

Hence the eigenvalues are given by

D= D=
Il

=)

S

which reduces to

m—-—1)2m—1)(m+1) =0.

Denote the solutions by mq = —1,my = % and m3 = 1. The eigenvectors are given by
2 -1 0
ri=1[1]|, rpo=| 1|, r3= % )
0 0 1

from which it follows that the general solution is

X 1
y | =arie™ + Brae2’ +yrsé, (12.24)
z

where «, 8, and y are constants. Since the eigenvalues are real but not the same sign the origin is an unstable

equilibrium point of saddle type.
From the original differential equations (12.20), (12.21) and (12.22)

d 1 5
a(x—2y+z)—(x—2y+z) (E—y )

Therefore there exist time-solutions which lie in the plane

x—2y+z=0. (12.25)



12.5 Higher-order systems: manifolds

Figure 12.14 Homoclinic paths of the origin and the eigenvector directions in Example 12.9.

To obtain these solutions use (12.25) to eliminate x from (12.21) and (12.22), leading respectively to
y=z-y, (12.26)
=2z-2y%. (12.27)
By eliminating z and Z between (12.26) and (12.27) we obtain ¥ = y — 2y3, which has a particular solution

y(t) = secht. (12.28)

By substituting (12.28) into (12.27) we obtain z = z — 286Ch3l‘, which has a solution
z(t) = secht(1 — tanh?t). (12.29)
Finally, from (12.25) again, we have
x(t) = 2y(t) — z(t) = secht(1 + tanh ). (12.30)

The functions x (), y(t), z(t) — 0 as t — Fo00, confirming that the corresponding phase path is homoclinic to
the origin. This path (which lies in the quadrant x > 0, y > 0, z > 0 on the plane (12.25)), together with its
reflection in the origin, which is also homoclinic there, are shown in Fig. 12.14. (]

In Example 12.7, the eigenvalues associated with the origin are —1, %, 1: two are positive
and one is negative. The homoclinic path in x > 0, which is known exactly by (12.28), (12.29)
and (12.30), emerges from the origin in the direction of the eigenvector r3(a = 8 = 0) (see eqn
(12.24)), and approaches the origin in the direction of r1(8 = y = 0). Since the origin has only
one negative eigenvalue all initial coordinates which lie on this homoclinic path are the only
points whose solutions approach the origin as r — oo. This curve defines explicitly the stable
manifold of the origin.

Now consider all initial points in the phase space whose solutions approach the origin as
t — —o0. Since the origin has #wo positive eigenvalues the points will lie on a two-dimensional
manifold which is the unstable manifold. This surface must contain the stable manifold as a
curve embedded in it. The tangent plane to the unstable manifold as r — oo is defined locally
near the origin by the plane through the eigenvectors ry and r3.

Generally the notations W* and W" will be used to denote stable and unstable manifolds.
Stable and unstable manifolds can be computed (as we shall see in Section 13.5) by considering
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appropriate initial points close to the origin and then extrapolating solutions either forwards
or backwards in time. However they can be quite complex structures which are difficult to
visualize. The following rather contrived example shows explicit manifolds.

Example 12.8 Find the stable and unstable manifolds of

X=y, )'):x—x3, 7 =2z.

This is really a plane system with an added separable equation for z. There are equilibrium points at (0, 0, 0),
(1,0,0),and (—1,0,0). The eigenvalues of the linear approximation at the originare m1 = —1,my = 1,m3 =2
with corresponding eigenvectors

rl = [_13 1,O]Ts r2 = [13 130]T, r3 = [O’ 03 l]T

Two eigenvectors lie in the (x, y) plane and one points along the z axis. The homoclinic paths associated with
the origin are given by (see, Example 3.10)

x ==+/2secht, y=F./2sechrtanht, z=0.

Only solutions with initial points on these curves, which define the stable manifolds W* of the origin, approach
the origin as  — 0o since z = Ce2’. On the other hand, solutions with initial points on the cylinders

x = £4/2secht, y = F+/2sechttanhr

approach the origin as 1 — —oo since z = Ce2!. These cylinders define the unstable manifolds W* of the origin
(see Fig. 12.15). ()

Of course the previous example is a special case in which the stable manifold is embedded
in the unstable manifold as shown in Fig. 12.15. If friction is added to the system as in the
damped Duffing equation

i=y, y=—kyt+x-x’, =2z,

Unstable manifolds
Wu

Homoclinic path
(stable manifold)
WS

3

Figure 12.15 Stable and unstable manifolds for x =y, y = x — x°, z = 2z.
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Unstable manifolds

Stable manifolds

Figure 12.16 Stable and unstable manifolds for x =y, y = —ky +x — x3, 7 = 2z.

with separable z equation, then, for k > 0, the origin still has two positive eigenvalues and one
negative eigenvalue. Here there is no homoclinic path. The stable manifolds are still curves,
and the unstable manifolds remain as cylindrical surfaces as shown in Fig. 12.16, but the two
no longer meet except at the origin.

Stable and unstable manifolds must be associated with either equilibrium points or limit
cycles as we shall see in the next chapter. For example, we can discuss manifolds of an equilib-
rium point of a system, but manifolds without such a reference point or limit cycle would be
meaningless. They do not exist as separate entities.

12.6 Linear approximation: centre manifolds

Suppose that an nth order nonlinear autonomous system has an equilibrium point at the origin
(if it is at some other point, we can always move it to the origin by a translation of x), with
linear approximation

X = Ax,

where A is a constant n x n matrix. The manifolds of the origin are determined by the signs of
the real parts of the eigenvalues of A. If all the eigenvalues of A have negative real part then
the stable manifold will be the whole of R”" for the linear system, and there will be no unstable
manifold. For a nonlinear system the stable manifold will occupy a subset of R” including a
neighbourhood of the origin.

We shall concentrate on the local behaviour of the nonlinear system by looking at its linear
approximation. If A has p < n eigenvalues with negative and n — p eigenvalues with positive
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real part then the stable manifold will be a p dimensional subspace of R”, whilst the unsta-
ble manifold will be a n — p dimensional subspace of R". As we have seen in the previous
section if n = 3 and p = 2 then the stable manifold will be a plane and the unstable one a
straight line.

Example 12.9 Find the local behaviour of the stable and unstable manifolds of
X = %(—sinx + 5y —92),
j=1(x — e + 1),
z=X(4x —4siny +32)

near the origin.

The system has an equilibrium point at the origin, where its linear approximation is x’ = Ax’, and

-1 S -9
A=t 4 o0 -1
4 —4 3
The eigenvalues of A are mq = —% —i,my = —% +1i, m3 = 1, and its corresponding eigenvectors are
—1 i 1
ri1 = 1 s Fp) = 1 s, F3= 1
1 1 0
Hence the general linear approximation is
x/
1_. 1.
V| =areT a3 L gryeTat 4 grael,
/
z

where o is a complex constant and 8 is a real constant. Solutions for which 8 = 0 lie in the plane y = z, which
defines the tangent plane to the stable manifold of the nonlinear system at the origin. Solutions for whicha = 0
are given by

x=e, y=pge, z=0,

which is a straight line defining the tangent to the unstable manifold. The manifolds of the linear approximation
are shown in Fig. 12.17. [ )

This is a useful stage to summarize properties of manifolds for equilibrium points of higher
order systems which have linearized approximations with eigenvalues having nonzero real
parts. As stated in Section 2.5, such equilibrium points are said to be hyperbolic. Consider the
autonomous system.

¥=f(x)=Ax+gkx), xeR", (12.31)

where f(0) = g(0) = 0. In (12.31) it is assumed that x = 0 is an isolated equilibrium point
(any equilibrium point can always be translated to the origin). It is also assumed that

gl = oClxI) as x| — 0,

where the norms are defined in Section 8.3.
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Figure 12.17 Stable and unstable manifolds of the linear approximations at the origin in Example 12.9. Cy is a phase
path in the stable manifold, whilst C; is a path starting from a neighbouring initial point to that of C;. Ultimately this
path approaches the unstable manifold.

The stable and unstable manifolds of the linear approximation
i = Ax’ (12.32)

are known as linear manifolds of the original system (12.31) and their spaces are denoted by E*®
and E". Here E* is a subspace defined by the k, (0 < k < n) eigenvectors whose eigenvalues have
negative real parts, and E" is the subspace defined by the eigenvectors whose eigenvalues have
positive real parts. The full nonlinear equations (12.31) will have stable and unstable manifolds
denoted by WS and W" of the origin, to which the subspaces ES and E" are tangential at x = 0.

So far the case in which pure imaginary eigenvalues occur has been excluded. If any eigen-
values are pure imaginary, then a third manifold E€ arises for the linear approximation. This
is known as the centre manifold.

The definitions imply that, in general, any linear approximation at the origin may contain
any or all of the three manifolds ES, E", and E€. This is illustrated in the following example of
a linear system.

Example 12.10 Find the manifolds for the linear system

X =—x+3y,
j}z—x-f—y—z,

I=-y—z.
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The eigenvalues of

-1 3 0
A=|-1 1 -1
0 -1 -1
are given by
—1-m 3 0
-1 1-m -1 |=-m+Dm*+1)=0.
0 -1 —1—m
Let m1 = —i, my = i, m3 = —1: the corresponding eigenvectors are
-3 -3 -1
ri=|-1+1|, rn=|-1-i|, r3= 0
1 1 1
Since m3 = —1 is the only real eigenvalue and it is negative, it follows that there is no unstable manifold, and
that, parametrically, the stable manifold is the straight line x = —u,y = 0,z = u(—00 < u < o0). The centre

manifold E€ (which must always have even dimension) is the plane x + 3z = 0. In algebraic terminology, we
say that ES is spanned by r3, and that E€ is spanned by rq and r;, written as

ES =span{r3}, E" =span{0}, E® =span{rqi,ry}.

This terminology entails the linear structure of the associated solution sets. For example, E€ consists of the
(real) solution set arqe™1! + Brye™2!, where my = mq, rp = r1 and B = @, a being an arbitrary complex
constant. Some phase paths of the system are shown in Fig. 12.18. )

For a nonlinear system having an equilibrium point with /inear manifolds E®, E®, and E€, the
actual manifolds WS, W% and W€ are locally tangential to ES, EV, and E€. Whilst solutions on
W* and W" behave asymptotically as solutions on ES and E" ast — 400 respectively, the same

Figure 12.18 The centre manifold E€ lies in the plane x 4+ 3z = 0, and the stable manifold E® is the line x = —1,
y=0,z=t.
[ ]
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is not true of W€. Solutions on W€ can be stable, unstable, or oscillatory (more information on
the mathematics of manifolds can be found in the book by Wiggins 1990).

In the linear problem in Example 12.10, the origin is a stable equilibrium point but it is
not asymptotically stable, due to the presence of E€. The question arises: if, at an equilibrium
point, the linear approximation to a nonlinear problem has a centre manifold, what can we say
anything about the stability of the equilibrium point? The subject of pure imaginary eigenvalues
and their relation with stability is known as centre manifold theory, and a detailed account of
it can be found in the book by Carr (1981). Here we shall look at an illustrative example.

Consider the system

X =—y—xz (12.33)
y=x—y, (12.34)
t=—z—2xy—2x* 4+ X% (12.35)

The system has three equilibrium points, at (0,0, 0), (2%,2_%,2%), (—2%,—2_%,2%). The
equilibrium point at the origin has the linear approximation given by

x/ 0 -1 ol [
d=yl=|1 o oll|y|=ax.
7' 0 0 -1 I

The eigenvalues of A are my = i,my = —i,m1 = —1 with corresponding eigenvectors
1 1 0
ri=|-1|, rm=|1|, r3=|(0],
0 0 1

Since A has two pure imaginary eigenvalues, it follows that the center manifold E€ is given by
the coordinate plane z = 0, and the stable manifold E® by the z axis.

System (12.33)—(12.35) has a surface through the origin on which solutions exist. From
(12.33) and (12.35) after elimination of y,

= —z+x7+2xk — 2x* 4+ 2%z,
or

i(z —x?) ==z —xH(1 —2x%)

dr )

Thus there are solutions for which z = x?: this is a manifold to which E€, given by z = 0, is
tangential at the origin as shown in Fig. 12.19. On this surface x and y satisfy
x=—y—x>, (12.36)
y=x—1y, (12.37)

from (12.33) and (12.34). Thus solutions which start on this surface remain on it.
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Figure 12.19 The centre manifolds E¢ and W€ of the origin for the system x = —y — xz, y = x — y°, 7 =
—z—2xy—2x*+x2. A stable spiral solution is shown on W€ which is the surface z = x2. The origin is asymptotically
stable.

For (12.36) and (12.37) introduce a Liapunov function V (x, y) = x2 4+ y? (see Chapter 10).

It follows that

d—V:—a—V)'c—a—V)'I:—Zx4—2y4 <0

dr 0x dy
for (x,y) # (0,0). Hence by Theorems 10.70r 10.12, the system given by (12.36) and (12.37)
has an asymptotically stable equilibrium point at the origin. In fact all paths which start on
the surface z = x? remain on it for all subsequent times, and approach the origin at t — oo.
Also there is an exact solution x = y = 0,z = Be~". All this suggests that the origin is, overall,
asymptotically stable.

The centre manifold W€ is defined to be a set of paths in the nonlinear system which has E€
as its tangent plane at the origin. Thus W€ in the case considered above is the surface z = x2.
A computed spiral path on W€ is shown in Fig. 12.19.

This example illustrates an essential feature of a centre manifold theorem which can be
summarized as follows.

Consider an n-dimensional system expressed in the form

¥ = Ax + h(x), (12.38)

where all linear terms on the right-hand side are included in the term Ax. Suppose that the
constant matrix A can be represented in the block-diagonal form

B 0
Az[o c}’ (12.39)

where C is an m x m matrix, and B is an (n —m) x (n —m) matrix. All other elements are zero.
(A block-diagonal matrix is one in which the leading diagonal consists of square matrices with
zeros everywhere else. Also, a linear transformation may be required to formulate the system
in block-diagional form.) It is assumed that A(0) = 0, so that the origin is an equilibrium point.
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Let x be partitioned in the form

x:[‘;},

where u is an n — m vector and v an m vector. Then (12.38) can be replaced by the two vector
equations

= Bu+ f(u,v), (n—mequations),
v =Cv+ g(u,v), (m equations),

where

o= [ 10).

g(u,v)

It is assumed that the origin is an isolated equilibrium point, and that f and g are sufficiently
smooth for any required derivatives and expansions to exist.

The n eigenvalues of A (assumed to be all different) comprise the (n —m) eigenvalues of B and
the m eigenvalues of C. centre manifold theory is concerned with the stability of equilibrium
points which have some imaginary eigenvalues.

Theorem 12.2 (centre manifold) Suppose that the matrix B has only imaginary eigenvalues
(which implies that n — m must be an even integer) and that the eigenvalues of C have negative
real part. The stable manifold WS bhas dimension m, and the centre manifold W€ has dimension
n — m. Suppose that W€ can be represented locally by the manifold v = p(u).

If u =0 is an asymptotically stable equilibrium point of the (n — m)-dimensional system

u = Bu+ f(u,p@w)),
then the origin of
X =Ax+ h(x)

is asymptotically stable. [ |

In other words what happens to the solutions on v = p(u) projected onto W€ decides
the asymptotic stability of the origin. More details and proofs are given by Carr (1981) and
Guckenheimer and Holmes (1983).

Problems
12.1 Find the bifurcation points of the linear system ¥ = A(A\)x with x = [x1,x,] and A()) given by

1
i am =77 1k

. AoAa—1
(i) A(\) = [1 N :|

12.2 In a conservative system, the potential is given by V(x,1) = %x3 + xZ + Ax (cf. eqn (12.2)). Find the
equilibrium points of the system, and show that it has bifurcation points at A = 0 and at A = 1. What
type of bifurcations occur for A < 0 and A > 1?
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12.8
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12.10

12.11

12.12

12.13

12.14
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Let V(x, A, u) = %x4 — %sz + wx as in eqn (12.4). Draw projections of the bifurcations given by the

cusp surface x3 — Ax + 1 = 0 on to both the (x, A)-plane and the (x, u)-plane. Sketch the projection of
the cusp on to the (u, 1) plane.

Discuss the stability and bifurcation of the equilibrium points of the parameter-dependent conservative
system

¥=-Vx(x,2)

where V(x,\) = %x“ — %)\xz + Ax.

Discuss bifurcations of the system & = y2 — A, y = x + A.

Find the bifurcation points of x = y2 —Ay=x+A

Consider the system x = y,y = x(A — x%), —o0 < A < oc. Investigate the phase diagrams for
A < 0,1 =0,and A > 0. Describe the bifurcation of the system as A increases through zero.

Discuss the bifurcations of % = (y2 — 1)y, y = x + A.

Investigate the bifurcation of the system

at . = 0. Show that, for » > 0, the system has an unstable node at (0,./A), and a saddle point at
(0, —/2). Sketch the phase diagrams for » < 0,A = 0.and A > 0.
A homoclinic path (Section 3.6) is a phase path which joins an equilibrium point to itself in an
autonomous system. Show that ¥ = y, y = x — x% has such a path and find its equation. Sketch
the phase paths for the perturbed system

X =y+Aix, j/=x—x2,

for both 2 > 0 and A < 0. (The homoclinic saddle connection is destroyed by the perturbation; the
system undergoes what is known as a homoclinic bifurcation (Section 3.6) at > = 0.)

A heteroclinic path (Section 3.6) is a phase path which joins two different equilibrium points. Find
the heteroclinic saddle connection for the system % = xy, y = 1 — y2. Sketch the phase paths of the
perturbed system X = xy + A, y = 1 — y2 for both A > 0 and A < 0.

Let
. 2 2
X=—ux —y+x/(1+x+y9),
y=x—puy+y/(1+x2+y2).

Show that the equations display a Hopf bifurcation as > 0 decreases through © = 1. Find the radius
of the periodic path for 0 < u < 1.
Show that the system

2)_

i=x—yy—x@r+yY, y=yrty—yeZ+yH -y (>0,

has a bifurcation pointat y = %, by investigating the numbers of equilibrium points for y > 0. Compute
the phase diagram for y = %

Let ¥ = Ax, where x = [x,y,z]T. Find the eigenvalues and eigenvectors of A in each of the following
cases. Describe the stable and unstable manifolds of the origin.

11 2 3.0 -1
@ A=|1 2 1| b a=[0 1 o0
2 1 1 20 0
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Problems

2 0 0 6 5 5§
©A=1]0 2 2| (dAa=|5 6 5
0 2 -1 S5 5 6
Show that x = Ax where x = [x,y,z]T and
-3 0o -2
A=|-4 -1 -4
3 1 3

has two imaginary eigenvalues. Find the equation of the centre manifold of the origin. Is the remaining
manifold stable or unstable?

Show that the centre manifold of

is given by the plane 2x + y — 2z = 0.
Show that the phase paths of X = y(x + 1), y =x(1 — y2) are given by

v==2/[1- A1 +07],

with singular solutions x = —1 and y = £1. Describe the domains in the (x, y) plane of the stable and
unstable manifolds of each of the three equilibrium points of the system.

Show that the linear approximation at (0, 0, 0) of
i=—y+yt (- 062 +y?),
j=x—xz— @+ @+,

p=—z4 (1 =22)x%+y?),

has a centre manifold there. Show that z = x% + y2 is a solution of this system of equations. To which
manifold of the origin is this surface tangential? Show also that, on this surface, x and y satisfy

F=—y+Qy—0er 4+, F=x—Qx+ 062+,

Using polar coordinates determine the stability of solutions on this surface and the stability of the origin.

Investigate the stability of the equilibrium points of
. 2 .
X=px—x%, y=yp—2x)

in terms of the parameter u. Draw a stability diagram in the (i, x) plane for y = 0. What type of
bifurcation occurs at u = 0? Obtain the equations of the phase paths, and sketch the phase diagrams
inthecasesu = —1,u=0and u = 1.

Where is the bifurcation point of the parameter dependent-system
F=x24+y*—u, y=2u—Sxy?

Discuss how the system changes as p increases. For u = § find all linear approximations for all
equilibrium points, and classify them.
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Obtain the polar equations for (r,0) of

F=y4xlp— @2 +y2 -1,
¥ =—x+ylu— @2 +y? -1,

where || < 1. Show that, for 0 < u < 1, the system has two limit cycles, one stable and one unstable,
which collide at 4 = 0, and disappear for i < 0. This is an example of a blue sky catastrophe in which
a finite-amplitude stable limit cycle simply disappears as a parameter is changed incrementally.

Discuss the bifurcations of the equilibrium points of

X =y, jf:—x—ZxZ—/uc3

for —oo < u <oo. Sketch the bifurcation diagram in the (u,x) plane. Confirm that there is a fold
bifurcation at 4 =1. What happens at u = 0?

Consider the system
i=y—x(r 4y o, y=-x—yat 4yt -,

where p is a parameter. Express the equations in polar form in terms of (r,6). Show that the origin is
a stable spiral for u <0, and an unstable spiral for © > 0. What type of bifurcation occurs at u =0?

In polar form a system is given
F=rr?—pur+1), 6=-1,

where i is a parameter. Discuss the bifurcations which occur as u increases through u = 2.

The equations of a displaced van der Pol oscillator are given by
)'czy—a, }.}:_X+8(1_x2)y’

where a > 0 and § > 0. If the parameter a =0 then the usual equations for the van der Pol oscillator
appear. Suppose that a is increased from zero. Show that the system has two equilibrium points one
of which is a saddle point at x ~ —x1/(a8),y = a for small a. Compute phase paths for § = 2, and
a = 0.1,0.2,0.4, and observe that the saddle point approaches the stable limit cycle of the van der Pol
equation. Show that at a = 0.31 the saddle point collides with the limit cycle, which then disappears.

Find the stable and unstable manifolds of the equilibrium points of
. 2 . .
X=x"+u, y=-y, =2

for u < 0. What type of bifurcation occurs at u = 0?

Consider the system
)'c:ux—y—x3, y':x+uy—y3.
By putting z = u — x2, show that any equilibrium points away from the origin are given by solutions of
z4—uz3+uz+1=0.
Plot the graph of u against z and show that there is only one equilibruim point at the origin if u <2+/2,
approximately, and 9 equilibrium points if u > 2+/2.

Investigate the linear approximation for the equilibrium point at the origin and show that the system
has a Hopf bifurcation there at u = 0. Compute the phase diagram for u = 1.5.
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12.28 Show that the system
i=x’4y+z+1, y=z—xy, f=x-1
has one equilibrium point at (1, —1, —1). Determine the linear approximation
¥ = Ax'

to the system at this point. Find the eigenvalues and eigenvectors of A, and the equations of the stable
and unstable manifolds ES and E€ of the linear approximation.

12.29 Consider the equation
i =2z — |z,

where z = x + iy is a complex variable, and A = a + i 8 is a complex constant. Classify the equilibruim
point at the origin, and show that the system has a Hopf bifurcation as « increases through zero for
B # 0. How does the system behave if 8 = 02.
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Poincaré sequences,
homoclinic bifurcation,
and chaos

13.1 Poincaré sequences

Consider the autonomous system
X=Xy, y=Yy)

and its phase diagram in the (x, y)-plane. Let £ be a curve or cross-section of the plane with
the property that it cuts each phase path transversely in some region of the phase diagram,
that is, it is nowhere tangential to a phase path. It is called a Poincaré section of the phase
diagram. Consider a point Ag: (xg, yo) on the Poincaré section ¥ shown in Fig. 13.1. If we
follow the phase path through Ay in its direction of flow then it next cuts ¥ in the same sense
at Aq:(x1,y1). This point is the first return, or Poincaré map, of the point Ag. We are not
implying that such a point must exist, but if it does then it is called a first return. If we continue
on the phase path, then the first return of A1 is A : (x2, y2) (see Fig. 13.1). We can represent
this process as a mapping or function by an operator Py which is such that for the particular
¥ chosen, and for every (x,y) on T,

(xlay/) = PZ(xay)a

where (x,y’) is the point of first return of the path from (x, y). For successive returns starting
from (xg, yo) we use the notation

(x2,y2) = P2 (Px(x0,¥0)) = P2(x0,Y0); (Xn> ¥n) = P (x0,0)-

Limit cycle

il

Figure 13.1 First returns associated with a spiral and a limit cycle, and the Poincaré section ¥; A1, Az, ... are the
first returns of Ag, A1,... in the same sense across X, and B is the fixed points which they are approaching.
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The starting time for a sequence of first returns is immaterial since the system is autonomous.
Note that the time lapse between returns is not in general constant.

Figure 13.1 shows a stable limit cycle with interior and exterior phase paths spiralling towards
the cycle. The returns A1, Ay, ... starting at Ag on ¥ approach the point B which is the inter-
section of the limit cycle and X. A similar approach of returns to B occurs if Ag is on X, but
inside the limit cycle. If B is chosen as the initial point on X, then all returns are at B: B is a
fixed point of the map Py. All sequences which start on ¥ but sufficiently close to B approach
B. The behaviour of these returns indicates that B is a stable fixed point. In general we call a
sequence Ag, A1, A, ... a Poincaré sequence (it need not necessarily be stable).

We can see from Fig. 13.1 that B could have alternative section X, and also that every point
on the limit cycle is a possible fixed point of such a section.

Example 13.1 Obtain the map of first returns Py, for the differential equations
i=px 4y —xy/(F + %),
y=—x+py - y/&E+ D),

for the section ¥ given by y =0, x > 0 with initial point (xo,0) (xg < ).

Since the equations are autonomous the starting time f is immaterial—assume that #y = 0. In polar coordinates
the equations become

F=r(u—r), 6=-1
with solutions
r=pro/{ro + (n —ro)e ™™}, 6 =—1+46y,

where r(0) = rg and 0(0) = 6. r = p is a limit cycle, and the approach directions indicated by the sign of 7
imply that it is stable. By eliminating ¢ the paths are given by

r = pro/{ro + (u — ro)e™ =0,

The section given corresponds to 6y =0, and the required successive returns occur for § = —2x,—4n,...
(bearing in mind that the representative points move round clockwise); with initial point (rg, 0), so

ra= uro/iro + (u —ro)e M2y g, = —2nr (n=1,2,...). (13.1)

As n— oo the sequence of points approaches the fixed point (u,0), as shown in Fig. 13.2, corresponding to
the intersection with the limit cycle. ()

We can find the difference equation of which (13.1) is the solution. It follows from (13.1)
that

Kro _ Irn
o+ (1 = ro)e 20 DET T 1y (1 — e 267) 4 e 207

'n41 = = f(rn), (13.2)

say, after eliminating ro and using (13.1) again. Equation (13.2) is a first-order difference
equation for r,. Whilst we know the solution r,, n=0, 1,... in this case, it is instructive to
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Figure 13.2 First returns approaching (i, 0) on %: 6y = 0.

z

0.2 |

|

|

| |

| |

| |

0.1 \ !

| |

| |

| |

| |

| |

| |

[ |
0 [ 7o Iy Iy [7o
0.1 0.2 0.3

Figure 13.3 Cobweb diagram for the sequence {r,} given by (13.2) with u = 0.2.

see how we can represent it geometrically (see, Jordan and Smith 1997, Ch. 37). As shown in
Fig. 13.3, plot the curve z = f(r) and the line z = r. The fixed points of the Poincaré section
or map occur where the curve and the line intersect, namely where r satisfies r = f(r). As we
expect, the solution are r =0 and r = u. The sequence of values of r starting from r =rg are
also shown in Fig. 13.3, which has been constructed by the cobweb sequence of lines reflected
between z=r and z= f(r). Representatives cobwebs for ro < and rg > p are shown in the
figure. The stability of the fixed point is indicated by the cobwebs converging to the point
(14, ). The sequential mapping described by (13.2) corresponds to the operator Py mentioned
at the beginning of Section 13.1.

In this particular case the time lapses between returns are all equal, the interval being 27,
but this will not usually be true.
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Exercise 13.1

Consider the polar system 7 = r(1 — r), § = —1 (as in Example 13.1 with x = 1) and the
section y = %(—oo < y < 00). Discuss the returns which occur from all initial points on
the line with particular reference to the intersections with the limit cycle. What happens to
the returns if the section is y = 2?

13.2 Poincaré sections for nonautonomous systems

Important features of a system can be revealed by Poincaré maps or sequences. For example, as
we have seen, in autonomous systems periodic solutions may exist when fixed points appear,
so some useful information is retained if the phase paths of Figs 13.2 or 13.3 are deleted and
only the dots of the Poincaré map retained. But for autonomous systems there is no particu-
lar advantage in using the map of first returns since the paths can be plotted (numerically if
necessarily) and the phase diagrams interpreted without difficulty. For nonautonomous sys-
tems, on the other hand, the diagram of solution curves projected on to the (x, y)-plane which
corresponds to the phase diagram in the autonomous case appears as a tangle of intersecting
and self-intersecting curves, since each initial state or point in the plane generates an infinite
number of curves corresponding to the various initial times 7o: see, for example, Fig. 7.11(b).
Important features can be totally obscured in such a diagram, but Poincaré maps can be used
to detect underlying structure, such as periodic solutions having the forcing or a subharmonic
frequency.

In this context the investigation of periodic solutions, nearly periodic solutions, and similar
phenomena is to a considerable extent an exploratory matter in which computation plays at
the present time a very significant part. A search for hidden periodicities, such as subharmonic
periods, is best carried out by starting with a period in mind and then looking for solutions
with this period.

In that case a variant of the Poincaré map is usually more profitable—if the solutions sought
are expected to have period T, then we should plot on the x,y plane a sequence of points
calculated at times T,27T,3T,... along the phase paths starting from various states, and see
whether any of these sequences indicate that we are approaching a periodic solution. This does
not quite fit the definition of a Poincaré map, which does not involve any mention of time
intervals but picks out intersections of a phase path under investigation with another given
curve (the ‘section’). The two procedures can with advantage for the analysis (especially in
multidimensional cases) be brought together in a manner suggested by the following example.

Consider the first-order nonautonomous system of dimension unity:

X = —%x—i—cost (13.3)

which has the general solution

—t/8

x =ce —l—%(cost—l—Ssint).



13.2 Poincaré sections for nonautonomous systems

The right-hand side of (13.3) has time period 27. In fact if 7 is replaced by ¢ + 27 throughout,
the equation remains unchanged; but this does not mean that all the solutions have period 27.
If we start with a given initial state and proceed through an interval of length 27, then the state
arrived at is the initial state for the next interval, but generally this second state will be different
from the first.

By the following artifice, eqn (13.3) can be written as an autonomous system of one dimension
higher. We nominate a second variable, 0, to take the place of ¢, and rewrite the relations as

X = —%x + cos 6, (13.4)
6 =1, (13.5)

(the independent variable is still 7). It is also necessary to complete the identification of 8 with
t by requiring

6(0) = 0. (13.6)

The two-dimensional systems (13.4) and (13.5) now has the property that if we substitute
0 + 2nx for O,n being an integer, then the system is unchanged. By taking advantage of this
property we can relate a plot of calculated values of x at equal time steps 27 to a Poincaré map
associated with (13.4) and (13.5), not in a plane space (x, y), but on a cylindrical surface. The
space is constructed by picking out the strip

—co<x<oo, 0<6<2m

from the (x, y) plane, and wrapping it round a cylinder of circumference 27, so that the side
6 =0 becomes attached to the side § =27. On this space, and for all times, eqns (13.4) and
(13.5) hold good, and the solutions are represented by curves which wrap round the cylinder
and, in the case of periodic solutions whose period is a multiple of 27, wrap round it more than
once and join up smoothly (see Fig. 13.4). The periodic variable 6 is an angle, which explains
the choice of notation.

In a similar way the two-dimensional system

).C:X(X,y,l‘), .).}:Y(x)yat)’

where X and Y are periodic in with period T in #, is equivalent to the system

X =X(x,y,r/T)0), y="Y(x,t,2n/T)0), 6= 27”
where X and Y are now 2n-periodic in 6. Effectively, the time is rescaled to ensure that ¢
is still an angular variable. This may be visualized as a ‘toroidal space’ for which the planes
0 =0,27,4mn,... (equivalenttor = 0,7,2T,...) are bent round to coincide with = 0, which
serves as the section for a Poincaré sequence.

The 6 curve in which the values of x and y for 8 between 27n and 27 (n + 1) are mapped
on to 6 between 0 and 27 is usually denoted by the symbol S. The toroidal phase space is then
R? x S. Mathematically, we say that @ = 27¢/T (mod 27). Generally, a Poincaré sequence for
a section 6 = 0y with an initial starting coordinates x(z9) = xo, y(f9) = yo would consist of the
sequence of pairs of coordinates (x(tg + nT), (y(to + nT)) in the (x, y) plane.
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Figure 13.4 Solution of (13.3) mapped on to a cylinder of circumference 2. On the section y = 0 (which includes
t = 2m,4m,...), the Poincaré map is the sequence Ag, A1, Az, ... with limiting point B on the periodic solution
x = %(cost + 8sint).

Section S”

First return

Figure 13.5 A torus cut open to show the projection S* in the (x*, y*) plane.

If the phase diagram occupies the whole of the (x,y) plane, then we cannot draw a rep-
resentation of the torus. However, it can be drawn if the (x,y) plane is mapped onto the
diametrical plane (x*, y*) using the hemispherical transformation of Section 3.3 (see Fig. 3.13).
The Poincaré map then appears as a cross section S* of a torus, which is a disc of unit radius
as shown in Fig. 13.5.

An alternative method of viewing a sequence of Poincaré points taken at a constant time
interval 7 along a phase path is to let the time ¢ be the third (vertical) axis. Take sections at
t=0,t=T,t=2T,...,and then project the points for a particular phase path back onto the
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Figure 13.6 First returns obtained from the sections t =0, =T, t =2T, ... in the (x, y,) space.

plane ¢t = 0 as shown in Fig. 13.6. Obviously, any other start time ¢ = 7y with time steps of T
can be chosen as described above.

Example 13.2  Find the Poincaré sequences with T =27 for the section X: 0 =0 for arbitrary initial states,
and locate the corresponding fixed point of the nonautonomous equation

X+ 3x+2x =10cost

in the phase plane for which x = y.

When we introduce a new variable 6 = ¢ (in this case period T = 27), the system takes the autonomous form
i=y, y=-2x—3y+10cosd, 6 =1, withg(0) =0,

and a Poincaré sequence corresponding to r =0, 27, ... appears as a sequence of points following the phase
path (x(¢), y(t),0(t)) as it intersects =0, or the (x,y) plane. They can be found by referring to the known
solution with initial condition x = xg, y = yg at ¢t = 0:

x=(=54+2xg+yp)e '+ @4 —xg— yo)e_Z’ + cos t + 3sint.

y=—(=5+2xg+yp)e I —2(4 —xg— yo)e_Z’ —sin t + 3 cost.

The sequence starting at (x(, yg) in the plane # = 0 is given by

xn = (=54 2xp + y0)672”” + @ —xp— yo)e74"” +1,

yn = —(=5+2x9 + yo)efz”” —2(4—xp — yo)e74"” +3

forn=1,2,.... Asn — 00, (x, yn) = (1, 3) irrespective of the initial coordinates (xq, yg). This is the fixed point
of the Poincaré sequence of the limiting periodic solution in which t = 0,27, 4, ..., as shown in Fig. 13.7. It
would not turn out to be the same point, (1, 3), if we had considered an initial time ¢ = #; having a different
value from zero or a multiple of 27, but it might not be necessary to explore all these possibilities since the
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Figure 13.7 Fixed point at (1, 3) of the periodic solution of ¥ 4+ 3% +2x = 10cost att = 0,2, . ... The circle is the
stable limit cycle x = cost + 3sint, y = —sinz + 3 cos . Starting from (x, yo), the sequence follows on approaching
spiral path.

existence of a single point, independent of xq, yq, suggests the possibility of either an equilibrium point, or a
closed path of period 27 or an integral multiple of 27. In the latter case it provides an initial condition for
calculating the whole cycle. )

Example 13.3  Find the Poincaré sequence having constant time interval 2w for the solution of

64% + 16x + 65x = 64 cost

which starts from x(0) = 0, x(0) = 0. Calculate also the coordinates of the resulting fixed point of the periodic
solution.

The roots of the characteristic equation of the differential equation are p; = —% +iand py = —% —i.To find
the forced periodic response let

x = Acost + Bsint.

By direct substitution it follows that A = 64/257 and B = 1024/257. The general solution is therefore
x = eft/S(C cost + Dsint) + (64 cost + 1024 sint)/257.

The initial conditions imply that C = —64/257 and D = —1032/257. The sequence of first returns of this
solution is given by

1 1
Xn=Al—-e %), y,=B(1l—e"3""), n=12,....

Figure 13.8 shows the sequence of first returns from the origin. As n — oo the sequence of dots approaches
the fixed point at (A, B). This is a point on the phase path corresponding to the forced periodic response
Acost + Bsint. ®

Exercise 13.2
Find the general solution of ¥ + 3% + 2x = 10 cos ¢. If x(0) = x(0) = 0, find the sequence
of 27 returns in the (x, y) plane and the limits of the sequence.
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_V

Figure 13.8 First returns for 64X + 16X + 65x = 64 cost, x = y taken at t = 0,27, ... starting at (0, 0).

13.3 Subharmonics and period doubling

As we have seen, the appearance of fixed points is closely connected with periodic solutions.
However, some solutions have fixed points arising from some sections but not others. For
example, a particular solution of

X —x = 2e "(cos 2t — sin 2t)

is given by

Zt, y=x= eft(—sin2t+25intcost).

x =e 'sin
Then x(¢), y(¢) are zero at t =0, 2m, ..., so that x =0, y =0 is a fixed point, but x(¢) and y(¢)
are not periodic in 7, nor is (0, 0) an equilibrium point. The Poincaré sequence will only indicate
a periodic solution with certainty if a fixed point exists for all sections.

When the forcing term has period T, a sequence with interval T may detect possible solutions
of period T, 2T, ... Some sequences for possible periodic solutions of systems with 27 forcing
period are discussed below and shown in Fig. 13.9. The Poincaré sequences shown on the
phase paths as dots consist of the one or more points with coordinates (x(¢), x(z)) taken at
t =0,2m,4m,...

The linear equation

56+}Tx=%cost, X=y

has a particular solution x = cos ¢ which has period 2. The time solution and phase path are
shown in Fig. 13.9(a) with fixed point at (1, 0) in the (x, y) plane. The equation also has the
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solution
x = 0.5sin %t — 0.3 cos %t + cost,

which is a subharmonic of period 47 which results in a double-loop phase path, and #wo fixed
points, at (0.7,0.25) and (1.3, —0.25), between which the first returns alternate (Fig. 13.9(b)).
The differential equation is undamped so that there can be no converging Poincaré sequences
(all solutions are periodic). The alternating returns will only be revealed if the initial point is
chosen to be one of them. This example, shown in Fig. 13.9(b), displays period doubling or a
period-2 map.

A solution such as

x = —0.4sin %t 4+ 0.8sint — 0.4 cost
has a subharmonic of period 67, which leads to the triple-loop phase path shown in Fig. 13.9(c).

The Poincaré map at interval 2arw alternates between three fixed points, and is called a period-
3map.

WANAWAWAWANS
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Figure 13.9 Poincaré maps at t = 0,2m,... for a sample of signals. (a) x = cost which has one fixed point; (b)
x =—0.3cos %t +0.5sin %t +cos t which has a subharmonic of period 47 resulting in two fixed points, characteristic
of period-2 oscillations; (c) x = —0.4 sin %t + 0.8sint — 0.4 cost showing the Poincaré map of a period-3 oscillation;
(d) x = cost + cost, which is the sum of two oscillations, with frequency ratio irrational, showing that the returns
(250 displayed) of the Poincaré map accumulate on the ellipse shown separately.
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The solution shown in Fig. 13.9(d) is that for

x = cos(mt) + cost,

which is the sum of two periodic functions, the ratio of whose frequencies is not a rational
number. The phase paths of this quasi-periodic solution fill an oval-shaped region, and the first
returns lie on an ellipse.

When the exact solution to the differential equation is not obtainable, as will be the case in
all instances of significance, computation must take the place of an algebraic derivation of the
Poincaré map. This is fairly easy to compute and display graphically—a step-by-step solution
of the equations is organized to print out a result at the end of every period, and the points are
normally displayed on continuous linking curves with the direction of movement indicated. The
technique is sometimes referred to as the stroboscopic method since the representative point is,
as it were, illuminated once in every cycle (see Minorsky 1962).

In seeking stable periodic solutions via the approach to fixed points of a Poincaré map it is
advantageous to be able to start the calculation at an initial point as close as possible to the
closed cycle in the x, y plane which is sought. This is especially true if the evolution of periodic
solutions as a parameter varies is being traced, as in Section 13.2, since otherwise spurious
connections may be identified. For this purpose any of the approximate methods for finding
periodic solutions described in the earlier chapters may be used. In the following Example we
indicate the use of the van der Pol plane for this purpose.

Example 13.4  Find approximate positions for the fixed poinis of the Poincaré map of time interval 25 /w for
the Duffing equation

)'c'+kx+x+ﬁx3:l"cosa)t (k> 0,8 <0). (13.7)
In Section 7.2 it is shown that there exists a stable oscillation of the approximate form
x(t) = ag cos wt + by sin wt (13.8)
where a( and b are obtained by solving the equations
blw? =1 - 3@* +b%)) + kwa = 0, (13.9)
alo® —1— 3B(@® + %)} — kwb =T. (13.10)

On the phase plane with y = % the approximate solution (13.8) traces out an ellipse with its centre at the
origin. The true path should be a closed curve close to this ellipse. If we solve (13.9), (13.10) for ag and b
numerically and substitute the values into (13.8), we may then use any point on the ellipse as a starting point
for an exact Poincaré map—say the point where t =0:

xp =ap, Yo = wbp.

This leads comparatively quickly to a good estimate for the position of a fixed point, which will lie somewhere
on the true oscillation and serve as an initial condition for plotting the complete cycle in the (x, y)-plane. Similar
techniques were used to assist in obtaining the later figures in this chapter. )
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Exercise 13.3
Verify that the equation

F-2463Q —x? —ihi+ Si + jx = —Lsins
has the 27 -periodic solution x = cos 7+sin 7 for all § # 0. Show that this solution co-exists
with a subharmonic x = § cos %t if § = —3 or § = 3(—1 £ +/3). Sketch their phase paths
in the (x,y) plane, where y = %, and their fixed points of period 2.
Using a computer investigation show that if § = —3, then x = cos 7 + sint is unstable, but
it has a neighbouring stable 27 -periodic solution.

13.4 Homoclinic paths, strange attractors and chaos

Studies of computer-generated solutions of forced second-order equations such as Duffing’s
equation and three-dimensional autonomous systems have revealed unexpectedly complex solu-
tion structures arising from what might appear to be relatively simple nonlinear differential
equations. The system

XxX=aly—x), y=bx—y—xz, z=xy-—cZ (13.11)

(a, b, ¢ constant) was first investigated by Lorenz (1963). The Lorenz equations, as they are now
known, arose in a model for convective motion in the atmosphere. The solutions calculated by
computer display very complex behaviour for a wide range of parameter values. By complex
behaviour we include seemingly random or ‘chaotic’ output from the system although the
solutions remain deterministic in terms of their initial values and there is no ‘random’ input.
These phenomena arise specifically with third- and higher-order equations, or in forced second-
order systems (they have no obvious counterpart in autonomous second-order systems). The
Lorenz equations and similar models have been put forward as explanations of turbulent flow
in fluid mechanics. However, certain aspects of the long-run behaviour of such systems show
systematic characteristics with a degree of independence of initial conditions and parameter
values, which is opening the way to a rational study even of their ‘chaotic’ behaviour.
We shall look in some detail at the Rossler system (see Nicolis 1995)

X=-y—2, y=x+ay, Z=bx—cz+xz (a,b,c>0),

which is simpler than the Lorenz equations in that it has just one nonlinear quadratic term.
The system has equilibrium points where

—y—z=0, x+ay=0, bx—cz+xz=0.
Obviously the origin is always an equilibrium point, and there is a second one at

x=x1=c—ab, y=y1=—(c—ab)/a, z=171 = (c —ab)/a. (13.12)
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In this three-parameter system, we shall look at the special case in which @ =0.4 and » = 0.3 but
allow the parameter ¢ to vary (the values for a and b were chosen after numerical investigations
indicated domains in the parameter space (a, b, c) where interesting chaotic phenomena might
occur). The two equilibrium points coincide when ¢ = ab: we shall assume that ¢ > ab. For
fixed a and b, the equilibrium points move out on a straight line through the origin, given
parametrically by (13.12), as ¢ increases from the value ab. The linear approximation of the
Raossler system near the origin is X = Ax, where

0 -1 -1
A=|1 a 0
b 0 —c

The eigenvalues of A satisfy the cubic
)»3—|—(c—a))\2—|—(b+l—ac)k—l—c—ab:O
or,witha =0.4and b = 0.3,
Fhe) =213+ (=042 — (0.4c — 1.3)A + (¢ — 0.12) = 0.

It follows that f(0,c¢) = ¢ — 0.12 > 0 for ¢ > ab = 0.12. Since f(A,c) — o0 as A — Fo0,
there is at least one real negative eigenvalue. The other eigenvalues are complex with positive
real part. This equilibrium point is called a saddle-spiral.

In the neighbourhood of the other equilibrium point, at (x1, y1,z1) say, let x = x1 +x',y =
y1 + Y,z = z1 + Z’. Then the linear approximation at (x1, y1,z1) is ¥’ = Bx’ where

0 -1 -1
B = 1 a 0
b+2z1 0 —c+x

The eigenvalues of B satisfy (with a = 0.4, b = 0.3)
g, 0) =23 —0.280% + (0.952 + 2.5¢)A — (c — 0.12) = 0.

The derivative with respect to A is

0g(r,c)

= 322 — 0.56) + (0.952 + 2.5¢).

For ¢ >ab=0.12, one root of g(A,c) = 0 is real and positive (since g(0,c) <0), and two
roots are complex (since dg(A,c)/dA =0 has no real solutions for A) with negative real part
if ¢ <1.287 and positive real part if ¢ > 1.287 approximately. Again the equilibrium point is
always unstable. Hence for all ¢ > 0.12, both equilibrium points are unstable.

There exist homoclinic paths which spiral out from the origin lying approximately on the
plane unstable manifold associated with the linear approximation at the origin. The direction
of the normal to this plane will be determined by the two complex eigenvalues at the origin.
Eventually the solution starts to turn in the z direction as the nonlinear term begins to take
effect. It is then possible for this path to return to into the origin along its stable manifold. There
also exist near-homoclinic orbits as shown in Fig. 13.10 for a = 0.4, b = 0.3 and ¢ = 4.449.
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z

Figure 13.10 A near-homoclinic path for the Réssler attractor x = —y —z,y = x+ay, z = bx —cz+xz fora = 0.4,
b=0.3,c=4449.

Figure 13.11 The Rossler attractor x = —y —z, y =x +ay, z =bx —cz+xzfora =0.4,b = 0.3, c = 4.449; a
long-time solution.

Such paths are drawn towards O by the stabilizing effect of the stable manifold, and then
spun out again by the influence of the unstable manifold. The result is a solution which seems
to wander in a non-repeating manner in some bounded attracting set in R3: see Fig. 13.11
which shows a long-time solution for the same parameter values of a, b, and c. How could this
have arisen?

Whilst there are no stable equilibrium points for this Rossler system, it is possible that there
could exist a stable limit cycle which could attract all solutions. For ¢ =1.4, a simple numer-
ical search reveals a stable periodic solution which is shown in Fig. 13.12(a). If ¢ increases
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Figure 13.12 Réssler attractor x = —y —z, y = x +ay, Z = bx —cz+xz fora = 0.4, b = 0.3 and (a) ¢ = 1.4;
(b) ¢ = 2, period-2 solution; (c) ¢ = 2.63, period-4 solution.

to ¢ =2, this solution bifurcates at an intermediate value of ¢ into a solution which circuits
the origin twice when its phase path is projected onto the (x,y) plane (see Fig. 13.12(b)). A
further increase to ¢ =2.63 shows that a further bifurcation has taken place which results in
a projected path which circuits the origin four times, giving a period-4 solution as shown in
Fig. 13.12(c). The process continues with further period doubling to 8, 16, 32, ... circuits.
The parameter sequence converges to a value of ¢ beyond which all these periods are present,
and we have a chaotic attracting set as shown in Fig. 13.11 for ¢ =4.449. This is known as
a strange attractor which has developed parametrically through a process of period doubling.
At each (pitchfork) bifurcation, an unstable periodic orbit will always remain so that the final
attractor must include an unbounded set of unstable limit cycles.

Of course this description does not really indicate why these limit cycles become unstable
and bifurcate. If we look at the period doubling development from ¢ =1.4 (Fig. 13.12(a)), the
closed curve is close to the tangent plane to the unstable mainifold of the origin. As ¢ increases
parts of path become closer to the origin whilst a loop grows in the z direction. In other words
the periodic solution becomes closer to the destablizing effect of the homoclinic paths which
appear as ¢ increases.

13.5 The Duffing oscillator

Phenomena such as period doubling and chaos cannot arise from plane autonomous systems:
autonomous systems must be nonlinear and of third-order or above for the possibility of such
behaviour, as with the Rossler oscillator in the previous section. However, forced plane systems
can show chaotic responses. Such a system can be viewed as a third-order system simply by
introducing a new variable z. Thus the forced system

XZX()C,}),Z), .).):Y(xayat)
could be replaced by the third-order autonomous system

).CZX(X,y,Z), )"=Y(X,y,2), Z=1, Z(O)ZO
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In most practical applications the forcing is periodic in time, and the main interest is in har-
monic and subharmonic responses. For such systems it is convenient to compute the Poincaré
sequence at the periodic times of the forcing period to detect period doubling and chaos
as we explained in Section 13.1. We shall pursue this approach rather than the third-order
autonomous analogy.

An equation whose solutions can exhibit some of these interesting phenomena is the Duffing
equation

4 ki —x + x> =T coswt. (13.13)

Note that this version has negative linear and positive cubic restoring terms. The corresponding
autonomous system (I' = 0) has equilibrium points at x = +1, (stable spirals when 0 < k <
2./2; stable nodes when k > 2+/2), and at x = 0 (a saddle point). As I increases from zero we
might expect stable forced periodic solutions to develop from x = %1 rather than from x = 0
as was the case in Section 7.2.

With this in view we shall look for shifted 277 /w-periodic solutions of the form

x = c(t) +a(t) coswt + b(t) sin wt. (13.14)

As with earlier applications of harmonic balance we assume that the amplitudes a(¢) and b(¢) are
‘slowly varying’, so that in the subsequent working their second derivatives can be neglected
(it will shortly be found that this approximation would not be appropriate for c(¢)). Also,
harmonics of order higher than the first will be neglected in the approximations as before.
With these assumptions, when (13.14) is substituted into (13.13) and the coefficients of cos wt
and sin wt, and the constant term, are matched on either side of (13.13) we find that

Etké=—c (c2—1+§r2), (13.15)
ki + 2wb = —a (—1—w2+3c2+§r2) — kwb + T, (13.16)
—2wa + kb = —b (—1 —w? + 3+ %r2> + kwa, (13.17)

where r2 = a? 4 b?. If we further put
i—d, (13.18)
then (13.15) becomes
d= —c(c2 1+ %rz) — kd. (13.19)
Paths defined by the system (13.16)—(13.19) lie in a van der Pol 4-space (a, b, c,d).

The equilibrium points of the system, which correspond to steady oscillations, are obtained
by equating the right-hand sides of (13.16) to (13.19) to zero.
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It follows that d = 0 and

c(c2 1+ %r2> — 0, (13.20)
a(—1—w2+3c2+§r2)+kwb=r, (13.21)
b(—l —o? +32+ %rz) — kwa = 0. (13.22)

By squaring and adding (13.21) and (13.22) we find that r? satisfies the cubic equation
2 2, 22,32\ 2.2 2
r [(—1—w ey —i—Zr) —i—kw}:f‘. (13.23)

There are two sets of solutions of (13.23) to be considered:

2
TYPEI ¢=0, r? [(—1 — o’ + %rz) + kza)z] =TI (13.24)
TYPEII Forr < /(2/3) only:
2
A=1-372, [(2 —o? = ) 4 kza)z} =r. (13.25)

Figure 13.13 shows plots of r against |I'| using (13.24) (the curve C1) and (13.25) (the curve
C>). The results are plotted for the case k = 0.3, w = 1.2, these values being chosen to display
particularly interesting properties of the solutions. The best choice for the parameters is a
matter of experiment with computed solutions and graphic displays, but for this value of k, the

Stable amplitudes
— — — — Unstable amplitudes

- r=1.06

—_
—
Il
4
W
—

l N S =)

- Tl
—

o 0.5 1.0 1.5 2.0

Figure 13.13 Curves showing the response amplitude r in terms of the forcing amplitude T', for k=0.3 and w =1.2,
plotted from eqns (13.24) and (13.25). Type I solution is shown as Cy, and Type II solution is shown as C;. Linear
analysis indicates the stability or instability of the periodic solutions. Remember that whilst C, shows the response
amplitude, the oscillation, limit cycle is centred about x = c.
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damping coefficient, the phenomena to be discussed occur over a wide range of frequency w
and amplitude T.

TYPE I (eqn (13.24)) Let a = ag, b = by, ¢ = 0, d = 0 be an equilibrium point of (13.16)-
(13.19). Leta = ap+&, b = bo+n. Then for small ||, |n], |c|, |d|, the linearized approximations
of (13.16)(13.19) are

k& + 200 + AE + By =0, (13.26)
—2wé + kij + C& + Dy = 0; (13.27)
é=d (13.28)
d=c(l—3r}) —kd (13.29)
where r% = a% + b% and
A=—1-w*+3a5+ 3b5, B =kw+ 3aobo, (13.30)
C = —kw + Sagby, D =—1—w*+ 3a} + Jb3. (13.31)

The equations for &, n, ¢, d uncouple, with &, n determined by (13.26) and (13.27), and ¢ and
d by (13.28) and (13.29).
Given that k > 0, (13.28) and (13.29) have asymptotically stable solutions if and only if

22,
(13.26) and (13.27) can be written in the form

£ = P,
where & = [£,5]T and

p 1 |:—Ak +2wC —Bk+ 2wDi|

T 2+ 402 | —Ck —2wA —Dk —2wB

The eigenvalues of P have negative real part, which implies asymptotic stability, if in the usual
notation, (see (2.62))

p=2w(C—B)—k(A+ D) <0, (13.32)
and
qg = (—Ak + 2wC)(—Dk — 2wB) — (—Bk + 2wD)(—Ck — 2wA)
= —(40? +k*)(BC — AD) > 0 (13.33)
(see Fig. 2.8). Using (13.30) and (13.31), inequalities (13.32) and (13.33) become

p=k(2-— 20% — 3r(%) <0 or r% > max[%(l — a)z)], (13.34)
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and
g = = @0? + D27r8 = 48(1 + 0H)rg + 16(1 + 0H)?] > 0,
or
g = F(0+ )P + B3 — (1+0°)7] > 0. (13.35)

These conditions are necessary and sufficient for asymptotic stability. For the case of Fig. 13.13,
where k = 0.3, w = 1.2, conditions (13.34) and (13.35) are satisfied if any d only if

ro >1.794 or 0.816 <rp < 1.058.

The boundaries are shown in Fig. 13.13. It can also be shown that these critical values occur
where the (T, rg)-curve turns over and a sudden change happens.

TYPE II (eqn (13.25)) The centre of oscillation is not at the origin, which complicates the
analysis.

The steps in the stability calculation are as follows. With ¢ = 1 — %rl and a selected value
for T', we solve (13.21) and (13.32) numerically for ag and bg. Equations (13.16)—(13.19) are
linearized in the neighbourhood of

a=ag, b=by, c=co=+[1-3@§+b§), d=dy=0. (13.36)

Let their perturbations be respectively a’, &', ¢/ and d’. After some algebra, it can be shown that
they satisfy

= Qu,
where u = [d/, b/, ¢/, d'],
q11 q12 q13 0
0- 61(2)1 q(z)z q(2)3 (1) , (13.37)

—3apco  —3boco —26‘% —k
and
g1 = [(-2 — o + rf — Jad)k + 3aohowl/ (K + 407)
g1 = [(4 = K> = 20" = 51§ + 300)0 — Ja0bok]/ (K + 40°)
q13 = 6¢0Qwby — apk)/(k* + 4w?)
g1 = [(—4 + K + 20* + Br§ — 3ad)w — 3aobokl/ (k> + 40?)
422 = [(~2 — & + Fr§ — 363k — Saobow] /(K + 40)
423 = 6¢0(—2wag — bok)/ (k> + 4w?).

The eigenvalues of Q can be computed as follows. The parameters w, k and r( are specified;
" (assumed positive) is then calculated from (13.25); ag, b and c¢ are then given by (13.36);
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finally the eigenvalues of Q, of which there will be four, can be computed. Stability can then
be determined by the signs of the real parts of the eigenvalues. Boundaries of stability occur
where the eigenvalues where two eigenvalues have zero real parts and two have negative real
parts. This can be achieved numerically by trying a sequence of trial values for rg (for the same
w and k) until zeros are approximated to within an acceptable error.

For comparison with Fig. 13.13, we select the same parameter values k=0.3 and w=1.2 in
the calculation of eigenvalues. For rg ~ 0.526, computations give

' ~0.314, a9~ —0.419, bo~0.317,
and the eigenvalues of Q (all complex)
{—=0.276 £0.581,0 £ 0.527}

to 3 decimal places. For y < 0.314, approximately, at least one eigenvalue has positive real
part, which indicates instability on the curve C; shown in Fig. 13.13.

The remaining solutions on C; for rog < \/g are unstable according to this method. However
at '~ (.65, a stable solution of amplitude ro ~ 1.79 appears on the curve C; in Fig. 13.13. This
analysis using the van der Pol space indicates stable 27 -periodic solutions for 0 <T < 0.314,
and for I' > 0.65, approximately for the specified k and w. Behaviour in the ‘stability gap’ is
complicated as we shall illustrate below.

A numerical search of the Duffing equation (13.13) for periodic solutions confirms the exis-
tence of stable 27 /w-periodic solutions for 0 <" < 0.27 approximately, compared with the
theoretical estimate of I' ~ 0.31 just obtained. A computed solution for I' = 0.2 for k = 0.3 and
®=1.2 is shown in Fig. 13.14(a) together with its phase path and the corresponding Poincaré
map for the times t =0,27m,.... For ' =0.28, in the unstable interval, a stable subharmonic
of period 47 /w exists and is shown in Fig. 13.14(b). The two-point Poincaré map is shown on
the right. A further increase in ' to 0.29 reveals a stable periodic subharmonic of period 87 /w,
a period-4 solution (see Fig. 13.14(c)). This period doubling cascade is a rapidly accelerating
sequence of bifurcations which by I' = 0.3, approximately, has doubled to infinity leaving an
‘oscillation’ without any obvious periodic behaviour. The solution is bounded but not periodic.
The Poincaré map becomes a bounded set of returns without any obvious repetitions, and is
another example of a strange attractor. A sample solution and corresponding phase diagram
are shown in Fig. 13.15. Any initial transient behaviour was eliminated before the solution
was plotted.

Between I' = 0.3 and 0.36 no obvious regularity is observable: the solution plots reveal wan-
dering solutions of an irregularly oscillating type without any uniform pattern. Such solutions
are said to display chaotic behaviour. Close to I' =0.37, however, stable solutions of period 5
appear (see Fig. 13.16(a))—these are centred on x = 0. Another chaotic regime follows between
['=0.37 and about 0.65 (a segment of a solution plot is shown in Fig. 13.15 for ' =0.5). In
an interval around I' =0.65 more stable period-2 solution appear, centred somewhere close
to x =0 but of a very unsymmetrical type. At ' ~0.73 (theory predicts I' ~0.65), a stable
period-2 solution is now available as shown in Fig. 13.16(c) (see also the stability diagram,
Fig. 13.13).
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Figure 13.14 Time solutions, phase paths, and Poincaré maps of the Duffing oscillator for k=0.3 and w=1.2:
(a) [ =0.20 (period-1); (b) I' =0.28 (period-2); (c) [ =0.29 (period-4).
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Figure 13.15 Sample chaotic response for k = 0.3,0 = 1.2 and ' = 0.5: the bounded time solution and
corresponding phase path are shown.

The search for periodicities can be assisted by plotting Poincaré maps appropriate to the
period being looked for: 27 /w for the forcing frequency, 47 /w for period doubling, and so
on. Periodic solutions of period 27 /w produce maps in the (x, y)-plane having a single fixed
point, period doubling two fixed points, etc. (see Fig. 13.9). If we apply the same procedure
to the ‘chaotic’ output, say for I' =0.5, we find that after all there does appear to be some
degree of underlying structure. Figure 13.17 shows a Poincaré map for this case. The sequence
shown is for t = 27n (n = 0,1,2,...) and nearly 2000 points are displayed. Not all the
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Figure 13.16 Time solutions and phase diagrams for Duffing’s equation (13.8) for k = 0.3 and w = 1.2 in the cases:
(a) ' = 0.37, a large amplitude, period-5 response; (b) I' = 0.65, a large amplitude, period-2 response, on of a
symmetric pair; (¢) I' = 0.73, a large amplitude, period-1 response. The Poincaré sections for t = 0,27, ... are shown

by the dots.

Figure 13.17 Poincaré returns for Duffing’s equation (13.8) fork =0.3, o =1.2 and ' = 0.5: 2000 returns are shown

for the section t =0, 27 /w, 47 /w, .. ..
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points calculated are plotted—working from a given initial condition the earlier points are
subject to a form of transient behaviour, and not until they find their way into the set dis-
played are they recorded. There are no fixed points observed in the chaotic regime: instead
the set plays a similar role. The set is to a large extent independent of the initial values,
and has the property that any point once in the set generates a sequence of first returns all
of which lie in the set: it is another example of a strange attractor. Computer studies point
also to the fact that, given any point in the attracting set, some future first return will come
arbitrarily close to it. The shape of the strange attractor depends upon which sections are
chosen: for example the returns for the sections t = 2n + D7n/w (n = 0,1,2,...) will fill
a differently shaped region when projected on to the (x, y) plane. In the x, y, 7 space the
solutions (after the disappearance of ‘transients’ as above) will remain in a tube in the direction
of the 1 axis. Alternatively, periodicity of the forcing term can used to design a space in which
the ¢ axis is turned so that the points x =0, y=0, and r = 2n7/w coincide with the origin (0,
0, 0) to give a toroidal space looking like that shown in Fig. 13.5. The Poincaré sequence then
becomes simply a cross section of the torus. The three-dimensional diagram is difficult to draw
unless some projection such as that given in Section 3.3 is used.

In the Duffing oscillator, as T increases from zero to about 0.27 (for the parameter values
k=0.3, ®=1.2), the amplitude of the response increases, tending to carry the representative
point in the phase plane into the neighbourhood of the unstable limit cycle growing from the
origin (Type I above). It seems to be this interaction between the growing incursion of the stable
limit cycle into the domain of the unstable limit cycle which destroys the stability of the former
which shows itself as period doubling.

As we shall see in Section 13.6, homoclinic bifurcation is also a destabilizing influence for
this Duffing oscillator.

The period-doubling sequence of bifurcations of the periodic solution emerging from the
equilibrium point (1,0) as I' increases from zero, can be represented by Poincaré fixed points
in the (x, y) plane. Figure 13.18(a) shows a schematic view of these returns (not to scale).
At I'~0.27 a pitchfork bifurcation occurs resulting in a stable period-2 subharmonic, whilst
the original harmonic becomes unstable. The Poincaré map reveals the pitchfork structure. At
" ~ .28 this subharmonic suffers a further pitchfork bifurcation to a period-4 solution, and

(a) —— Stable Poincaré returns (b)
"""" Unstable Poincare returns

y I Increasing
P

0.

W

First bifurcation

Second bifurcation

Figure 13.18 Track of the fixed points of the periodic solution in x > 0 as I' increases from zero. (a) The first pitchfork
bifurcation takes place at ' ~0.27. The diagram is a representation and not an accurate figure near the bifurcations.
(b) Scheme showing a period doubling cascade through a sequence of pitchfork bifurcations.
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so on. If these period doubling bifurcations occur at ' =T"1,T',,'3,..., then it is known the
progression of this sequence obeys a universal law

lim Tl 5 466292

k—oo T4 — Iy
The constant § is a universal constant for period doubling sequences, and is known as the
Feigenbaum constant (see Nicolis 1995 and Addison 1997 for more details).

A representation of a sequence of pitchfork bifurcations is shown in Fig. 13.18(b). The
period doubling cascade arises from bifurcations of a discrete system consisting of Poincaré
first returns. A simple model of a discrete system which exhibits a period doubling cascade is
the logistic map which will be described in the next section.

13.6 A discrete system: the logistic difference equation

Probably the simplest nonlinear difference equation is the logistic equation defined by
Upy1 = auy (1 —up).
or, by putting f(u) = au(1l — u),
Upy1 = f(uy), n=0,1,2,...

Fixed points of a difference equation occur where u, =u say, for all n, that is, where
f(u) =u,or

u=cou(l—u) (a=>0)
for the logistic equation. Thus there are two fixed points, at u =0 and at u = (o — 1)/a. Let
v= f(u). Then in the (u,v) plane equilibrium occurs at (0,0) and ((« — 1)/a, (@ — 1)/), at

the intersections of the line v =« and the parabola v = f (1) = au(1 — u), namely the origin and
the point P in Fig. 13.19. This figure is drawn in the case « =2.8. A cobweb construction can

@P

v=F(

|

|

|

|

|

|

|

|

|

| u
|

0] Uy U 1

Figure 13.19 Cobweb construction showing the stability of the fixed point P for « = 2.8.
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indicate the stability of P. Suppose that u =ug initially. Then uq = aug(1 — ug), and value of
uq can be constructed by drawing a line vertically to meet v= f(u), and then a horizontal line
to v=u as shown in Fig. 13.19. The value of u there is u1. The process can be repeated to find
ui,uy,.... It seems evident graphically that P will be stable since the cobweb converges to P,
where u=(a —1)/a=9/14 for a =2.8.

The stability of P depends critically on the slope of the tangent to v= f(u) at P. Its slope
there is

flll@=1D/e)=2—a.

It can be proved that if this slope is greater than —1, then the solution is stable, and
u, — (@ —1)/a as n — oo. If the slope is less than —1 then the cobweb will spiral away
from the fixed point. The critical slope separating stability and instability is

(@ —1)/a) =2 — a = —1, that is, where a = 3.

If @ >3 (the unstable interval), what happens to the iterations of the logistic equation?
Consider the curve

v=f(fw) =alau(l —u)] [1 —au(l —u)] = a*u(l —u)[1 — au(l —u)).
The line v = u intersects this curve where
u=ou(l —uw)l —au(l —u)).
Hence the fixed points of v = f(f(u)) occur where
u=0, or [au?—(a—1D][c?u?—a(l+a)u+1+a)]=0.

Note that the equation u = f(f(«)) automatically includes the solutions of u = f(u). Hence the
second equation always has the solution u = (o — 1)/, and two further real solutions if a > 3.
Figure 13.20(a) shows the curve v= f(f(u)) for the critical case o =3 and for a = 3.4. For
a = 3.4 let the points of intersection with the line v=u be O, A, B, C as shown in Fig. 13.20(b).
Since

uas = f(fwa)), up= f(f(usp))),

it is possible to insert a square with diagonal AC such that its other corners lie on v = f(u).
This follows since the pair of equations above always has the solution

ug = f(ua), ups= f(up).

The existence of the square indicates the presence of a period-2 solution of the logistic
equation such that u, alternates between us and ug, where us and up are the roots of

azuz—a(1+a)u+(l+oz)=0



13 : Poincaré sequences, homoclinic bifurcation, and chaos

(a) (b)
1 Vv 1t v
V=u vV=u
C
/ ~ N
N
' ~ B
7 o\ Uw) // \
, \ / N0
\
)/ \ // 4 A
V= ; R
/ \ S ey
/ \\ ‘ / | \\ ‘
o 1 o u, z;,g 1

Figure 13.20 (a) Graph of v = f(f(u)) for the critical case @ = 3. (b) Graph of v = f(f(u)) for @ = 3.4 showing
the period-2 cycle between A and B.

for @ > 3. At @ = 3.4, the period-2 solution is stable since the slopes at u4 and up to the curve
u = f(f(u)) both exceed —1. The value of @ at which the critical slope of —1 occurs can be
found as follows. The slope is —1 if

dif(f(u)) =’ — 2052(1 + a)u + 6au? — 4au’ = -1, (13.38)
u

where u satisfies
o?u? —a(l+a)u+1+a)=0. (13.39)

Multiply (13.39) by 4au and eliminate «> in (13.38), which results in

1 241
e L s sk (13.40)
o 202 (a — 2)
whilst (13.39) can be written as
1 1
b ) (13.41)
(07 o

Finally, eliminate u between (13.40) and (13.41) so that & must satisfy
o —2a0—5=0.

Since « > 3, the required root is « = 1+ /6 = 3.449 .... Hence there exists a stable period-2
solution for 3 < @ < 1+ .,/6. Beyond this value we must look at the curve v = f(f(f(f(u)))).
Its graph for « = 3.54 is shown in Fig. 13.21: there are now 8 fixed points on v = u. The
only stable solution on this curve is a period-4 one. The next doubling occurs at « ~ 3.544.
The interval between period doubling rapidly decreases until a limit is reached at « ~ 3.570,
beyond which irregular chaotic behaviour occurs.
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/ \ v=fA A fw))

o 1

Figure 13.21 The eight fixed points of v = f(f(f(f(u)))) for « =3.54 lying on the intersection with the line v=u.

0 | | | | q
2.8 3.0 32 34 3.6 3.8 4.0

Figure 13.22 Period doubling for the logistic equation as « increases from « = 2.8 to @ = 4: chaotic intersections
occur beyond @ ~ 3.57.

The development of the attractor is shown in Fig. 13.22 for 2.8 < « < 4. Each bifurcation
is of pitchfork type (Fig. 13.23) in which a doubled stable cycle is created leaving behind an
unstable cycle.

Exercise 13.4
Find the fixed points of the difference equation u, 1 = au, (1 — uﬁ). Find the value of « for
which the non-zero fixed point becomes unstable.
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Figure 13.23 First pitchfork bifurcation for the logistic equation at o = 3.

13.7 Liapunov exponents and difference equations

Whilst Fig. 13.22 indicates numerically period doubling and chaotic behaviour, how can we
identify domains of the parameter « where such phenomena occur? This analysis refers to
difference equations but it gives clues to chaotic behaviour in differential equations which will
be considered later. Consider the difference equation

Up+1 = S (uy).

Suppose that the initial value is Ag: (0,ug) with subsequent iterations Aq:(1,u1) where
u1= f(ug), A2:(2,up) where uy = f(u1), and so on. The sequence of iterates denoted by
Ap, A1, Ay ..., is shown in Fig. 13.24. Consider another initial value My: (0,uq + ¢) which
is close to ug assuming that |¢| is small. This maps into M1: (1, f(ug +¢)). Approximately

fug+e) =~ f(uog) + f'(uo)e = u1 + f'(uo)e

using the Taylor expansion.

The distance between the initial values (atn = 0) is |¢|, and the distance between A and M at
n=11is approximately | f'(ug)||¢|. Chaotic behaviour is associated with exponential divergence
of neighbouring solutions. In the expectation of exponential divergence the distances can be
converted to linear growth by taking their logarithms. Thus the increase in the logarithmic
distance betweenn=0andn=1is

In(| f"(uo)l le]) — Inle| = In| f"(uo)|.

We should continue this process between successive steps but the exponential growth is numer-
ically unsustainable from a computing position, so instead restart the process at N1: (1,u1 + ¢)
(see Fig. 13.24). Also, although the divergence can be locally exponential the system can still



13.7 Liapunov exponents and difference equations

Uy 1 . 1 1 |
LN p : :
: 20 o Qag :
1 /o - “ i
M, . r S S T
P S S At '
A A R :
M Pl v/ o7 : J/ . i
ol 7 H / P (ID/ | / ' .
) VS SR L
046 N, - i | ! '
. n . !
\/;: Az, : i
A : : : !
Uy 5”1 E”z 5”3 EM4 '
0 1 2 3 4 5
Figure 13.24 The exact iterated sequence is Ag, A1, As,..., where u, takes the values wug,ui,uy.... The
approximating sequence is MoM1; N1Ny; Py P3: ..., where AoMy=A{N1=A, P, = ---¢.

be bounded. The point N1 maps into N, (say), where
flur+e)~ flur) + f'ur)e = uz + f'(ur)e.

The increase over this step is In | f/(u1)]. We now repeat restart this process over each step. The
average of the total growth over N steps is therefore

1 N
5 211 @l
k=0

The limit of this sum as N — oo is known as the Liapunov exponent A of this difference
equation, namely

N—o0

B AN
A= lim N;lnv(ukﬂ. (13.42)

which is, incidently, independent of . Chaos occurs if the Liapunov exponent A is positive.
Further discussion and examples are given by Moon (1987).
Consider again the logistic equation

Upt1 = aup(1 —uy) (13.43)

discussed in the previous section. In this case f(x) = ax(1 — x). Hence eqn (13.42) becomes

N
|
A(a):}vlgnooﬁl;lma(l—Zuk)l, (13.44)

in terms of the parameter o. The distribution of Liapunov exponents in terms of the param-
eter « is shown in Fig. 13.25 for 3.3 <a < 3.9. The positive values indicate chaotic output.
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Figure 13.25 A has been computed from (13.44) for about 1100 values of @ between « = 3.3 and o = 3.9 with
N = 250: convergence is slow and the diagram gives the general shape of the Liapunov exponents. For greater
accuracy for a particular value of «, a larger value of N should be chosen.

This figure should be compared with Fig. 13.22. In Fig. 13.25, there are visible ‘negative’
spikes which indicate windows of periodic (non-chaotic) solutions, which are also just visible in
Fig. 13.22.

Example 13.5  Verify that u, = sin®(2") is a solution of uy+1 ="4u, (1 —uy). Find the Liapunov exponent of
this solution. Is the solution chaotic?

Using a simple identity
4up (1 — up) = 4sin®(2")(1 — sin(2"))
= 4sin%(2") cos?(2") = sin2 (2" 1) = Ui,

which verifies the solution.
Using (13.42) with f(u) =4u(1 — u), the Liapunov exponent of the solution is

1 N 1 N
— 1 ! — 1 —
A= th N kE_Oln | f (up)| th N kE_O In |4 — 8uy|

N—o0

N
1 2 ok
= lim Nk2_01n|4—881n 29|

N
L1 k+1
= Nh_r)nOo v kgo In |4 cos(2¥TH)|.

Whilst this is the exact formula for the Liapunov exponent, there are computational problems which arise from
the exponential growth of 2F as k increases. It is easier to calculate A by computing the sequence {uy} from an
appropriate initial value u(, and then using (13.44). Thus, if ug = 0.9, then

up =4ug(l —ug) =0.36, upy =4u1(1 —uq)=0.9216,...,
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which are easy to compute compared with the trigonometric function cos(2%). From (13.44), it follows that
A =0.693 ..., which is positive indicating chaotic behaviour.

Note that even though the solution u,, = sin®(2") is bounded it can still be chaotic: chaos does not necessarily
imply unboundedness. )

13.8 Homoclinic bifurcation for forced systems

We have referred earlier in this chapter (Section 13.3) to the significance of homoclinic bifur-
cation as a possible trigger for chaotic output in certain third-order systems such as the Rossler
attractor. For the autonomous Rossler system homoclinic paths are associated with an equi-
librium point, but they may equally occur for a limit cycle. We shall specifically discuss such
behaviour for systems of the form

X=y, ¥y=fy10, (13.45)

where f(x,y,t+ 2n/w)) = f(x,y,t) for all ¢: this is a 27 /w-periodically forced system. Sup-
pose that the system has an unstable limit cycle with the same period 27 /w as the forcing period.
Suppose also that, associated with the limit cycle, there are two families of solutions, an attract-
ing one which approaches the limit cycle as t — oo, and a repelling one which approaches
the limit cycle as t — —oo. We take Poincaré sequences with time-steps equal to the forcing
period, namely 27 /w, since the differential equation (13.45) is unaffected by time translations
t — t + 27n/w for any integer n. Consider Poincaré sequences which start from time r = 0. Since
the limit cycle has period 27 /w, the point on it for which # =0 will be fixed point.

Now consider the set of initial points (x(0), y(0)) from which solutions approach the limit
cycle, but only record the points (x(2n7/w), y(2nm/w)) on the phase paths forn = 1,2,...,
rather like a series of periodic snapshots. On the (x, y) phase plane the accumulation of these
points appears as a curve which approaches the fixed point on the limit cycle. This resulting
curve of Poincaré sequences is known as a stable manifold (with reference time ¢ = 0) of the
fixed point of the limit cycle. We could start with a different initial time, say, t = 9 which
would lead to a different stable manifold with a different fixed point but still on the limit cycle.

Similarly we can consider an alternative set of initial values (xg, yo) for which the backward
Poincaré sequences (x(2nn/w), y2rn/w)), n=—1,—2,... approaches the fixed point on the
limit cycle. This is known as the unstable manifold with reference to the initial time # = 0. There
is a strong similarity with saddle points of equilibrium points in the plane for autonomous
systems. The two manifolds appear as two pairs of incoming and outgoing accumulations of
sequences.

Homoclinic bifurcation occurs if the stable and unstable manifolds intersect, since through
any such point of intersection there is a solution which approaches the limit cycle as t — oo
and as 1 — —o0. Such solutions are said to be homoclinic to the limit cycle.

Generally for nonlinear systems it is difficult to create examples in which explicit solutions
can be found for the manifolds, but, for some linear systems, it is possible to generate them
which is helpful in understanding their construction.
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Consider the linear equation
X4+x—2x=10cost, x=1y. (13.46)
This equation has the general solution
x(t) = Ae' + Be ™ — 3cost +sint.

This equation has been chosen so that the characteristic equation has real solutions of different
signs. If x(0) = xg and y(0) = yg then, in terms of the initial values,

x(t) = %(Zxo +yo + Sel + %(xo — yo 4+ 4)e=% — 3cost +sint. (13.47)
The differential equation has an isolated, 27 -periodic solution
x(t) = —3cost + sint,

with phase path x? 4+ y? = 10, corresponding to the case A = B = 0 in the general solution. From
(13.47) we see that this solution is selected if the initial condition (xg, yg) at t =0 lies on the
intersection of the two straight lines L1 and L,

Li:2x0+yo+5=0, Ly:xo—yo+4=0,

shown in Fig. 13.26. This is the point Q:(—3,1) and it is a fixed point on the limit cycle for
the Poincaré sequence r = 0,27, 4m, ...

From (13.47), all solutions starting on Li: (2xg + yo + 5 = 0) approach the limit cycle as
t — +oo (these include solutions starting from both inside and outside the limit cycle). This is
the attracting family of solutions.

\ Limit cycle
\

2 8
/
e

3

—
A,” Unstable manifold 4

Stable manifold

-8t Bl

Figure 13.26 Stable and unstable manifolds of the fixed point at (—3, 1), from the Poincaré sequences derived from
initial values atr = 0, of ¥ +x — 2x = 10cost, x = y.
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Take any point (xg,yp) on Li, the attracting time-solution selected being denoted by
X(1), and consider the Poincaré sequence (x,,y,) for r=0,27,4m,.... The first return
(x1,y1) =(X(Q2m), X'(27)), is also selected from X (¢), and (x1, y1) serves as the initial condi-
tions for subsequent steps. But the differential equation is of the form (13.45) and is unaffected
by the time translation t — t + 27 due to the 27 -periodicity of the forcing term, so eqn (13.47),
with (x1, y1) in place (xg, yo), together with the requirement 2x1 + y; + 5 =0, also hold good.
Therefore (x1, y1) lies on L1, and similarly for all subsequent members (x,, y,) of the sequence,
so the Poincaré sequence with steps 27 converges to Q. The line L1 is called a stable manifold.

Similarly, the set of points Ly: (xg — yo + 4 = 0), consisting of initial values of the solutions
that do ot approach the limit cycle, and whose Poincaré sequences (x,, y,) fort = 0,27,4x,...
therefore diverge from Q as n — oo, is called the unstable manifold at Q of the limit cycle.

For initial times differing from r = 0 a similar construction leads to fixed points other than
Q on the limit cycle, since (13.47) takes a different form in such cases. Therefore each point on
the limit cycle has a stable and an unstable manifold associated with it.

The stable and unstable manifolds are straight lines, and intersections between them away
from the fixed point are not possible. Homoclinic bifurcation cannot occur for forced linear
systems.

The Duffing oscillator

We shall now look at the stable and unstable manifolds for the model Duffing oscillator.
This a continuation of the analysis started in Section 13.3. Inevitably, the approach is mainly
numerical. For nonlinear systems we need to estimate the position of a fixed point of a limit
cycle, and the local directions of the manifolds at the fixed point. Consider again the Duffing
equation with small damping and forcing

5é+sk)€—x+x3=8ycosa)t, x=y, O<ex 1. (13.48)

We are now interested in the unstable limit cycle about the origin in the phase plane, and the
stable and unstable manifolds associated with points on it. For small |x|, x satisfies

X+ ekx — x = ey coswt. (13.49)
The periodic solution of this equation is
xp = Ccoswt + Dsinwt,

where

—ey(1+ a)z) —&y 3
C= = + 0(e),
(1 4+ w?)? +e2k20? 1+ w? &%)

e2ykw 2ykw

— = + O 83 5
1+ 02?2+ e2k20? (14 w?)? )




13 : Poincaré sequences, homoclinic bifurcation, and chaos

which has the fixed point

—ey  elykw?
1+ (14 w02)?)’
to order &3.

The characteristic equation of (13.49) has roots
mi,my = %[—ex + \/(SZKZ + 41,
so that the general solution is
x = Ae"™ 4+ Be"™ 4 x,.
If x(0) = xg and y(0) = yq, then
A =[(C = xp)mz — (Dw — yol/(mp — my),
B =[—(C —xo)m2 — (Dw — yo)1/(m2 — my).

Since m1 > 0 and my < O for small ¢ > 0, the local directions of the stable and unstable
manifolds are given by the straight lines

(€C—x)ymy — (Do —y)=0, —(C—-x)m;—(Dw—-y) =0,

respectively. Hence the slopes of these lines through the fixed point are m; for the stable
manifold and m for the unstable manifold, where

mi,my = %[—EK + /(22 + 4]~ +1 — %gk_-’

for small &. Thus m1 and m» give the local directions of the stable and unstable manifolds in a
similar manner to that shown in Fig. 13.26.

It is fairly easy to compute the manifolds for the fixed point of the Duffing equation (13.48).
As in the previous work on period doubling we shall assume the parameter values k =k =0.3
and w=1.2 for comparison purposes. As we saw in Section 13.3, period doubling for these
parameter values first starts for increasing amplitude " at ' =&k ~ 0.27. However before this
happens homoclinic bifurcation has occurred. We can show just how it develops by computing
the manifolds for selected values of I'. Practically this is done by locating the approximate
position of the fixed point and the directions of the manifolds there by the method outlined
above. Let (x¢, y.) be the coordinates of the fixed point. Then consider solutions which start
at (x. =68, y. £ m18) at r =0 where § is a small positive parameter. The first returns can then
be computed at t = 27 /w,47/w,.... This process is repeated for a selection of incremental
increases in 8, to cover one cycle of the forcing period. This is partly a trial and error method,
but it is helped by the stability of adjacent manifolds. Interpolation of the points generated
by this computation results in the manifold. For the stable manifolds we consider solutions
which start at (x. 8, y. & m28) at t =0, but reverse time. This procedure was used to plot the
manifolds shown in Fig. 13.27. These and later figures were first computed by Holmes (1979).

Figure 13.27(a) shows the manifolds for I'=0.2: for this value they do not intersect. At
['~0.256, the manifolds touch at Ay in Fig. 13.27(b). From the periodicity of the Duffing
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(a) 1’,))

Fixed point

(b) 1r

Figure 13.27 Stable and unstable manifolds for Duffing’s equation with k=0.3, w=1.2 and (a) ' =0.20; (b)
'=0.256; (c) ' =0.28.

equation in ¢, if the manifolds touch at t =0, then they must inevitably touch at 1 =2n7/w
where n=...,-2,-1,0,1,2,..., that is, periodically both forward and backward in time.
For example, at 1t =27 /w the next tangential contact occurs at A1 shown in Fig. 13.27(b).
Further future contacts will all be in the gap on the stable manifold between the A1 and the
fixed point. The solution which passes through Ag will look something like the curve shown in
Fig. 13.28(a) becoming periodic as t — +00. Its phase diagram is illustrated in Fig. 13.28(b).
This solution is highly unstable, and the diagrams in Fig. 13.28 are not exact.

For I > 0.256 transverse intersections of the manifolds occur: the case I' =0.28 is shown in
Fig. 13.27(c). The two transverse intersection points Ag, Bg return after time 277 /w to the points
A1, B1, and so on. Part of the complexity which arises can be seen in the further intersection
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() * (b

a :
K

AN N AN N
\/ \/ \/ \/ \/ \/ \ Limit cycle

Figure 13.28 Representative time solution (a), and phase diagram (b) for the critical case of tangency between the
manifolds.

Figure 13.29 Scheme of transverse intersections of stable and unstable manifolds.

of the stable manifold with an interior loop of the unstable manifold which will also generate
return points.

The transverse intersections of the manifolds and their returns are difficult to see for the
Duffing oscillator because of the crowding of intersections near the fixed point. Figure 13.29
shows the homoclinic intersections in an expanded representation with the stable and unstable
manifolds denoted by Ws and W". Consider an intersection at Ag. Let the first return forward
in time be Aq. By the uniqueness of solutions the point A; must lie on both W" and W*.
If this were not the case, there would exist two distinct solutions starting from Ag at time
t =0. The intersections are also ‘orientation preserving’ in the sense that W" crosses W* in
the same direction at Ay and A1, implying, by continuity, that there must be at least one
further intersection between W' and W*° between Ag and Ay. As t — oo there must be an
infinite sequence of crossings A1, A2, ... into the fixed point. Similarly, there must be an infinite
sequence of crossings A_1, A_j,... in the reverse direction as shown in Fig. 13.29.

In the shaded region in Fig. 13.29 near the fixed point, the manifolds intersect each other in
further points. To understand the implications of these further transverse intesections, consider
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Figure 13.30 First returns of a strip S along the stable manifold.

a set of initial values S, shaded in Fig. 13.30, and track their successive returns. The region §
contains two transverse intersections of W* and W* which will remain in successive returns of
S. As S approaches the fixed point it will be compressed along W" but stretched in the direction
of W8, Consider an initial point Py in S and on W", but not on W* (see Fig. 13.30). Suppose
that this particular point returns at P; and P>, and also at P; where it lies on both W*" and W*
as shown. Since P; is also on W® it must reappear again on W9 at P4, and so on. Hence the
‘amplitude’ of the oscillations of W™ must increase as the fixed point is approached. The shaded
images of S will be stretched thinly along WY, and reappear within S eventually. The process
will be repeated for a subset of points within S. Hence initial points in § become scattered along
a strip close to the unstable manifold. The same thing happens in reverse close to the stable
manifold. This illustrates the chaotic churning effect of homoclinic bifurcation.

The development of the strip in Fig. 13.31 which is a magnification of the strip S in Fig. 13.30.
If the strip is further compressed and stretched in Fig. 13.30, then the point P; in the sequence
must lie on both manifolds as shown in Fig. 13.31(a). The further returns of Py will then
progress along the stable manifold in a progressively thinner strip as shown in Fig. 13.31(b).
In a similar manner a loop of the stable manifold from prior returns must pass through Py.
Points initially close to Py but not on a manifold will lie on a strip which is repeatedly subject
to compression and stretching. The points in the heavily shaded common region rejoin S, and
thus a portion of S goes through the same process again. A subset of this domain will again
cover part of the heavily shaded regions. It is possible for a later return of a point Q to coincide
with Q. If this occurs at the r-th return then a period-r solution exists. In fact in the attractor
generated by this process, period-r solutions exist for all r.
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(b)

Figure 13.31 Further detail of Fig. 13.30 near Py: (a) shows the appearance of P; and (b) shows further development
of the strip close to W".

13.9 The horseshoe map

The precise details of the mechanism which creates the attracting set of the strange attractor are
difficult to put together for Duffing’s equation, but the phenomenon can be accounted for in a
general way by analysing the iterated effect of the Smale horseshoe map. By using assumptions
similar to those involved in discussing the convolutions of the unstable manifold it can be shown
that there does exist a set of points having the attracting property, as follows.

Assume for simplicity that homoclinic bifurcation causes a square ABCD (Fig. 13.32) to
be mapped in a particular manner, which will be specified, into a horseshoe A’B’C’D’. The
mapping is assumed to be carried out in this way: the square is stretched in the direction
AD, compressed in the direction AB, bent through 180°, and placed back over the square
(Fig. 13.32). Suppose the mapping is repeated for such points as still lie in the square, and that
this process is iterated. Figure 13.33 shows the first two iterations. The horizontal shaded strips
in the square are chosen so as to map onto the vertical parts of the horseshoe. These two vertical
strips now map onto the pair of thinner horseshoes. We are interested, at each stage, in the parts
of the mapped regions which are shared by the regions from which they are mapped—for the
first two stages, shown in Fig. 13.33; these are shown as the hatched regions. After two iterations
there are points remaining in 16 ‘squares’; after the third iteration there will be 64 ‘squares’,
and so on. The limit set as the number of iterations tends to infinity turns out to be very much
like a Cantor set. In one-dimensional terms a Cantor set can be formed as follows. Consider the
interval [0, 1]. Delete the open interval (%, %) Now delete the middle thirds (%, %) and (%, %)
of the remaining intervals, and carry on deleting middle thirds. The limit set of this process is a
Cantor set, and the set is uncountable. The limit set of the horseshoe map has a similar, but two-
dimensional, structure. The implication is that there exists an uncountable number of points in
the initial square which, when treated as initial states at t = 0 for iterated first returns, lead ulti-
mately to endlessly repeated scans of a certain set of points—the limit set—which constitutes the
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Figure 13.32 The horseshoe map.
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Figure 13.33 Successive horseshoe maps showing generation of the Cantor set.

strange attractor. The associated oscillations will include periodic motions and bounded nonpe-
riodic motions. The elements of this set are distributed on the unstable manifold since horseshoes
can be constructed for each loop across the stable manifold. An extensive account of homoclinic
bifurcations and horseshoe maps can be found in Guckenheimer and Holmes (1983).

13.10 Melnikov’s method for detecting homoclinic bifurcation

We have seen in Section 13.7 how homoclinic bifurcation for the Duffing oscillator leads to
homoclinic tangles and chaos. The aim of this section is to explain Melnikov’s method for
detecting homoclinic bifurcation. This is a global perturbation method applicable to systems
which have a known homoclinic path in an underlying autonomous system. This system is
then perturbed usually by damping and forcing terms, and conditions for which homoclinic
manifolds intersect are determined to leading order.

There are various versions of the theory of increasing generality, but here we shall consider
systems of the form

x =y, y+ f(x) = ¢h(x,y,1), (13.50)



13 : Poincaré sequences, homoclinic bifurcation, and chaos

where h(x, y,t) is T-periodic in ¢, and |¢| is a small parameter. The unperturbed system is
x =y, y+ f(x)=0.

It is assumed that f(0) = 0, and that the origin is a simple saddle with a known homoclinic
path x = xo(t — 19), y = yo(t — tp). Consider the loop from the origin lying in the half-plane
x > 0. Since the system is autonomous we can include an arbitrary time translation #p, which
will be significant in Melnikov’s method.

It is assumed that f(x) and A(x, y,?) have continous partial derivatives in each argument up
to any required order, with a Taylor series in x and y in a neighbourhood of the origin, namely,

f&) = f'O)x+---
h(xay,t) = h(oaoat) + [hx(090at)x +hy(030:t)y] +

with f/(0) < 0 (to guarantee a saddle) and £,(0,0,¢) # 0,h,(0,0,7) # 0, except possibly for
isolated values of 7.

As ¢ increases from zero, an unstable limit cycle emerges from the origin with solution
X =x¢(t), y=ye(t), say. We take as usual the Poincaré sequence starting with 7 =0 and having
period T, and let the fixed point of the limit cycle be Pg: (x¢(0), y¢(0)) (see Fig. 13.34). Remem-
ber that any sequence can be used: if homoclinic tangency occurs for the sequence starting
with ¢ =0, it will occur for any other starting time. Associated with P, there will be stable and
unstable manifolds W$ and W}': if these manifolds intersect, then homoclinic bifurcation takes
place. Melnikov’s method investigates the distance between the manifolds at a point on the
unperturbed homoclinic path where ¢ = 0, that is, at Py(xo(—10), yo(—10)).

To approximate to the stable manifold W¢ we apply the regular perturbation

x3(t,10) = x0(t — 19) + &x3 (¢, 10) + O(?),

YS(t,10) = yo(t — t0) + 5 (t,10) + O(e?)

y w, d

> ‘
d * D)

Figure 13.34 Distance function D(#9) between the manifold WP and W} at the point Py on the unperturbed
autonomous homoclinic path.
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to (13.50) for r > 0. To ensure that W approaches P, we require

xp(t,10) — xg(1) = 0,  yi(t,10) — ys(r) = 0

ast — oo.
Substitute the expansions of x3(z,#p) and yi(¢,o) into (13.50). Then equate the coefficients
of ¢ to zero, using also

FIxi(t,t0)] = flxo(t — t0)] + e f [xo(t — 1)1 x5 (¢, t0) + O (7).
It follows that x§ (7, 70) and yj(z, 19) satisfy.

yi(t,t0) + f'lxo(t — 10)]1 x5 (t,0) = hlxo(t — t0), yo(t — t0), 1],

s " (13.51)
yi(t,10) = x1(t,10).
In a similar manner, for the unstable manifold W the perturbation series for x}' is
X2t t0) = xo(t — 1) + ext(t, 1) + O(e?),
Ve (t,10) = Jo(t — 10) + e} (1, 10) + O(e?)
for t < 0, where
xg (1,10) — xe (1) = 0, y(1,10) — ye (1) > 0
as t — —oo. Thus x}(z,19) and y](z, 1) satisfy
1t t0) + f'Ixo(t — o)1 x7(t,t0) = hlxo(t — 10), yo(t — 10), 1], (13.52)

yi(t,t0) = &y (t,10).

Note that the stable manifold W} is defined by the set of points (x5(0, #9), y$(0, 1)) for all 1,
whilst the unstable manifold W is defined by (x(0, 1), y£(0, 10)).
If

x5(t,10) = (225 (1, 10), y2 5 (1,101
then the displacement vector at = 0 can be defined as
d(t9) = x,(0,129) — x3(0, 1)
= e[x}(0,10) — x3(0,0)] + O(e?),
where
xlll’S = [xil’s, yT’S]T.

If n(0,79) is the unit outward normal vector at Py (see Fig. 13.34), then the points
P (x5°°(0,10), ve>° (0, 19)) will not lie exactly on the normal but will be displaced as indi-
cated in Fig. 13.34. We use a distance function D(#p) which is obtained by projecting the
displacement vector d(tp) onto the unit normal n. Thus D(19) = d(0,tg) - n(0, 19) + O(&?).
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The tangent vector to the unperturbed homoclinic path at ¢ = 0 is

{xo(=10), yo(—=10)} = {yo(—10), fx0(—=10)]}.
Therefore the unit outward normal vector is

{flxo(—=10)], yo(—10)}
VIS Ixo(=10)1% + yo(—t0)?}

n(o’ tO) =

Hence

D(ty) =d(to) - n(to)

el{x](=t0) — x5 (=t0)} f[x0(=10)] + {y] (—t0) — y](=t0)}yo(—t0)] 2
= > 3 + 0(&%).
VIS xo(=10)1> + yo(—t0)?]
When D(#y) = 0 homoclinic bifurcation must occur since the distance between the manifolds
vanishes to O(g2). However, D(tg), as it stands, requires x}' and x§ but as we shall show, D(t)
surprisingly does not need these solutions of (13.51) and (13.52). Let

A" (t,10) = x7°(t,10) flxo(t — 10)] + ¥ (1, 10) yo (t — 10).
Note that
e[(A"(0,10) — A%(0,10)]
VI [x0(0,10)1% + [y0(0,20)1%}

We now show that AS(z,79) and A"(z,19) do not require xj(,79) and x}(z,19). Differentiate
AS(t,t9) with respect to ¢:

D(t) = 0(&?). (13.53)

dAS(t,t0) . . ) .
a4 - x1(t,510) flxo( — t0)] + xq (2, 20) f'[x0(t — t0)]x0(t—10)
+ 31 (5, 00)yo(t — to) + y3(t,10) Yo (t — 10),
= y1(t,10) flx0(t — 10)] + x§ (2, 20) f'[x0(t — 10)1%0(r — 10)
+ yo(t — t0)[— f[xo(t — 10)1x5 (¢ — t0)
+ hlxo(t — 19), yo(t — 10), 11 — ¥§ (t,10) f[x0(t — 10)],
= yo(t —to)hlxo(t — 10), yo(t — o), 1], (13.54)

using (13.51) and (13.52). Now integrate (13.54) between 0 and oo with respect to ¢, noting
that, since yo(t — #9) — 0 and f[xo(t — #9)] — 0 as t — oo, then AS(t,19) — 0 also. Hence

o0
A%(0,10) = —/0 yo(t — t9)hlxo(t — 19), yo(t —t0),t]dr.
In a similar manner it can be shown that

0
A”(O,to)zf yo(t — to)h[xo(t — t9), yo(t —to),t]1dt.

—00
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The numerator of the coefficients of ¢ in (13.53) controls homoclinic bifurcation. Let
M(to) = A"(0,10) — A®(0,19)

= / yo(t — to)h[xo(t — t9), yo(t — t9),t1dr. (13.55)

—00

The function M (¢p) is known as the Melnikov function associated with the origin of this system.
If M(tg) = 0 has simple zeros for 19, then there must exist, to order O(g?), transverse inter-
sections of the manifolds for these particular values of 7. The points (there will generally be
two transverse intersections) Py on the unperturbed homoclinic path where these intersections
occur have the approximate coordinates (xo(—#p), yo(—Z0)).

More general versions of Melnikov’s method applicable to periodically perturbed systems of
the form

x=F(x)+¢cH(x,r)

are given by Guckenheimer and Holmes (1983) and Drazin (1992).
Example 13.6  Find the Melnikov function for the perturbed Duffing equation
F4eki—x+x0 = gy cos wt.
Find the relation between the parameters «, ¥ and w for tangency to occur between the manifolds to order
0(e?).
In eqn (13.50) we put
) =—x+x3, h(x,y,0) = —ky +y cos ot
so that T = 27 /w. We require the homoclinic solution for the origin of the underlying autonomous system
¥—x+x0=0.
In x > O this is xo(t) = /2 sech r (see Example 3.9). Hence
o
M(tg) = / X0t — tg)[—Kxo(t — tg) + y cos wt] dt
—00
2 2
=2k / sech”(t — 1) tanh” (r — o) dr
—0o0
o
- yJZ/ sech(t — 1g) tanh(r — 1g) cos wr dr,
—00
(o)
=2« f sech?u tanh? u du
—0o0

o0
+ y4/2sin a)tof sechu tanh u sin wu du, (13.56)

—00
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putting u = t — £y and deleting the odd integrand in the second integral. The integrals can be evaluated using
residue theory (an example is given in Appendix D). Gradshteyn and Ryzhik (1994) is also a useful source for
integrals which arise in Melnikov’s methods. We quote the integrals

o0 2
/ sech?u tanh? u du = =,
o0 3

o0 1
/ sechu tanh u sin wu du = ww sech (iwn) .

—0o0
Hence, from (13.54)
M(ty) = —%K + J2wmy sech(%wn) sin wt.

For given «, y, and w, M (tg) will vanish if a real solution can be found for #3. Assuming that «, y > 0, this
condition will be met if | sin wtg| < 1, that is, if

i;/j: cosh (%a)n) < 1.

Put another way, if ¥ and w are fixed, then homoclinic tangency will first occur for increasing forcing amplitude
when

2.2 1
Y =Yc= V2% cosh <§wﬂ) ) (13.57)

3nw

and homoclinic tangles will be present if y exceeds this value. For our representative values of w=1.2 and
ek =0.3 (see Section 13.5), the critical forcing amplitude given by (13.57) is [ = ¢y, = 0.253 which compares
well with the numerically computed value of I' =0.256 (see also Fig. 13.27(b)). Melnikov’s method is a per-
turbation procedure so that it will retain validity if the right-hand side of (13.57) is O(1) as ¢ — 0, that is,
never too large nor too small.

At the critical value y =y, sinwfy =1, and we can choose the solution 7y =7/(2w). Hence the tangency
between the manifolds will occur approximately at the corresponding point on the autonomous unperturbed
homoclinic path at

(¢2 sech (—z’iw) , —/2sech? (—z’iw) sinh (—z’lw)) — (0.712,0.615)

in the section r=0 still for w=1.2. This may be compared with the tangency point shown in
Fig. 13.27(b). o

Exercise 13.5
Find the Melnikov function for the equation

5c'+81<sgn()'c)—x+x3 =¢gycoswt, k>0, y=>0.

For what conditions on the parameters do homoclinic paths exist?
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13.11 Liapunov exponents and differential equations

In Section 13.5 the Liapunov exponent was introduced for first-order difference equations as
a method of explaining chaos through the exponential divergence of neighbouring solutions.
In this section we extend this method to nonlinear differential equations, in particular to the
forced Duffing equation of Section 13.3, which has been a theme of this and earlier chapters.
The equation is

¥+ ki —x +x° =T coswr. (13.58)

It was shown numerically (in Section 13.5) that this equation exhibits period doubling leading
to chaotic behaviour for certain values of the parameters k, I' and w. The hypothesis behind
Liapunov exponents is that there are parameter domains in which the distance between neigh-
bouring solutions exhibits exponential growth in certain directions and exponential decay in
other directions. This is the notion of sensitivity to initial conditions.

The first step is to express (13.58) as a third-order autonomous system in the form

i=y, y=—ky+x—x3+Tcosz, =o. (13.59)

but with the restriction z = wf. An autonomous system must be of order three or more for chaos
to appear: chaos is not possible in first order or plane autonomous systems. We will return to
this conclusion later. Let x*(r) = [x*(¢), y*(r), z*(t)]T, which satisfies the initial condition
x*(to) = [x§, Y55 zg]T, be the particular solution to be investigated. Consider now a solution
x(t) = x*(t) + 5(¢t) which starts near to the initial value of x*(¢): thus |5(f9)| is assumed to be
small.

Before we apply the method to Duffing’s equation, we consider the general autonomous
system

x = f(x). (13.60)
of any order. Substitute x = x* + 7 into (13.60) so that, using a Taylor expansion,
i =T+ A )+ AR (13.61)

for as long as |5(¢)| is small, where

xSz
A@x™) = [Vfl=]gx 8y &z
hy hy hy

is the matrix of partial derivatives of f=[f,g,h]T. It follows that, approximately,
n=1[n1,12,n3]" satisfies the linear vector equation

= A(x*)n (13.62)

The evolution of  will depend on its initial value: both exponential growth and exponential
decay can occur. Liapunov exponents measure this growth and decay. The computation of
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exponential growth over long time scales is generally not an option for numerical reasons such
as output overflow. Also, there is little hope that any equations can be solved analytically (at
least for third order and above), so the numerical procedure which averages growth over shorter
time intervals as follows is adopted.

Computing procedure

e (i) choose parameters and initial condition x*(¢9) (after any transience has been eliminated)
in a domain (usually bounded) where a chaotic solution is suspected, and solve (13.60)
numerically to find x*(¢) over a time interval 7o <t < t1;

e (ii) compute A(x*) over fyp <t < t1 at suitable time steps;

e (iii) since (13.62) is linear and homogeneous we can normalize the initial values so that
In(to)| = 1; choose n initial orthonormal vectors, say

(O)(IO) [1a09 Oa 90]a (O)(IO) [Oa 130a-- . O a- an;gO)(ZO) [Oa Oa Oa-- '31]3

(or some other orthonormal set such as the eigenvectors of A(x*(1y))); solve (13.62) numeri-
cally for each ngo) (t) and compute 1750) (t1) (the time 71 is chosen to avoid |n§0) (t1)| becoming
computationally too large);

o (iv) the set of vectors {ngo) (t1)} will generally not be orthonormal, but a set of orthonormal

vectors {,71(1)(”)} can be constructed at 71 using the Gram-Schmidt procedure (see Nayfeh
and Balachandran (19935, Section 7.3) for more details);

e (v) repeat the procedure (i) to (iv) at times ¢t = #1, 13, ..., Iy to generate the vectors { )(t )
(j =2,3,...,N): renormalization takes place at each time;

e (vi) the first approximation to the ith Liapunov exponent is

m_ 1 (0)
A= ——1nly; " (11)];
i P— In; " (1)
the second approximation is the average
2 1 0 1
AP = i el + In a1,

and so on; the Nth approximation is

N

1 _

AN = — > Inpd Vo). (13.63)
k=

If the limits exist, the Liapunov exponents {A;} are defined by

A; = lim A( )= lim

T N>oo IN—>OO [N

N
1 _

> Il @
— D

The length dj; = |n§k_l)(tk)| is the distance between the vectors x* () + ngk_l)(tk) and x*(#).
The steps in the scheme for one component of 5 are indicated in Fig. 13.35. A positive Liapunov
exponent A indicates that chaos might be present: it is a necessary condition but not sufficient.
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x*(1)

a1 =
n (tl)

X¥(1p) 0

Figure 13.35 The figures shows a solution x = x*(¢). A typical perturbation components nEO)(to), 1151)(11), ... of the
orthonormal sets at each time step. There will be n such components at each step. The dashed curves represent the
perturbed solutions.

There are a number of imponderables in the iterative process which can affect its accuracy.
These include the choice of parameters, the time steps #1, 12, . . ., and the number N of iterations.
Generally trial and error are required to produce confidence in results.

It is possible to see the thinking behind this definition of the Liapunov exponent if we assume,
in a simplistic manner by way of an explanation, that |y, (t)| ~ e/ ®%~%-1)_ Then, from (13.63),

1
Ny i(k—te—1)7 — —
A In[e* k=1 — N — )i = Wi
; tN—to E [ 1= tO(N 0 = i

Hence a positive u (exponential growth) implies a positive Liapunov exponential with a
corresponding result for u < 0 (exponential decay).

At first sight it seems to be a contradiction that solutions can diverge exponentially but still
be bounded. However, in plane autonomous systems it is possible to have a saddle point inside
a closed path (see, e.g., Fig. 2.13). Exponential divergence can be associated with the saddle
point but the time solutions will be bounded.

If A is a constant matrix, then the analysis is straightforward and can be illustrated by an
example which provides an interpretation of Liapunov exponents.

Example 13.7  Find the Liapunov exponents of the linear system

= Ax.

<

i 1 2 1
i=lyl=2 11
z 11 2

N

This differential equation was discussed in Example 12.6, where it was shown that its eigenvalues are 4,1, —1
so that its general solution is

x = ar1e4’ + Broe’ +yrze”’,
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where orthonormal eigenvectors are given by
1 T 1 T 1 T
=—[1, 1, 1 =2[-1, -1, 2 = —[1, -1 .
rl ﬁ[s 5 ], "2 6[ 5 5 ]3 r3 ﬁ[s ,O]
Since A is constant, the perturbation 5 satisfies the same equation as x, that is,
n = Ang.

Hence

n=arriet + Biroe’ +yirze”.

Let 79 = 0. Since the solution is exact there is no need to iterate: we can choose 0 <t < oo as the first interval.
An orthonormal set can be constructed if y; (0) =r;. Thus for y; we putaq =1, B; = y; =1 so that gy =rqe*.
It follows that

A1 = lim 11n|)71(z‘)| = lim 1ln(e4t) =4.
t—oo t t—oo t

Similarly the other two Liapunov exponents are Ay = 1, A3 = —1. For a constant matrix A, the Liapunov
exponents are simply the eigenvalues of A, which confirms the view that Liapunov exponents are generalizations
of eigenvalues. This system has two positive exponents but linear systems can never be chaotic. ()

For nonlinear systems, in which the average is taken over N time intervals, the computation
is complicated by the need to create a new orthonormal initial vector at each time step. Since
the signs of the largest and smallest Liapunov exponents are the main indicators of chaos, it is
possible to use a simplified procedure to determine these signs. The discussion will be restricted
to three dimensions. In the computing procedure above replace (iii), (iv), (v), and (vi) by

e (iii)* on a unit sphere centred at x*(fp) select initial values, say, n() =
[cosi sin j,sini sin j,cos j]T, where i and j, respectively are chosen as suitable step val-
ues over the intervals (0,27) and (0, 7) so that the sphere is covered by grid of points; note
the maximum and minimum vales of |5(t1)| over the values of i and j; denote the lengths by

dimax) and d{min). Accuracy will be improved by increasing the number of grid points;

o (iv)* repeat (iii)* with a unit spheres centred at x*(¢1), x*(12), .. ., and note the lengths d,gmax)
and d,imm) (k=2,3,..).
e (v)* compute the averages

N N
- 1 Z max) N 1 Z (min)
Amax = m Z lndk ) Amin = m : 11n dk .

The numbers Kfé\;)x and Kfﬁi are the largest and smallest Liapunov exponents and their signs
can indicate exponential growth or decay.

Before we apply this procedure to Duffing’s equation we can often deduce one Liapunov
exponent if the chaotic regime is bounded as seems to be the case for Duffing equation and
the Lorenz equations (Problem 13.21). Returning to the general system x = f(x), consider the
two neighbouring points x*(fg) and x*(¢gp + &) on a solution. For all ¢y these points will follow
the same phase path (since the system is autonomous). It follows that

N=x"C+h) —x"@O)=x*Oh=fx*@)h:
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this is the tangent approximation to the phase path. In this case there is no need to iterate over
time steps since the corresponding Liapunov exponent is given by

A = lim 1ln|17(z‘)| = lim llnlf(x*(t))hl.
f—oo t t—oo t

If the path defined by x = x* is bounded, then f(x) will also be bounded so that A = 0 in the
limit. Hence, for such bounded chaotic regions one Liapunov exponent will be zero.

Chaos and the Duffing oscillator

We return now to Duffing’s equation in the version (13.59). We assume that 1o = 0 and that
tr =kT (k=1,2,...,N) (that is, we choose equal time steps). It follows from (13.61) that

0 1 0
Ax*) =|1-3x2 —k —Tsinot |. (13.64)
0 0 0

The chosen parameter values are k = 0.3, w = 1.2 and I" = 0.5, which are the same as those in
the example shown in Fig. 13.15, which is useful for comparisons. Periodically forced systems
have a natural time step given by the forced period. Whilst this is not required, we use these
steps in which t; —#;_1 = 27 /w = T for all i, say (sometimes fast growth will demand smaller
time steps).

The components of § = [11,72,73]" satisfy

no=m, M =(1-=3x*)n —kny —n3sinz*, 13 =0. (13.65)

but since z = z* = wt, it follows that n3 = 0. Effectively, we need only solve the plane system
m|_ 0 1 m
21 2
for n1 and ;.

These equations are solved using the procedure outlined above for the maximum and mini-
mum values of ||, noting that one Liapunov exponent is zero for the reasons explained above.
An interpolated solution x* is obtained numerically, and then eqns (13.65) are solved over
each time interval 5 <t <1 1(k=0,1,2,...), subject to initial conditions for 5 = [n1,n2]
(since n3 = 0) over 40 sample points on the circumference of a unit circle centred successively
at x*(fy). At each step the distances d,gmax) are d,gmm) over the sample points are computed.
Finally

N N
v _ 1 max) ) _ 1 (min)
R = g g™, K = > g™
k=1 k=1
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A

0.5

. - - Steps
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Figure 13.36 'The sign of one non-zero Liapunov exponent is positive and the other is negative for Duffing’s equation
given by (13.58) with k = 0.3, @ = 1.2 and ' = 0.5. The computation was started with initial conditions x(0) =
—1.30039, y(0) = —0.08222, and computed over 200 steps with 7 = 0.2 which corresponds to a time of 2007 = 40.
After 200 steps the maximum and minimum values of A are approximately 0.61 to —0.90.

are computed. The evolutions of the limits are shown in Fig. 13.36 over 200 steps of length
T = 0.2 or, equivalently, for a time ¢ = 40. The limits are approximately 0.61 and —0.90, but
the significance is that one is negative and one positive, which indicates the possibility of chaos.

Figure 13.37 (not to scale) shows how a typical circle |n, | = 1 centred at (x*(#), y*(#)) is
distorted over a time step T into the closed curve shown centred at (x*(fxy1), y*(tx+1))- The
curve is approximately elliptic which has been flattened in one direction, corresponding to
exponential decay, and extended in another direction indicating exponential growth. These are
very similar to the principal directions of an ellipse. These exponential changes are shown by
the averaging method in Fig. 2.

If the Duffing’s equation has a stable limit cycle then the non-zero Liapunov exponents will
be both be negative. Consider the case k = 0.3, w = 1.2, T' = 0.2 (see Fig 13.14(a)), for which
the equation has a limit cycle in x > 0. This case illustrates how the step length can vary T.
Consider a typical value x* = 1 on the path in Fig. 13.14(a). Then the matrix in (13.66) takes

the value
0 117 0 1
1-3x*2 —k | | =2 -03 |’

and its eigenvalues are —0.150+1.406i approximately. The real part indicates slow exponential
decay so that we must choose a larger T': in this case T =47 /w (twice the forcing period) could
be chosen, or another value of this order. Note that the eigenvalues have a positive real part
over parts of the limit cycle (near to x* = 0.4), but the negative real part dominates on average.
The evolution of the two Liapunov exponents is shown in Fig. 13.38. Generally, the Liapunov
exponents are not of much interest in stable cases since we can compute 11 and 7, over any
reasonable time step.
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o X

Figure 13.37 This shows the distortion a unit circle centred at Py :x*(f;) when it reaches Pyiq:x*(fx41) (not to
scale). It becomes flattened with some paths becoming closer to x*#;11 and some diverging from x*#1.

0 . — Steps
50 100

N—

02+t
Figure 13.38 Evolution of the Liapunov exponents for Duffing’s equation with k = 0.3, ® = 1.2, ' = 0.2 for which

it is known that the equation has a stable limit cycle in x > 0. Note the smoother evolution for the stable case. The
exponents are approximately —0.127 and —0.173.

More details of this approach can be found in Moon (1987, Section 5.4). Further details of
the computation of Liapunov exponents are given also by Rasband (1990, Section 9.2).

The Lorenz equations
The Lorenz equations are given by
x=a(y—x), y=bx—y—xz, Z=xy—cz

(see Problems 8.26 and 13.21). In the latter problem it was shown numerically that chaotic
motion is extremely likely. Here we apply the numerical procedure to find the largest and
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Figure 13.39 Maximum and minimum Liapunov exponents for the Lorenz equations with parameters a = 10,
b =27,c=2.65 and step length T = 0.5, and initial values x(0) = 0.966944, y(0) = —5.25624, z(0) = 28.3037.

smallest Liapunov exponents using (iii)*, (iv)* and (v)* above. Unlike the forced Duffing equa-
tion, this is a genuine autonomous system so that the initial values at each step have to be
reset on to a unit sphere; also the time # can be reset to zero. The parameters are the same as
those chosen in Fig. 13.42 (Problem 13.21), namely a =10, 5 =27, ¢ =2.65. The initial values
x(0)=0.966944, y(0) = — 5.25624, z(0)=28.3037 and a time step of T'=0.5 were chosen
for x*(¢). In (iii)* in the procedure 200 grid points over the sphere were chosen. The evolu-
tion of the maximum and minimum values of approximately 3.80 and —6.61 of A are shown
in Fig 13.39. The significant feature is that the exponents are of opposite signs which point
strongly to chaotic motion. The Liapunov exponents are independent of the initial conditions
provided that they are within the bounded chaotic region.
The Lorenz equations display one form of chaos since they exhibit all the following features:

e phase paths starting from a certain region do not approach fixed points, periodic orbits, or
quasi-periodic orbits (as illustrated in Fig. 13.9(d)) but remain bounded (the exception can
be initial points which start on unstable equilibrium points, or unstable periodic orbits): this
is known as aperiodic behaviour;

e the equations are autonomous and deterministic and contain no random inputs;

e some nearby paths diverge exponentially and others converge exponentially for almost all
paths which start in the region as indicated by the Liapunov exponents: as remarked earlier
the paths exhibit sensitive dependence to initial conditions.

More detailed discussion and explanation can be found in Strogatz (1994, Chapter 9)

An alternative approach uses the notion of exponential dichotomies explained by Coppel
(1978). The theory of exponential dichotomies gives conditions on the matrix A(¢) in the linear
equation §) = Ay in order that solutions can be divided into ones with exponential growth and
ones with exponential decay, which accounts for the term dichotomy.
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Exercise 13.6
Find the general solution of x = A(x)x, where

01 O
Ax)=(1 0 O
y x =3

Hence determine the Liapunov exponents of the system. (Whilst this nonlinear system has
positive and negative Liapunov exponents, the system is not chaotic since paths can escape
to infinity: they do not have the bounded property of the Lorenz equations.)

13.12 Power spectra

The numerical solution of an ordinary differential equation

¥ = f(x,x,1)

generates a sequence of values of x at discrete values of . The ‘solution’ x is then plotted against
t by interpolation through the data using a computer package. The original series of values is
known as a time series, and could equally well arise from experimental observations. The
output from a system might appear random or noisy but might contain significant harmonics
at certain frequencies. For example, we know in Fig. 13.14(b) that the period-2 output will
have two frequencies, w and %a), but the frequency structure of the output in Fig. 13.15 is not
clear.

Dominant frequencies in time series can be investigated by looking at the Fourier transform
of the data. Suppose that we take a sample of N equally spaced values from a time series, say
X = X0,X1,...,xy. The discrete Fourier transform of this sample is defined by

—27ikm/N
X = JNer’“m k=0,1,2,....,N—1)

(there are other definitions of the Fourier transform: care should be taken in comparing results
using different computer codes). The original data can be recovered from {X;} by the inverse
Fourier transform

1

JN Zxkezf“"f/’v (j=0,1,2,...,N —1).

Xj =

Generally, X; is a complex number. We identify the frequency structure of the output by
looking at its power spectrum P (wy) defined by

P(ay) = Xp Xi = | Xi|2.
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Power spectrum
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Figure 13.40 Power spectrum of Duffing’s equation with k = 0.3, w = 1.2, T = 0.5. The graph is a loglinear plot
of P(w;) versus ;.

Any dominant frequencies in {wy} will be revealed by sharp peaks in the graph of P(wy) against
wy. If, for example, the harmonic function x = cos 3¢ is sampled, say, by a 1000 points over
an interval of length 100, then the power spectrum will have a graph with a single sharp peak
at the angular frequency 3.

We can look at the numerical output from numerical solutions of Duffing’s equation, and
take its power spectrum to search for any ‘hidden’ frequencies. This is done by constructing
an interpolation function through the numerical output, and then by sampling this function.
Figure 13.40 shows the power spectrum for a solution of Duffing’s equation

jé+k)'c—x+x3=Fcoswt,

for the chaotic case k = 0.3, w = 1.2, I' = 0.5 shown in Fig. 13.15. The figure shows that
a large number of frequencies are present, being particularly strong at low values. Also note
that some structure is identifiable. The forcing frequency w is prominent as is a subharmonic
of frequency w/3 and one of its superharmonics at Sw/3.

More information on the analysis of time series can be found in the book by Nayfeh and
Balachandran (1995).

13.13 Some further features of chaotic oscillations

There have been various attempts to define chaos and what characterizes a chaotic solution
of a differential equation. In Section 13.11 it has been explained how exponential divergence
of solutions using Liapunov exponents can be an indicator of chaotic output. However, there
seems to be, at present, no universally acceptable definition which covers all instances of what
we might recognize as a chaotic response.
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It has been shown by Brown and Chua (1996, 1998) using examples and counterexamples
that there are features which chaos might be expected to have, but which are not all present
in any one case. We conclude with a list of some characteristics of chaos described informally.
Not all are included in this book, and the list is by no means exhaustive.

Period doubling

As a parameter changes, the periodic oscillation goes through a infinite sequence of pitchfork
bifurcations in which the period of the oscillation doubles at each bifurcation. We have already
discussed this in relation to the logistic difference equation (Section 13.4) and the Duffing
oscillator (Section 13.3).

Smale horseshoes

The horseshoe map is described in Section 13.9, and it is an indicator of the presence of
chaos. It arises in homoclinic bifurcation in the Duffing oscillator, and Melnikov’s method
(Section 13.10) can be used to detect homoclinic bifurcation for periodically forced systems.

Sensitive dependence on initial conditions

In this test of chaos, ‘small’ changes in initial conditions lead to rapid divergence of solutions.
This type of sensitivity is associated with loss of information in systems, and the breaking
of links between the past and the future. This dependence has implications for the numerical
solutions of equations and the growth of errors. Such solutions which arise under these sensitive
conditions should be treated with caution. However, there is a phenomenon called shadowing
which enhances the usefulness of computed ‘orbits’ of chaotic systems. Roughly, the shadowing
lemma (Guckenheimer and Holmes (1983)) states, perhaps surprisingly, that, under suitable
conditions, any computed orbit is an approximation to some true orbit of the system.

Autocorrelation function

In this approach the long time average over ¢ of the product of x(¢) and x(¢ 4 7) in a time series
is computed. For a periodic response, the autocorrelation function will detect this periodicity.
On the other hand for a chaotic response, in which we expect no correlation between x(r) and
x(t + 1), the autocorrelation function will tend to zero as T — oo.

Intermittency

For autonomous systems in three or more dimensions intermittency usually arises from a bifur-
cation in the neighbourhood of a limit cycle. For a given value of a parameter the system can
have a stable limit cycle. For a neighbouring value of a parameter intermittency occurs if the sys-
tem appears to remain periodic for long stretches but is subject to seemingly random outbursts
at irregular intervals. In between these outbursts the system resumes its periodic behaviour.
Even though the system drifts away from the periodic orbit, it is quickly re-injected into it, in a
similar manner to the near-homoclinic paths of the Rossler attractor (Section 13.4). Some data
for intermittency in the Lorenz attractor is given in Problem 13.37.
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Problems

13.1

13.2

13.3

13.4

13.5

Obtain the solutions for the usual polar coordinates » and 6 in terms of ¢, for the system
i=xty—x(x 3%, j=-x+y-yt+yd).

Let X be the section & = 0, r > 0. Find the difference equation for the Poincaré sequence in this section.

Find the map of 27 first returns on the section : ¢t = 0 for
X+ 2x 4+ 2x = 2sint

in the usual phase plane. Find also the coordinates of the fixed point of the map and discuss its stability.
Where is the fixed point of the map if the section is t = %n?

Let xq satisfy
X1+ %wle =T coswr.

Obtain the solutions for x1 and x) = %1 given that x{(0) = x1g and x2(0) = x3(. Let = be the section
t = 0 and find the first returns of period 27 /w. Show that the mapping is

8T
Py (x10,%20) = | =10 = 75> —*20 ) »
3w
and that

2
P5.(x10,X20) = (x10,%20)-

Deduce that the system exhibits period doubling for all initial values except one. Find the coordinates of
this fixed point.

(a) Let
x=y, y=-3y—2x+10cost,

and assume the initial conditions x(0) =4, y(0) = —1. Consider the associated three-dimensional system
with z=1. Assuming that z(0) = 0, plot the solution in the (x, y, z) space, and indicate the 27 -periodic
returns which occur at r =0, r =27, t=4m, ....

(b) Sketch some typical period 1 Poincaré maps in the (x, y, z) space

X=Ax, y=2Ay, z=1

for each of the cases A < 0,1 = 0,1 > 0. Discuss the nature of any fixed points in each case. Assume that
x(0) = x¢, y(0) = yg, z(0) = 0 and show that

A A
Xpn4+1 =€ Xns Yn+1 =€ Yn, n:O,l,Z,....

Two rings can slide on two fixed horizontal wires which lie in the same vertical plane with separation a.
The two rings are connected by a spring of unstretched length  and stiffness u. The upper ring is forced
to move with displacement ¢ () from a fixed point O as shown in Fig. 13.41. The resistance on the lower
ring which has mass m is assumed to be mk x (speed). Let y be the relative displacement between the
rings. Show that the equation of motion of the lower ring is given by
S s S LA S S

ma 2ma
to order y3 for small |y|. (If / > a then a Duffing equation of the type discussed in Section 12.6 can be
obtained. This could be a model for a strange attractor for the appropriate parameter values. Cosine
forcing can be reproduced by putting —¢ — k¢ =T cos wt.)



Problems

Figure 13.41

13.6 Search for period doubling in the undamped Duffing equation ¥ — x + x> = I’ coswt using the form
X = ¢ + aj coswt + ay cos %wt, where ¢, aq, and a) are constants. If frequencies 3w/2 and above are
neglected, show that the shift and amplitudes satisfy

c[—1+ e %(u% +a%)] + %a%al =0,
al(a)—l+3c+ al—l— )+ azc—F

az(—la)2 — 1432+ éa% + 3caq + éa%) =0.

Deduce that for harmonlc solutlons (ap = 0), ¢ and aq are given by solutions of
(1) c=0, aq(— w? —l+4 1)_1"
or

(i1) 2=1- %a%, al(—cu2 +2 - ga%) =T.

Sketch the amplitude |aq|-amplitude |T"| curves corresponding to Fig. 13.13 for v = 1.2.

13.7 Design a computer program to plot 27 /w first returns for the system
X=X, y,0), y=Y(x,y,1)

where X (x,y,t) and Y (x,y,t) are 27 /w-periodic functions of ¢. Apply the program to the following
system:

X(x,y,t)=y, Y(xay,t)=—ky+x—x3+rcosa>t

for k = 0.3, @ = 1.2, and T taking a selection of values between 0 and 0.8. Let the initial section be
t=0.

13.8 Find the equations of the stable and unstable manifolds in the (x, y)-plane of
X4+ x—2x=10cost, x=y

for Poincaré maps of period 27 and initial time t = 0.
13.9 Apply Melnikov’s method to

)'c'+8/c)'c—x+x3zsy(l—xz)coswt, k>0, e>0,y>0

and show that homoclinic bifurcation occurs if, for w?* < 2,

o 2V e
|)/| = mcos 20)7'[ .
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13.10 The Duffing oscillator with equation
¥+ enk —x +x° =ef(t),
is driven by an even T-periodic function f(r) with mean value zero. Assuming that f(r) can be
represented by the Fourier series

(.¢]
Z apcosnwt, w=2r/T,
n=1

find the Melnikov function for the oscillator.
Let

1 1
Y —5 <l < bR}
S = 1 2 3 2
=Y, 2 <t < 2>
where f () is a function of period 2. Show that the Melnikov function vanishes if

o0
L —23% Z(—l)rsech [%nz(lr - 1):| sin[(2r — Dmrg].
Y
r=1

Plot the Fourier series as a function of 7y for 0 < 7y < 2, and estimate the value of «/y at which
homoclinic tangency occurs.

13.11 Melnikov’s method can be applied also to autonomous systems. The manifolds become the separatrices
of the saddle. Let

2

¥+ enx — eax?i —x +x° = 0.

Show that the homoclinic path exists to order O (e2) if k = 4a/5. [ The following integrals are required:

o0 00
/ sech®sds = %; / sech®s ds = % ]

- . 1
13.12 Show that x = 3%\f(sech 2¢) is a homoclinic solution of
X+el —ozxz))é —x+x = 0,
when & = 0. Use Melnikov’s method to show that homoclinic bifurcation occurs when x = 4+/3a/(37).
13.13 Apply Melnikov’s method to the perturbed system
¥4 ekk —x +x° = gy X Cos wt,
which has an equilibrium point at x = 0 for all 7. Show that the manifolds of the origin intersect if

4 1
y > 3 sinh (Ewn> .

(1)27T

[Hint:

o0 Tw
/ sech?u coswudu = —

—00 sinh(%wn)'
13.14 Show that the logistic difference equation

Upt+1 = Aup (1 —up)



13.15

13.16

13.17

13.18

13.19

Problems

has the general solution u;,, = sin2(2"Cr) if A = 4, where C isan arbitrary constant (without loss C can be
restricted to 0 < C <1). Show that the solution is 29-periodic (¢ any positive integer) if C =1/(29 — 1).
The presence of all these period doubling solutions indicates chaos. (See the article by Brown and Chua
(1996) for further exact solutions of nonlinear difference equations relevant to this and some succeeding
problems.)

Show that the difference equation
Upp1 = 214,% -1
has the exact solution u;, = cos(2"Cr) where C is any constant satisfying 0 < C < 1. For what values

of C do g-periodic solutions exist?

Using a trigonometric identity for cos 3¢, find a first-order difference equation satisfied by u, =
cos(3"Cm).

A large number of phase diagrams have been computed and analyzed for the two-parameter Duffing
equation

¥ 4+ ki +x° =Tcost, x=y,

revealing a complex pattern of periodic, subharmonic and chaotic oscillations (see Ueda (1980), and
also Problem 7.32). Using a suitable computer package plot phase diagrams and time solutions in each
of the following cases for the initial data given, and discuss the type of solutions generated:

(a) k=0.08, T =0.2; x(0) =—0.205, y(0) = 0.0171; x(0) = 1.050, y(0) = 0.780.
(b) k=0.2, T =5.5; x(0) =2.958, y(0) = 2.958; x(0) =2.029, y(0) = —0.632.
(c) k=0.2, T =10; x(0) = 3.064, y(0) =4.936.
(d) k=0.1, T =12; x(0) = 0.892, y(0) = —1.292.
(e) k=0.1, T =12; x(0) =3, y(0) = 1.2.
Consider the Hamiltonian system

. 9H . oH

pi=—7— ¢i=— (=12),

ap;

where H = %wl (p% + qlz) + %a)z(p% + q%). Show that g1, ¢y satisfy the uncoupled system
Gi +wigi =0 (i=12).

Explain why the ellipsoids %a)l (p% + q%) + %wz (p% + q%) = constant are invariant manifolds in the four-
dimensional space (p1, p2,41,492). What condition on w1 /w) guarantees that all solutions are periodic?
Consider the phase path which satisfies p; =0, g1 =0, pp =1, g3 =0. Describe the Poincaré section
p1 =0 of the phase path projected on to the (g1, p2,42) subspace.

Consider the system x = —ryz, y=rxz, z=—z+ cost — sint, where r = J(xz + yz). Show that, pro-
jected on to the (x, y) plane, the phase paths have the same phase diagram as a plane centre. Show also
that the general solution is given by

X =xgcosw(t) — ygsinw(z),
y = ygcosw(t) — xg sinw(t),
7z =z0e ! +sint,

where

o) =rg[l —cost +zo(1 —e )],
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and xp = x(0), yg = y(0),z0 = z(0) and rg = J(x(% —l—y%). Confirm that, as r — o0, all solutions become
periodic.

13.20 A common characteristic feature of chaotic oscillators is sensitive dependence on initial conditions,
in which bounded solutions which start very close together ultimately diverge: such solutions locally
diverge exponentially. Investigate time-solutions of Duffing’s equation

)'c'+k)'c—x+x3=Fcoswt

fork=0.3,T =0.5, o=1.2, which is in the chaotic parameter region (see Fig. 13.15), for the initial val-
ues (a) x(0) = 0.9, y(0) =0.42; (b) y(0) = 0.42 but with a very small increase in x (0) to, say 0.90000001.
Divergence between the solutions occurs at about 40 cycles. Care must be execised in computing solu-
tions in chatotic domains where sensitive dependence on initial values and computation errors can be
comparable in effect.]

13.21 The Lorenz equations are given by (see Problem 8.26 and Section 13.2)
ix=aly—x), y=bx—y—xz, Z=2xy—cz.
Compute solutions of these equation in (x, y, z) phase space. Chaotic solutions appear near parameter

values @ = 10, b = 27, ¢ = 2.65: a possible initial state is x(0) = —11.720, y(0) = —17.249,
z(0) = 22.870. A sample solution for these parameter and initial values is shown in Fig. 13.42.

-40

Figure 13.42 A chaotic phase path for the Lorenz attractor.

13.22 Show that the system
¥=—y+Tsint, y=-x+2x>+Tcost, I'>0,

has a limit cycle x = 0,y = ['sins. Find also the time-solutions for x and y of the paths which are
homoclinic to this limit cycle. Sketch the phase paths of the limit cycle and the homoclinic paths for
r=1.

13.23 For each of the following functions and solutions plot the Poincaré sequence in the x,y = x plane,
starting with the given initial time 7 and given period T.

(a) x =2cost;tg=0,T = 2.
(b) x = 3cos %t; o = %7‘[, T =2m.
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13.25

13.26

13.27

Problems

(c) x =sint +sinmwt; tg = %rr, T =2m.
(d) The periodic solution of ¥ — (x + £%)% + x = cost, where tg = 0, T = 2.
Show that

F4 k(1 —x? —5%)%% —x = —2cost

has a limit cycle whose solution is xy = cost. By looking at perturbations x = x +x’ where |x'| is small
show that the limit cycle has Poincaré fixed points which are saddles.

Consider the system
i=y, y=le* —e2]+ecost.
For ¢ = 0, show that the equation of its phase paths is given by
yr=2eF—e ¥ 4.

Show that the system has closed paths about the origin if —1 < C < 0 with a bounding separatrix given
by y% = 2e™ — e~2¥. What happens to paths for C > 0? Sketch the phase diagram.

Suppose that the system is moving along the separatrix path, and at some instant the forcing is
introduced. Describe what you expect the behaviour of the system to be after the introduction of the
forcing. Compute a Poincaré sequence and a time-solution for ¢ =0.5 and for the initial conditions,
x(0)=-In2, y(0)=0.

Apply the change of variable z = u + a + b to the Lorenz system
t=a(y—x), y=bx—-y-—xz, =xy-—cz
where a,b,¢ > 0.If s = \/[x% + y + z2], show that
ds

2
gsg = et =yt e [u +3a +b)] + te@@+ b

What is the sign of ds/dr on the ellipsoid
ax®> + 32 +clu+ L@+ p)? =p, (¥)

where p > %c(a +b)22
Show that all equilibrium points are unstable in the case a = 4, b = 34, ¢ = % If this condition is
satisfied, what can you say about the attracting set inside the ellipsoid (*) if p is sufficiently large?

A plane autonomous system is governed by the equations x = X(x,y), y=Y(x,y). Consider a set of
solutions x (¢, xg, y9), ¥(t,x0,yo) which start at time r =#¢ at (xq, yg), where (xq, yg) is any point in a
region D(ty) bounded by a smooth simple closed curve C. At time 7, D(tg) becomes D(t). The area of

D(t) is
A@t) = // dxdy = // J(t)dxg dyg
D) D(19)

when expressed in terms of the original region. In this integral, the Jacobian

J (1) = det(®(1)),

where
dx dx
— | 9x0 dyo

dxg Ao
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Show that ®(¢) satisfies the linear equation
(1) = B()® (),

(note that ®(¢) is a fundamental matrix of this equation) where

0X 0X
Bo=|3y W
x ay

Using Theorem 9.4 (on a property of the Wronskian), show that

trax Yy
J(t) = J(tg) exp / <87+7) ds|.
o X ay

If the system is Hamiltonian deduce that J () = J (fg). What can you say about the area of D(r)? (A(¢)
is an example of an integral invariant and the result is known as Liouville’s theorem).

For an autonomous system in n variables ¥ = X(x), what would you expect the corresponding
condition for a volume-preserving phase diagram to be?

For the more general version of Liouville’s theorem (see Problem 13.27) applied to the case n =3 with
x=X(x,y,2), y=Y(x,y,2), 2= Z(x,y,2), the volume of a region D(r) which follows the phase paths

is given by
W(’)=/// dxdydz=/// J(6) dxo dyo dzo,
D) D()

where the Jacobian J (1) = det[®(¢)]. As in the previous problem

rrax oYy 0z
J(t):J(tO)exp[/ (3—+—+—>dsi|.
10 X ay 0z

Show that dJ(¢)/dt — 0 as t — oo for the Lorenz system
Xx=aly—x), y=bx—y—xz, Z=xy-—cz

where a, b,c > 0. What can be said about the volume of any region following phase paths of the Lorenz
attractor as time progresses?

Show that X¥(1 + %) —xx —x=—2y (% + 1) cost, y > 0, has the exact solution x = Ae’ + Be™" 4y cost.
What can you say about the stability of the limit cycle? Find the Poincaré sequences of the stable and
unstable manifolds associated with t =0 and period 27. Write down their equations and sketch the
limit cycle, its fixed Poincaré point and the stable and unstable manifolds.

Search for 27 -periodic solutions of
X+kx —x+ (x2 +x2)x =T cost,
using x = ¢ + acost + bsint, and retaining only first harmonics. Show that c, y satisfy
c(c2 -1+ 2r2) =0,
(r2 + 3¢ — 2)2 + K22 = 1"2,

and that the formula is exact for the limit cycle about the origin. Plot a response amplitude (r) against
forcing amplitude (I') figure as in Fig. 13.13 for k = 0.25.
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13.31 A nonlinear oscillator has the equation

e -2+ i —x+a®=0, 0<ex1.
Show that the system has one saddle and two unstable spiral equilibrium points. Confirm that the saddle
point has two associated homoclinic paths given by x = +./2sechr. If u = % — x% + %x4 show that u
satisfies the equation

i+ 2e5%u = 0.

What can you say about the stability of the homoclinic paths from the sign of it? Plot a phase diagram
showing the homoclinic and neighbouring paths.

The system is subject to small forcing ey coswt on the right-hand side of the differential equation.
Explain, in general terms, how you expect the system to behave if it is started initially from x(0) =0,
x(0) =0. Plot the phase diagram over a long time interval, say r ~ 150, for e=0.25, =1, y =0.2.

13.32 Show, for « > 3, that the logistic difference equation u, 1 =au, (1 —u,) has a period two solution
which alternates between the two values

i[l +o— \/(012 — 20 —3)] and %[1 + o+ J(az —2a —3)].

Show that it is stable for 3 <o < 1+ /6.

13.33 The Shimizu—Morioka equations are given by the two-parameter system
i=y, y=x(1—z)—ay, i=-bz+x% a>0.

Show that there are three equilibrium points for b > 0, and one for b < 0. Show that the origin is a saddle
point for all a and b # 0. Obtain the linear approximation for the other equilibrium points assuming
that b = 1. Find the eigenvalues of the linear approximation ata = 1.2, a = 1 and at a = 0.844. What
occurs at a = 1? For a = 1.2 and @ = 0.844 compute the unstable manifolds of the origin by using
initial values close to the origin in the direction of its eigenvector, and plot their projections on to the
(x,7) plane (see Fig. 13.43). Confirm that two homoclinic paths occur for a ~ 0.844. What happens
to the stability of the equilibrium points away from the origin as a decreases through 1? What type of
bifurcation occurs at a = 1? Justify any conjecture by plotting phase diagrams for 0.844 <a < 1.

13.34 Compute some Poincaré sections given by the plane X: z = constant of the Rossler system

X=-y—-z, y=x+ay, Z=bx—cz+xz (a,b,c>0)

where a = 0.4, b=0.3 and ¢ takes various values. The choice of the constant for z in ¥ is important: if it
is too large then the section might not intersect phase paths at all. Remember that the Poincaré sequence

(2 2y z (b) 2t 2

X
-2 0 2 22 0 2

Figure 13.43 The Shimizu—Morioka attractor: (a) unstable manifolds of the origin projected on to the (x,z) plane
fora = 1.2, b = 1 (b) homoclinic paths of the origin for a ~ 0.844, b = 1. For obvious shape and symmetry reasons,
these phase projections are often referred to as butterflies.
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Figure 13.44 (a) The Poincaré section z=2 for the period-2 Rossler attractor with a=0.4, b=0.3, c=2. The
Poincaré returns must cross the section in the same sense. (b) The section z =4 for the Rossler attractor with a = 0.4,
b=0.3, c=4.449. The returns in the half-plane A on the right of the line L (corresponding to z=0) occur where
Z is increasing on those on the left in half plane B occur where z is decreasing. Each could be a strange attractor
of the system. (c) A typical phase path in (b) showing its intersection with the section z =4 (see also Figs 13.11
and 13.12).

13.35

arises from intersections which occur as the phase paths cut ¥ in the same sense. The period-2 solution
(Fig. 13.12(b)), with Poincaré section z =2 should appear as two dots as shown in Fig. 13.44(a) after
transient behaviour as died down. Figures 13.44(a), (b) show a section of chaotic behaviour at ¢ =4.449
atz=4.

For the Duffing oscillator

5c'+k5c—x+x3:l"coswt

it was shown in Section 13.3, that the displacement ¢ and the response amplitude r were related to the
other parameters by

A=1-3r% 22— - BrhH)? ke’ =12

for Type 11 oscillations (eqn (13.25)). By investigating the roots of d(I'?)/d(r2) = 0, show that a fold
develops in this equation for

o < 144367 — k24 + 9.

Hence there are three response amplitudes for these forcing frequencies. Design a computer program to
plot the amplitude (') -amplitude curves (r); C1 and Cy as in Fig. 13.13. Figure 13.45 shows the two
folds in C1 and C for k = 0.3 and @ = 0.9.
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0 Tl

Figure 13.45

It was shown in Section 13.3 for the Duffing equation
¥4+ ki—x+x0= I cos wt,

that the perturbationa’ = [a’, b, ¢/, d'1T from the translation co=/I1— %(a(z) +bé)] and the amplitudes
ag and bg of the harmonic approximation

X =cqg + ag cos wt + by sin wt,

satisfy @’ = Aa’ where

R(P — 3ka} + 3apbow) —R(Q — 3kaobo + 3b3w)  R(—6agcok + 12bgcow) 0
R(Q —3a3w — 3kaoby)  R(P — 3agbow — 3b3k) R(—12agcok) 0
A= 2 270
0 0 0 1
—3apcy —3boco -2 - 3r§) —k
where

R=1/(*+40%), P=-kQ+ao* -},
0=wd-2w—k*— %r&),

(see eqn (13.37)). The constants ag and by are obtained by solving eqns (13.21) and (13.22). Devise a
computer program to find the eigenvalues of the matrix A for k = 0.3 and @ = 1.2 as in the main text.
By tuning the forcing amplitude T, find, approximately, the value of I' for which one of the eigenvalues
changes sign so that the linear system @’ = Aa’ becomes unstable. Investigate numerically how this
critical value of T varies with the parameters k and .

Compute solutions for the Lorenz system
x=a(y—x), y=bx—y-—xz, Z=xy-—cz

for the parameter section a = 10, ¢ = 8/3 and various values of b: this is the section frequently chosen to
illustrate oscillatory features of the Lorenz attractor. In particular try » = 100.5 and show numerically
that there is a periodic attractor as shown in Fig. 13.46(a). Why will this limit cycle be one of a pair?

Show also that at b = 166, the system has a periodic solution as shown in Fig. 13.46(b), but at 166.1
(Fig. 13.46(c)) the periodic solution is regular for long periods but is then subject to irregular bursts at
irregular intervals before resuming its oscillation again. This type of chaos is known as intermittency.
(For discussion of intermittent chaos and references see Nayfeh and Balachandran (1995); for a detailed
discussion of the Lorenz system see Sparrow (1982).)



Figure 13.46
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(a) Phase diagram for the Lorenz system showing limit cycle at a = 10, b = 100.5, ¢ = 8/3; (b)

Periodic time solution for x at a = 10, b = 166, ¢ = 8/3: (c) Time solution in (b) being disturbed intermittently as b
is increased from 166 to 166.1.

13.38

13.39

The damped pendulum with periodic forcing of the pivot leads to the equation (Bogoliubov and
Mitropolski 1961)

X +sinx = e(ysintsinx — kx),
where 0 <e < 1. Apply Melnikov’s method and show that heteroclinic bifurcation occurs if
y >4k sinh %JT.
[You will need the integral
o
I
An alternative method of visualizing the structure of solutions of difference and differential equations

is to plot return maps of u,,_1 versus u,. For example, a sequence of solutions of the logistic difference
equation

sins sechZs tanh s ds = %n/ sinh(%n)i| .

Upy1 = aup(l —up),

the ordinate would be u,_1 and the abscissa u;. The return map should be plotted after any initial
transient returns have died out. If @ = 2.8 (see Section 13.4), how will the long-term return map appear?
Find the return map for o = 3.4 also. An exact (chaotic) solution of the logistic equation is

U = sin(2")

(see Problem 13.14). Plot the points (uy, u,_1) forn =1,2,...,200, say. What structure is revealed?



Problems

Using a computer program generate a time-series (numerical solution) for the Duffing equation

5c'+k)'c—x+x3 =T coswt

for k = 0.3, w = 1.2 and selected values of ', say ' =0.2, 0.28, 0.29, 0.37, 0.5 (see Figs 13.14, 13.15,
13.16). Plot transient-free return maps for the interpolated pairs (x(27n/w,x(2n(n — 1)/w)). For the
chaotic case T = 0.5, take the time series over an interval 0 <t < 5000, say. These return diagrams show
that structure is recognizable in chaotic outputs: the returns are not uniformly distributed.
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Answers to the exercises

Chapter 1
1.1 Separatrices are given by y2 =2(1 —sinx).
1.2 Elapsed time is 2tanh ™! (1/v/3).
1.3 V() = 302 — 3.
1.4 Unstable spiral.
1
1.5 Every circuit occurs in the time 7[(1 — &)™ 2 + (1 + e)_%].
1.6 The limit cycle is the ellipse xZ + %yz = 1; period is 7.
1.7 Period is 4. /(a/g).

1.8 No equilibrium points if A < —1; one unstable equilibrium point if A =0 or A = —1; one stable equilibrium
pointif x =1/(1+ 1), (A > —1, A #0); one unstable equilibrium pointif x = —A/(1 + 1), (A > —1, 2 #0).

1.9 (i) stable spiral; (ii) unstable spiral.

Chapter 2

2.1 Phase paths are given by cos x + sin y = constant.

2.2 There are four equilibrium points: (0, 3) and (3, 0) are stable nodes.
2.3 Linear approximationis X = x + 2y, y = x + 3y.

2.4 Eigenvalues are —2 and —3.

2.5 (a) saddle point; (c) unstable node.

2.6 There are three equilibrium points (0, 0), (1,1) and (-1, —1); (0,0) is a saddle and (1,1), (—=1,—1) are
unstable nodes.

2.7 (a) (1,1) is an unstable spiral; (—1,1) is a saddle. (b) (+/8,3) and (—+/3, —+/2) are saddles; (—/8,3) is a
stable spiral; (+/3, —+/2) is an unstable spiral.

2.8 The phase diagram has six saddle points and two centres.

Chapter 3

3.2 Index is —2.
3.3 Ioo = 4.

3.4 Equilibrium points at infinity are at the six points (0, 1), (0, —1), (:I:ﬁ, :I:%).
3.5 In polar coordinates the equations are 7 = rr? — 1),6 = —1.

3.6 (b) Use Bendixson’s negative criterion.

Chapter 4
4.1 Limit cycle with amplitude a = 2+/2 is stable; the one with amplitude a = +/6 is unstable.
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4.2 Approximate amplitude is ay = 2.
4.3 The limit cycle has amplitude a = 32/(97).
4.4 The limit cycle has amplitude ag = 2/+/7, and the polar equation of the spiral paths is given by a? =
4/17 — ef@=90] where 01 is a constant.
1
4.5 Approximately the frequency @ = 1 and the amplitude a = %(1571)?.

4.6 The frequency-amplitude approximation derived from the equivalent linear equation is given by w? =
3a2/(4—a?). The exact equation for the phase pathsis y2 = 1—x24+Ce=*. One pathisx2+y% =1(C =0)
which corresponds to w = a = 1 in the approximation.

Chapter 5

5.1 The equations for xg and x3 are
" 2 _ " 2 _ I 1.2 c1
xy +Q7xg =Tcost, x5+ x3_x2f(x0)+zx1f (x0),

5.2 max || = 0.294.

5.3 Substitute x¢ and x1 into (5.32c¢), and show (using computer software) that the coefficients of cos t and
sin T in the right-hand side of (5.32c¢) are linear in a1 and by.

5.4 For the leading approximation x = agcos T, ag satisfies 3a8 — 8ag + 5 = 0 (see Appendix E on cubic
equations).

5.5 Leading approximation is x = ag sin t, where 3a8 —4Bag +4y = 0.
5.6 a1 =5y3/(68%; by = 0.

5.7 w=1- 16+ 5ad)ake + 0(e?).

5.8 One solution is given by r(% = 4, in which case ag = —y/(2w1), bg = 0.

Chapter 6
6.1 x =cost + 3%8[— cosT + cos3t] + 0(82) wheret =1 + %sr + 0(82).
6.2 x=e"1/12.
6.3 x = 4 — COS T.
JI4a2—(4a2—1)e" 2]

—x/s.

64 yo=1Ly=1—-e
6.5 xo = 2tan" ek tanQa/k)], x1 = a(1 — e K1/8) k.

Chapter 7
72 y = 3/12(1 — 0?)? + 1820’ (1 — w?)].

Chapter 8

8.2 Solutions are given by x = Ae®?, where A and C are constants.

-+l ol

8.3 General solution is



Answers to the exercises

8.4 @ 2 P
420 = [21 —12 32— t3:|'
1 el —2e—t
8.5 x(t) =7 | ~(1+21) + 9e%
2el +2e7!

2e—t  je(l4Dr _je(1=bt
8.7 ®(t) = | —e~! 2ie(+Dr  _2je(1=Dr |
et (11 (1=t

8.9 Straight line paths occur on x1 =x) =x3; x1 =x2, x3=0; x; = —x2 = —x3.

Chapter 9

2w
9.2 E:[eo (1)], /,1.1:62”, uy =1.

9.3 G1(a, B) = 0 implies B2 = 4( — 1)2.
Gy (a, B) = 0 implies
482 + (8o — 18)B — 164> + 400 — 9 = 0, or,
482 — (8o — 18)p — 164> + 400 — 9 = 0.

Chapter 10

10.1 Stable spiral.

102 (b)r=(1—3e 21, 0=
10.3 Possibility is V (x, y) = x* + 2y2.
10.6 Use the function U (x, y) = x% — y2.

w7 x=55 7]

217 1
172 1
Chapter 11

11.2 Phase paths are given by y — In |1 4+ y| = %e*xl +C.

Chapter 12
12.1 Bifurcations occur at A =1 and A = 9.

12.4 There no limit cycles for pu > % or < —+/2; two for —/2 < < +/2: four for v/2 < p < %

12.6 No limit cyclesif u > Torpu <0,andtwoif 0 < pu < 1.1 0 < < 1, let

Then rq is stable and rj is unstable.



Answers to the exercises

Chapter 13
13.2 The limit is (1, 3).

13.4 Instability occurs for o > %

13.5 « cosh(%wn) < wym.
13.7 The Liapunov exponents are 4, 1, —1.
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A Existence and uniqueness theorems

We state, without proof, certain theorems of frequent application in the text.

Theorem A1 For the nth-order system
x = f(x,0) (A1)

suppose that f is continuous and that 3f; /9x;, i, j=1,2,...,n are continuous forx € D, t € I,
where D is a domain and I is an open interval. Then if xo € D and ty € 1, there exists a solution
x*(1), defined uniquely in some neighbourhood of (x, ty), which satisfies x*(t9) = x. [ |

We call such a system regular on D x I (the set (x,7) where x € D and ¢ € I). For brevity,
we refer in the text to a system regular on —c0 < x; < 00, i = 1,2,...,n, —00 < < 00 as
being a regular system. Points at which the conditions of the theorem apply are called ordinary
points.

The theorem states only that the initial-value problem has a unique solution on some suf-
ficiently small interval about 7, a limitation arising from the method of proof. A question of
importance is how far the solution actually extends. It need not extend through the whole of
I, and some possibilities are shown in the following example.

Example A1 %1 = xp, % = —x1, x1(0) =0, x(0) = 1.

D is the domain —00 < x1 < 00, —00 < xp < 00, and [ is —00 < t < co. The solution is x}(¢) = sint, x5(t) =
cost. This solution is defined and is unique on —oco <t < oo. )
Example A2 The one-dimensional equation x = 3x212, x(0) = 1.

Dis —00 < x < 00, and [ is —oo < t < 0o. But
= 1-)71
so the solution is only valid in —oo < < 1, since x*(¢) approaches infinity as t — 1—. [ )

Example A3 The one-dimensional equation x = 2|x|1/2, x(0) = 1.

A family of solutions is x(¢) = (¢t + ©)2, t > —c (so that ¥ > 0); there also exists the solution x(#) = 0. The
required solution is shown in Fig. A1, made up from the appropriate parabolic arc together with part of the
zero solution (the derivative is continuous at A). Here, D is the domain x > 0, I is —oo < t < 0o. The solution
in fact leaves the open region D x I at the point A. [ )

Example A4 The one-dimensional equation x = x/¢, x(1) = 1.

Dis —00 < x < 00, and I ist > 0. The general solution is x = ct, and the required solution is x = ¢. The
solution leaves D x I at (0, 0). Despite the singularity at = 0, the solution continues uniquely in this case into
—00 <t < 00. ®
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DX

Figure A2

Example A5 The one-dimensional equation £ = 2x/t, x(1) = 1.

D is —00 <x <00, and I is 1 > 0. The general solution is x = ct2, and the required solution is x =1
(¢ remaining within I). However, as Fig. A2 shows, there are many continuations of the solution (having a
continuous derivative), but uniqueness breaks down at r =0. ()

2, t>0

For a regular system we shall define I,,x (the maximal interval of existence of the solution
in Theorem A1) as the largest interval of existence of a unique solution x*. In,x can be shown

to be an open interval.

Theorem A2  Under the conditions of Theorem Al, either (x*(r),t) approaches the boundary
of D x 1, or x*(t) becomes unbounded as t varies within I. (For example, the possibility that
ast — 0o, x*(t) approaches a value in the interior of D is excluded.) ]
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In Example A2, Inax is —0o <t <1, and as t — 1—, x*(¢) becomes unbounded. In Example
A3, x*(t) € D only for —1 <t <00, and the solution approaches the boundary of D x I as
t — — 1+, at the point (—1,0). In Example A5, the boundary at (0, 0) is approached.

The following theorem shows that linear systems have particularly predictable behaviour.

Theorem A3  Let x =At)x +h(t), x(t9) =x, where A and h are continuousonl: 1 <t <t
(t1 may be —o0, and rr may be 00). Then I C Inax for all tg € I, and for all xy. [ |

In this case the unique continuation of the solutions is guaranteed at least throughout the
greatest interval in which A, h are continuous.

B Topographic systems
Theorem B1  The topographic system of Definition 10.1 has the following properties:

(1) V(x,y) < «a in the interior of the topographic curve 1T, when 0 <o < p.

(ii) There is a topographic curve through every point in the interior of Ty when 0 < a < u
(i.e., Ny, is a connected neighbourhood of the origin).

(iif) If 0 < a1 < a2 < w, then 1y, is interior to 1y,, and conversely.

(iv) As o — 0 monotonically the topographic curves 1, close upon the origin.

Proof Choose any o,0 < @ < . Let P be any point in Zy, the interior of 7, and A be any
point on 7. Join OPA by a smooth curve lying in Z,. Along OPA, V (x, y) is continuous, and
OPA is a closed set. Suppose that Vp > a. Since Vy = 0 there is a point B on O P such that
Vg = «a. But, since B does not lie on 7y, this contradicts the uniqueness requirement (iii) of
Definition 10.1. Therefore V < a < u at every point interior to 7.

The properties (ii) and (iii) follow easily from the property just proved.

To prove (iv): choose any & > 0 and let C; be the circle x> 4+ y> = ¢2. V is continuous on
C., so V attains its minimum value m > 0 at some point on Cg; therefore V(x,y) > m > 0
on Ce. Choose any o < m, and construct 7,. No part of 7, can be exterior to C, since, by (i),
V(x,y) <a < mon 7, and in its interior. Therefore, there exists 7, interior to C, for arbitrarily
small ¢. By (iii), the approach to the origin is monotonic. |

Theorem B2 I some neighbourhood N of the origin let V (x,y) be continuous, and dV/dx,
aV/dy be continuous except possibly at the origin. Suppose that, in N', V(x,y) takes the form,
in polar coordinates,

V(xay) = r(]f(g) + E(I",@),
where

(i) v(0,0) =05
(i1) g > 0
(iii) f(0) and f'(0) are continuous for all values of 0,
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(iv) f(®) > 0, and has period 2n;
(v) rh_r)rg) r~4t19E /ar = 0 for all 6.
Then there exists . > 0 such that
Vix,y)=a, O<a<pu
defines a topographic system covering a neighbourbood of the origin N, where N, lies in N

Proof Note that the conditions imply that E£(0,0) = 0, and that E is continuously differen-
tiable except possibly at the origin. Condition (v) together with (i) can be used to show that E
is of lower order than r? f(9) (the dominant term, as r — 0). (v) states that the same is true for
the derivatives with respect to r.

We have

g = gr i F0) + (B1)

From conditions (iii) and (iv), f attains its minimum value m > 0 on the closed set 0 < 8 < 27:

= min f( ) B2
m [{)r’lzlg]f()>0 (B2)

Condition (iv) implies that given any ¢ > 0 these exists § > 0 such that in a region R lying in
N and defined by 0 < r <8, 0 <6 < 2m,

or

<erd 1,

Pute = %qm, and remove the modulus sign to obtain

oFE 1
— > —er? V= —Zgmr?~!' onRy. (B3)
or 2
From (B1) and (B3): on R
A% 1 1
. > qrqflm — Eqmr‘F1 = zmqrqfl,
o)
Vv
8_>O on0)<r=<é§, 0<60<2m. (B4)
.

Therefore, from (B4) and the continuity of V at the origin where V = 0, it follows that V > 0
on Rs.

In Fig. B1, denote by Cs the circle r =8§. Cs is a closed set and V is continuous on Cs, so V
attains its minimum value p at some point on Cs, and it is positive at this point:

n= néin Vx,y) > 0. (BS)
8
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Figure B1

Let P be any point on Cs and OP a radial straight line. OP is a closed set and V is continuous
on OP. By (B4), V is strictly increasing from its zero value at the origin to its value V (xp, yp)
at P, where, by (BS),

V(xp,yp) = > 0. (B6)
Choose any value of « in the range
O<a<pu.

By the Intermediate Value theorem there is a unique point (since V is strictly increasing)
A:(xa,y4), on O P such that

V(xa,ya) =a.

The continuity of V ensures that as P moves around Cs, the corresponding points A lie on
a continuous closed curve 7, and the Inverse Function theorem ensures that the curve 7, is
smooth.

Clearly, as @ — 0 monotonically, the curves 7, close steadily on to the origin. They therefore
form a topographic system in a neighbourhood N, of the origin defined as the set of points
Vix,y) < u. |

C Norms for vectors and matrices

The norm of a vector or matrix is a positive number which serves as a measure of its size in
certain contexts. It is indicated by double vertical lines, ||x|| when x is a vector and ||A|| for a
matrix A. In this book we use the Euclidean norms, defined as follows.
For a real or complex vector x of dimension n with components x1, x2,...,x, we define
12

el = > ), (C1)
i=1
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where |x;| signifies the modulus of x; in cases where it is complex. If x is a real vector, || x| is
the usual measure of its length or magnitude: the modulus signs in (C1) may be omitted. For
real vectors in two or three dimensions, the equation || x| < ¢, where ¢ > 0, defines a circular or
spherical neighbourhood of the origin.

The vector norm | x| has the following properties ((i) to (iv) constitute the axioms for a
norm):

llx]| > O for all x.

(1
(i) |lx|l = 0 if, and only if, x = 0.

(iii) |lex]| = |a|llx]l, @ a real or complex number.

)
)
)
(iv) lx + ylI < llx|l + llyll. This is the triangle inequality. If x and y are real and three-
dimensional, then it states that one side of any triangle is of length less than or equal to the

sum of the lengths of the other two sides. The inequality can be extended, step by step; for
example

I +y +zll < llxll + Iyl + [zl

(v) If x is a function of a real variable ¢, and #, > #1, then

1) 153
‘/ x(1)dr 5/ llx @) lldz
151 121

(proved by interpreting the integral as a sum and using (iv)).
For an n x n matrix A with elements a;; we define the matrix norm

12

EYEE DI (C2)

i=1 j=1

in which the elements may be real or complex. ||A| has the same properties, (i) to (v)
above, as does ||x]|.
The vector and matrix norms are compatible with the frequently needed inequality:
(vi) [[Ax| < [Allllx]l-
The reader should be aware that other norms are in general use, devised in order to
simplify the analysis for which they are used; for example (Cesari 1971) the following
norms:

n n n
el =" 1xil,  1AI=)"D laijl,
i=1

i=1j=1

have all the properties (i) to (iv) above. In two dimensions the equation ||x|| <c¢ (¢ > 0)
defines a diamond-shaped neighbourhood of the origin.
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D A contour integral

The following integral arose in Melnikov’s method (Section 13.7), and is a typical example of
infinite integrals in this context:

I:/‘oo f(u)du,

where f(u)=sechutanhusinwu. Generally these integrals can be evaluated using contour
integration and residue theory. Considered as a function of the complex variable z =u + iv, the
integrand f(z) = sech z tanh z sin wz has poles of order 2 where cosh z =0, that is, where

elz = —1= e(2n+1)in.
These poles are located at z = (n + %)in, (n=0,+1,£2,...). We use residue theory to evaluate
I by choosing the rectangular contour C shown in Fig. D1.  The rectangle has corners at
z=*Randz= £ R+ix.Onepoleat P:z= %in lies inside the contour.

By Cauchy’s residue theorem (Osborne 1998), the contour integral around C taken
counterclockwise is given by

f f(z)dz =2mi (residue atz = zp),
C

where zg = %in. The residue at zg = %in is the coefficient of 1/(z —zp) in the Laurent expansion
of f(z) about z = zg. In this case

sinh(%na)) ia)cosh(%na)) Lo

f2)=

- 1. - 1.
(z — 5im)? (z — 5im)
as z — %in. Hence

/ sechz tanhz sinwz dz = —2in[iw cosh(%ym))] =2nw cosh(%mu).
C

We now separate the integral around C into integrals along each edge, and then let R — oo.
It can be shown that the integrals along BC and DA tend to zero as R — oo, whilst the integral

-R+in ¢ R+in
D N C
\ ® %in \
A B u
-R g R

Figure D1
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along AB approaches the required infinite integral 7. Along CD, z=u + ix so that

-R
/ f()dz = / sech(u + i) tanh(u + i7) sin(u + i) du
C R

R
= — / (—sech u)(tanh u)[sin(wu) cos(iwm)
—-R
+ cos(wu) sin(iowm)] du

R
= / sechu tanh u sin wu du - cosh wr
R

— I coshwm,

as R — oo. The exponential behaviour of the integrand as u — + oo guarantees covergence.
Hence

(14 coshom)] =2rw cosh(%na))
from which it follows that

o 2rwcosh(Arw
I =/ sechu tanhu sinwu du = #
oo 1 + cosh wm

= wmn sech (%a)n) .
E Useful results
E1 Trigonometric identities

cos? wt = %(1 + cos2wt); sin wt = %(1 — cos2wt)

cos’ wt = f‘Tcos wt + % cos3wt;  sin’

ot = %sina)t — }‘sin 3wt

cos® wt = %cos ot + % cos 3wt + 1—16 cos Swt

sin’ wr = %sin wt — % sin 3wt + 11—6 sin Swt

(a coswt + bsinwr)? = %(a2 +b%) + %(b2 — a%) cos 2wt + ab sin 2wt

(acoswt + bsinwr)? = ?—ta(a2 + b?) coswt + %b(a2 + b%) sinwt

+%a(a2 — 3b%) cos 3wt + %b(3a2 — b%) sin 3wt

(c +acoswt + bsinwt)? = %(a2 + b% 4 2¢2) + 2ac cos wt + 2be sin wt
+%(a2 — b%) cos 2wt + ab sin 3wt

(c +acoswt + bsinwt)’ = %c[3(a2 +b%) + 2621 + %a[S(a2 + b?) +12¢2]
X cos wt + }Tb[3(a2 +b2%) + 12¢* ] sinwt
+ %c(a2 — b%) cos 2wt + 3abe sin 2wt

+ %a(a2 — 3b%) cos 3wt + }Tb(Saz — b%) sin 3wt



E2 Taylor series

The Taylor series of f(x) about x = a is given by

Appendices

flat+h) =f@+ f@h+ 3" @h*+--+ 5 f@h" + -

Particular series are

cost=1—%t2+%t4—---forallt.
sint:t—%t3+%t5—--~forallt.
et=1+t+zl!t2—|—%t3+---forallt.

A+*=14at+ w(‘)lz,_l)t2 + a(a_l;!(a_z)ﬁ +---forft] <1

E3 Fourier series

unless « is positive integer.

Let f(¢) be a periodic function of period 27 /w for all ¢. Then its Fourier series is given by

1 o0
f@) = 540 + Z(an cosnwt + b, sinwt),

n=1
where
w T/w w /W
a, = — f()cosnwtdt, (n=0,1,2,...), b, =—
T J njw T J-n/w

E4 Integrals (mainly used in Melnikouv’s method)

f(®)sinnwtdt, (n =1,2,...).

(o.¢]
/ sech?u tanh?u du = %
—0o0
* it 16
/ sech"udu = 13
—o0
o0
/ sechu tanhu sinwu du = 7w sech(%a)n) (see Appendix D).
—0o0
o.¢]
/ sechucoswudu = m sech(%wn)
—oQ
o0
Tw
/ sech®u cos wu du = —
—c0 sinh(;wm)

sech®u cos wu du = %n(l + w?) sech(%wn)

.
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E5 Cubic equations
In the cubic equation
a0x3 + 3a1x? + 3arx + a3 =0,
let agx = z — a1. The equation reduces to the form
22 +3Hz+G =0.
Then, if the equation has real coefficients,
(a) G2+ 4H3 > 0, one root is real and two are complex;

(b) G* +4H?3 = 0, the roots are real and two are equal;
(¢) G%+4H? < 0, the roots are all real and different.



References and further reading

The qualitative theory of differential equations was founded H. Poincaré and 1.O. Bendixson
towards the end of the nineteenth century in the context of celestial mechanics, par-
ticularly in the context of the n-body problem in Newtonian dynamics. Henri Poincaré
(1854-1912) has had enormous impact on the development of the subject, and the
many methods and theorems carrying his name acknowledge his contributions. At about
the same time A.M. Liapunov (1857-1918) produced his formal definition of stability. Sub-
sequent work proceeded along two complementary lines: the abstract ideas of topological
dynamics developed by G.D. Birkhoff (1884-1944) and others in the 1920s, and the more
practical qualitative approach exploited particularly by Russian mathematicians in the 1930s,
notably by N.N. Bogoliubov, N. Krylov, and Y.A. Mitropolsky. Much of the earlier work
is recorded in the first real expository text, by A.A. Andronovand C.E. Chaikin published
in 1937 with an English translation first published in 1949. An account of the develop-
ment of the subject from celestial mechanics can be found in the book by F. Diacu and
P. Holmes (1996).

Since this time the subject has been generalized and diversified to the extent that specialized
literature exists in all its areas. The advent of computers which could be easily programmed
in the 1960s and 1970s caused an explosion of interest in the subject, and a huge literature.
Many hypotheses could be readily confirmed by computation, which encouraged further con-
fidence in qualitative methods. The further development of symbolic computing in the 1980s
through software such as Mathematica, Maple and dedicated packages, has increased further
the ability to represent phase diagrams, solutions, Poincaré sequences, etc. graphically using
simple programs. The basis of the subject has been broadened and now often goes under the
name of dynamical systems, which generally includes initial-value problems arising from ordi-
nary and partial differential equations and difference equations. The other major development
has been an appreciation that, whilst systems arising from ordinary differential equations are
deterministic, that is, future states of the system can be completely predicted from the initial
state, nonetheless the divergence of neighbouring solutions can be so large that over a period
of time the link with past states of the system can be effectively lost computationally. This
loss of past information is deterministic chaos. The landmark paper in the appreciation of this
phenomena is generally accepted to be the work by E.N. Lorenz (1963) on a meteorological
problem. Since the 1960s there has been an enormous growth in the interest in systems which
exhibit chaotic outputs, which is reflected in the titles of more recent texts.

The bibliography below contains those works referred to in the text, and others which provide
further introductory or specialist reading, often with extensive lists of references.
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amplitude 4
slowly-varying 136, 226
Aperiodic behaviour 490
applications
brake 34
Brusselator 88
circuits 21, 85, 86, 387
clock 35
competing species 87
conductor—oscillator 114
Coulomb friction 32, 120, 122
economic 83
Einstein correction 82
epidemic 55, 84
gas flow 81
host—parasite 80
magnetic liquid flow 218
magnetic pendulum 46
pendulum, friction-driven 43, 152
Pendulum, impact 42
pendulum, inverted 48, 331
pendulum, vertically forced 307
planetary orbit 181, 218
population 53, 81, 119, 301, 333
predator-prey 53, 84
relativistic oscillator 45, 144
rotating wire 38
rumour 81
satellite 48, 84
spinning body 378

three-body problem, restricted 82, 303

tidal bore 120, 220
top 82
transverse oscillator 45, 331
Volterra’s model 53, 88
attractor 71
strange 453, 458, 461
autonomous systems S
Liapunov method (for stability) 351
Lindstedt’s method 169
linear approximation 57
reduction to 443
time-scaling 192
autocorrelation function 493
autoperiodic response 224
averaging methods 125-138
amplitude equation 126, 127
amplitude-frequency estimation 130
energy-balance method 125

equivalent linear equation 140-143
harmonic balance 138,

period and frequency estimate 132
polar coordinate method 130
slowly-varying amplitude 134
spiral phase paths 134

stability of limit cycle 129

beats 230
Bendixson negative criterion 105, 117
Bessel function 142, 147,179
bifurcation 405-421
flip 414
heteroclinic 113,
homoclinic 113, 175, 469-482
Hopf 416-421
horseshoe 476,493
Melnikov’s method 469-482
parameter 405
pitchfork 39, 414, 466
point 38, 39,411
saddle-node (fold) 412
symmetry breaking 415
transcritical 412
Blasius equation 87
blue sky catastrophe 436
boundary layer 207, 221
inner—inner layer 221
Brusselator 88
Burgers’ equation 47
butterfly (phase projection) 501

Cantor set 476
catastrophe 232,407
blue sky 436
cusp 409,410
fold 232, 408
manifold 409
map 410
centre 10, 18, 68, 71, 77
existence 390
index 95
linear approximation 58
orthogonal trajectories 80
centre manifold 427-433, 456
theorem 433

chaos 453454, 467-469, 477-493, 497, 503

attracting set 453
autocorrelation function 493
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chaos (Cont.)
horseshoes 476, 493
intermittency 493
Liapunov exponent 466, 483
Lorenz equations 489
period doubling 493
sensitive dependence on initial conditions 490, 515
strange attractor 453,458, 461
characteristic equation 22, 64, 285, 291
characteristic expononent 311
characteristic multipliers 310
characteristic numbers 310
clock, pendulum 35
cobweb 441, 462, 484
combination tones 255
composite solution 214
conservative system 14, 17
mechanical analogy 14
kinetic energy 16
parameter-dependent 37
work 15
contour integration (Melnikov) 517
coordinate perturbation 185-190
Coulomb friction 32, 46, 120, 122
cubic equation, roots 529
cusp (equilibrium point) 18
catastrophe 409, 410
jump phenomenon 232

damping 21-32
critical 24
linear 21
negative 24
nonlinear 25
strong 22
weak 23
deadbeat 22
determinant
Hill 318
infinite 318, 328, 329
tridiagonal 318
detuning 235
diametrical plane 101
difference equation 440
cobweb 441, 462, 484
fixed point 441, 461, 462
logistic 462-466, 468, 496, 504
period doubling 464
differential equations
existence 511
regular system 511
uniqueness 511
differential equations (linear)
exponential matrix solution 365
n dimensional 279-289
periodic coefficients 308-330
phase paths 6-10, 49-53
second-order linear, forced 150
second-order linear, homogeneous 63-71

differential equations (names and general forms) see
also separate listings
Blasius 87
Brusselator 88
Burgers 47
Duffing (cubic approximation) 157
Duffing (forced pendulum) 152
Emden-Fowler 87
Hill 308
Lagrange 31
Liénard 388
Lighthill 188
Lorenz 450
Mathieu 315
Meissner 333
Poisson-Boltzmann 142
Rayleigh 133
Rossler 450
Shimuzu-Morioka 501
Ueda 257
van der Pol (autonomous) 110
van der Pol (forced) 234
Volterra 88
discriminant 22, 62
distance function (Melnikov’s method) 479
distance function (metric) 268
domain of asymptotic stability 349
subharmonic 251
domain of attraction 349, 363
dry friction 31, 46, 120, 122
Duffing’s equation 152, 153, 165, 180, 223, 453-462,
471,483
amplitude response 455, 455, 503
and coordinate perturbation 185
and Mathieu equation 315, 325
chaotic output 487
harmonic response 225
homoclinic bifurcation 469-482
Liapunov exponents 487
mechanical model 494
period doubling 448
Poincaré diagram 459
power spectrum 492
slowly-varying amplitude 226
stability 225
stable and unstable manifolds 473
subharmonic response 242-251, 458
transients 225
superharmonics 492
transients 226
van der Pol plane 227
Dulac’s test 106, 116
dynamical system $

eigenvalues 61, 285, 360
eigenvectors 62, 285
Einstein correction 82
elapsed time 7
Emden-Fowler equation 87



energy
change over cycle 126
conservation of 2
equation 2,17
kinetic 2, 16
levels 31, 338
potential 2, 16
total 26
transformation 1
energy-balance method 125-130
entrainment 239-242,
epidemics 55, 84
equilibrium points 4, 6, 50 see also centre, node,
saddle, spiral
attractor 71
classification 70, 71
degenerate cases 71
hyperbolic 71, 428
index 89
linear approximation 57
linear approximation, n variables 289
of linear systems 57-71
repellor 71
saddle-spiral 451
stability see stability, Liapunov stability, Poincare
stability
equivalent linearization 140-143
Euclidean norm 515
Euler’s method 107
Euler’s theorem 376
excitation
hard 171
parametric 308
soft 172
existence
centre 390
limit cycle 394
periodic solutions 383-403
solutions 511
exponential dichotomy 490
exponential function of a matrix , see matrix,
exponential

feedback 224

Feigenbaum constant 462

Fibonacci sequence 403

first return 439, 445

fixed point (equilibrium point) 50
difference equations 441, 461, 462
of a map 440

flip bifurcation 414

Floquet theorem 309

Floquet theory 308-315
characteristic exponent 311
characteristic multipliers 310
characteristic numbers 310
Hill determinant 318
normal solution 311
transition curves 317

focus see spiral
fold catastrophe 232, 408
forced oscillations 149-175, 223-251
autoperiodic response 224
far from resonance 155
feedback 224
homoclinic bifurcation 469-475
near resonance 156
near resonance, weak excitation 157
nonlinear resonance 1566
solution perturbation 305
stability 225, 234, 305
subharmonics 247
Fourier transform, discrete 491
inverse 491
frequency
entrainment 239
estimate (by averaging) 130
fundamental matrix (definition) 277

generalized coordinates 31
Gram-Schmidt procedure 484
Green’s theorem 92
Gronwall’s lemma 294

half-path 260
Hamiltonian function 76,257, 375
centre 76
contours 76
level curves 76
saddle 76
Hamiltonian system 75, 375, 497
equilibrium point types 75
hard excitation 171
far from resonance 171
harmonic balance 138
equivalent linear equation 140
general plane system 146
pendulum equation 138
van der Pol equation 140

harmonic response see perturbation methods, Duffing’s

equation, van der Pol’s equation
hemispherical projection 109
diametrical plane 101
horizon 102
heteroclinic bifurcation 1133
heteroclinic path 111
Hill’s equation 308, 333
Hill determinant 318
Hill’s equation 308, 333
homoclinic bifurcation 113, 175, 469-482
Melnikov’s method 477-483
homoclinic path 111, 175, 450
Hopf bifurcation 416-421
horseshoe map (Smale) 476, 493
hyperbolic equilibrium point 71, 111, 428

index 89-100
at infinity 97
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index (Cont.) Liénard plane 147, 395
centre 95 Lighthill’s equation 188
integral formula 91 Lighthill’s method 190
node 95 limit cycle 25-30, 111 see also Duffing equation, van
of a closed curve 91 der Pol equation, averaging methods,
of equilibrium points 93, 95 perturbation methods
saddle point 95 amplitude estimate 130
spiral 95 averaging methods 134
sum of 99 clock 36
inner approximation 206 computation of 109
inner—inner approximation 221 energy balance method 125
instability, Liapunov test 356 ? existence of 394
integral invariant 500 fixed point 469
intermittency 493, 504 homoclinic to 469
invariant manifold see manifold index of 104
inversion transformation (index) 97 negative criterion 111
inverted pendulum 48, 331 period estimate 132
isochronous oscillation 11 polar equation for 29, 130
isocline 50 semi-stable 109
stability of 127
Jacobian matrix 290, 422 linear approximation 57, 58, see also linear
jump phenomenon 164, 231-233 autonomous system
cusp 232 linear autonomous system, plane 58-71
asymptotes 65
kinetic energy 2, 16 centre 69

characteristic equation 61

Lagrange equation 31, 308 classification 71

Liapunov exponent 466-469, 483-491 e{genvalues 61,
chaos 467 eigenvectors 62

fundamental solution 61

computing procedure 484-487 .
matrix form 60

difference equations 466

differential equations 483-491 node 65
Liapunov function 346-364 phase paths 63
linear systems 357 saddle 66
quadratic systems 373 SC?lmg 72
strong 347 ) spiral 69
test function 343 linear dependence 58,275
weak 346, 349 linear manifolds 429
Liapunov method (for zero solution) 337-377 Llnear oscillator 150 )
asymptotic stability 346, 349, 353 linear systems 57-71, 274-297 see also linear
autonomous systems 351 autonomous system
Hamiltonian dynamics 374 boundedness 283
instability test 360, 361 Floquet theory 308-315
Lienard equation 376 general solution 58-71, 280
linear approximation 367 general theory of n-dimensional 293
negative (semi) definite function 352 homogeneous 274
quadratic system 373 inhomogeneous 279
positive (semi) definite function 352 periodic coefficients 308-330
uniform stability 345, 347 stability 283, 284, 288
Liapunov (solution) stability 267-274 Linstedt’s method 169
asymptotic 271, 346, 353 Liouville’s theorem 500
autonomous system 351 logistic difference equation 462-466, 468, 496, 504
by solution perturbation 305-330 cobweb 462
constant coefficient system 284 fixed points 462
definition 268 Liapunov exponent 467
linear systems 271,273, 367 period-2 solution 463
uniform 271 period doubling 465
zero solution 273, 342 pitchfork bifurcation 465

Liénard equation 388, 388 return map 504



Lorenz equations 302, 450, 486, 489, 498, 499, 503

Liapunov exponents 486

Mandelstam and Papalexi method (subharmonics) 247

manifolds 405, 422-433, see linear manifolds
catastrophe 409
centre 427-433, 456
higher-order systems 422
intersection of 469-490
invariant 423
notations 425
span 430
stable 425-427, 469
unstable 425-427, 469
matching approximations 206,
Mathieu’s equation 315
damped 325-330
perturbation method 322-324
stability diagram 320, 330
stable parameter region 316
transition curves 322
matrix
block diagonal 371, 432
diagonalisation 366
exponential 365-367, 382
fundamental 277
Jacobian 290, 422
norm 515
trace 313
transpose (notation) 259
Meissner’s equation 333
Melnikov function 481
Melnikov’s method 477-483, 496
contour integral 517
distance function 479
integrals 519
metric 268
triangle inequality 268, 516
modulation 230
multiple scales method 199-206

node 23, 65, 65,
index 95
multiple scale method 199
stable 23, 65
unstable 25, 65
nonautonomous system 5, 149
stability 267,293
norm 268, 515-516
Euclidean 515
matrix 268, 515
triangle inequality 268, 516
vector 268, 515
normal solution (Floquet theory) 311

ordinary point 50, 511

orbital stability, see Poincaré stability

oscillation see also periodic solution, limit cycle
quasi-periodic 449

Index

relaxation 402
self-excited 37
transverse 45
oscillator
damped linear 21
forced 149-175
relativistic 45
restoring force 15
self-excited 37
simple harmonic 9
outer approximation 207

parameter-dependent conservative system 37
parametric excitation 308
pendulum see also Duffing’s equation
amplitude-phase perturbation 167
forced 149
frequency—amplitude relation 138
friction-driven 43, 152
impact 42
inverted 48, 331
Lindstedt’s method 169
period 46
phase diagrams 3, 119
response diagram 163-166
simple 1
undamped, amplitude equation 163
van der Pol plane 228
vertical forcing 307
period-2 map 448
period-3 map (example) 448
period doubling 448,453, 465, 493,
periodic solution 9, see also limit cycle
and closed paths 9, 53
averaging methods 125-133
existence of 394
forced 223
harmonic balance 138
Lindstedt’s method 169
restoring force 15
perturbation methods 149-179, 183-217
amplitude equation 159, 163
amplitude-phase expansion 167
autonomous equations 169
direct method 153
forced oscillations 149-173
Fourier series 173
generating solution 154
Linstedt’s method 169
resonance, 155-159
secular terms 158
singular see singular perturbation methods
solution 305
transition curves, Mathieu’s equation 322
phase diagram 3, 50
computation of 107
infinity 100
projections 100-104
scaling 72
volume-preserving 500



Index

phase paths 3, 6, 49 Rayleigh’s equation 85, 133, 197
at infinity 100-104 regular sysyem 511
closed 7,9 relaxation oscillation 402
computation of 107 repellor 71
differential equation 9, 50 representative point 7
direction of 3,9, 50 resonance (forced oscillations) 155-159
graphical representation 40 far from 155
heteroclinic 111 near 156
homoclinic 111 nonlinear 156
isocline 52 restoring force 15
linear autonomous system 63 return map 504
representative point 7 Rossler attractor 450-452, 501
saddle connection 111
separatrix 13 saddle connections 111
stability 260 saddle point 10, 12, 66
transit time 7, 53 higher order 423
phase plane 2, 6,49 index 95
at infinity 100-104 multiple scale method 199
graphical representation 40 saddle-node bifurcation 412
pitchfork bifurcation 39, 414, 466 saddle-spiral connection 111
plane autonomous systems 5, 49-79 secular terms 158
geometrical aspects §9-113 sensitive dependence on initial conditions 490, 493
plane linear systems, see linear autonomous system and separatrix 12,13
linear systems sequence, Poincaré, see Poincaré sequence
Poincaré-Bendixson theorem 341, 383, 387 Shimuzu-Morioka equations 501
Poincaré map 439, 448, 458, 459 singular perturbation methods 183-217
torus 444 boundary layer 207, 221
Poincaré section 439 boundary-value problems 206
fixed point 441 common region 210
nonautonomous system 442 composite solution 214
Poincaré sequence 439-447, 469 coordinate perturbation 185-190
difference equation 440 inner approximation 208
first returns 441, 445 inner—inner approximation 221
fixed point of 440 inner region 208
manifolds 469 Lighthill’s equation 188
period-2 map 448 Lighthill’s method 190
period-3 map 448 matching approximations 206, 211
quasi-periodic example 449 multiple scales 199-206
subharmonic 448 non-uniform approximation 183-185
Poincaré (orbital) stability 260-264 outer approximation 207
definition 261 outer region 208
equilibrium points 263 overlap region 213,
half-path 260 Poincaré’s method 186
limit cycle 262 Rayleigh’s equation 197
standard path 260 secular terms 196
Poisson-Boltzmann equation 142 slow time 194, 199
polar coordinates 29, 130 strained coordinate 186
potential energy 2, 16 stretched variable 207
power spectrum 491 tirr.le—scaling 19? '
Fourier transform, discrete 491 uniform approximation 184

van Dyke’s matching rule 216, 222
singular point 50

time series 491
projections of phase diagrams 100-104 °
diametrical plane 101, 102 slow time 194, 199

hemispherical 103 soft excitation 172
horizon 102 far from resonance 172

near resonance 172
solution perturbation 305
quadratic systems 373 span (of a vector space) 430
quasi-periodic oscillation 449 spectrum, power see power spectrum



spiral 24, 69
index 95
plotting 109
stable 24, 69
unstable 25, 69
spring 15
hard 164
soft 164
stability 4, 259-300 see also Liapunov stability,
Poincaré (orbital) stability
asymptotic (definition) 271
asymptotic, domain of 349
asymptotic, global 349
attraction, domain of 349
centre 273
equilibrium point 4,273, 337-367
limit cycle 127
nearly linear systems 298
node 273
nonautonomous linear 293-298
parameter-dependent system 37
saddle 273
solution perturbation 305-
spiral 273
subharmonics 247
uniform (definition) 271
state 3, 50,
initial conditions 3, 49
stick-slip oscillation 34
strained coordinates 186
strange attractor 453,458, 461
stretched variable 207
stroboscopic method 449
strong Liapunov function 347
subharmonics 224, 239-251, 334, 448, 458
domain of attraction 251
Duffing equation 247, 458
entrainment 251
order 1/3 246
order 1/n 243
stability 247
van der Pol plane for 248-251
symmetry breaking 415
synchronization 241
systems see also linear systems
autonomous 5, 49
conservative 14

parameter-dependent 37-40 see also bifurcation

regular 49, 511
states of 3, 50

Taylor series 519

transit time 9, 53

time-scaling (singular perturbation) 192
time series 491

time solution 9, 62

topographic system 30, 338-340, 513-515

Index

torus (phase space) 444

trace (of a matrix) 313
trajectory 6, see also phase path
transit time 7, 9

transcritical bifurcation 412
transpose (notation) 259
triangle inequality 268, 516
trigonometric identities 518

Ueda’s equation 257
uniqueness theorem 511

van der Pol equation 110
amplitude estimate 126, 136
asymptotic stability 299, 351, 363
equivalent linearization 140
existence of limit cycle 394, 399
frequency for limit cycle 132
harmonic balance 140
large parameter 400
Liapunov function for 363
Liénard plane 380
limit cycle 110, 126-129, 132, 400-404
Lindstedt’s method 180
multiple scale method 218
period 404
stability of limit cycle 129, 394
van der Pol equation, forced 234-242
detuning 235
entrainment 239-242
hard excitation 171
harmonic oscillations 234
response diagram 254-257
soft excitation 171
stability 234
synchronization 241
transients 234
van der Pol plane 227-230
damped pendulum equation 229
equilibrium points 227
subharmonics in 249-251
van der Pol space 454
van Dyke’s matching rule 216,222
variational equation 306
vectors
linear dependence 275
linear independence 275
norm 268, 515
triangle inequality 268,
Volterra’s model (predator-prey) 53, 88
volume-preserving phase diagram 500

weak Liapunov function 346, 349
Wronskian 313, 500

Zubov’s method (Liapunov functions) 381
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