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1 Phase Plane

The differential equation describing many nonlinear oscillators can be written in the form:

d*x dx
@—f‘f(l‘,a):o (1)

A convenient way to treat eq.(1) is to rewrite it as a system of two first order o.d.e.’s:

dx dy
— _— = — 2
=Y = [y (2)
Eqgs.(2) may be generalized in the form:
dx dy
—F - =
o =Py, - =Gy (3)

A point which satisfies F'(z,y) = 0 and G(z,y) = 0 is called an equilibrium point. The solution
to (3) may be pictured as a curve in the z-y phase plane passing through the point of initial
conditions (g, yp). Each time a motion passes through a given point (z,y), its direction is always
the same. This means a given motion may not intersect itself. A periodic motion corresponds to
a closed curve in the z-y plane. In the special case that the first equation of (3) is dz/dt = y, as
in the case of egs.(2), the motion in the upper half-plane y > 0 must proceed to the right, that
is, x must increase in time for y > 0, and vice versa for y < 0.

1.1 Classification of Linear Systems

An important special case of the general system (3) is the general linear system:

d d

d—fzax—i—by, d—i:cx—l—dy (4)
We may seek a solution to eqs.(4) by setting x(t)=A exp(At) and y(t)=B exp(At). For a nontrivial
solution, the following determinant must vanish:

a— A b
=0 = N —tr A+det =0 (5)
c d— A

where tr = a+d is the trace, and det = ad — bc is the determinant of the associated matrix. The
eigenvalue \ is given by

t tr\ 2
A=y (—r) — det (6)
2 P

If det < 0, then (6) shows that there are two real eigenvalues, one positive and one negative.
This type of linear system is called a saddle. An example of a saddle is provided by the equation:
d?*z
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If det > 0 and tr?> > 4 det, then there are still two real eigenvalues, but both have the same sign
as the trace tr. If tr > 0, then both eigenvalues are positive and the solution becomes unbounded
as t goes to infinity. This linear system is called an unstable node. The general solution is a
linear combination of the two eigensolutions, and for large time the eigensolution corresponding
to the larger eigenvalue dominates. Similarly, if the trace tr < 0, we have a stable node. An
example of a stable node is provided by the overdamped oscillator:

d*x dx

dt2+3dt+:1:—0 (8)
If det > 0 and tr? < 4 det, then there are two complex eigenvalues with real part equal to
tr/2. Euler’s formula shows us that the resulting motion will involve an oscillation as well as
exponential growth or decay. If the trace tr > 0 we have unbounded growth and the linear
system is called an unstable spiral or focus. Similarly, if the trace tr < 0, we have a stable spiral
or focus. An example of a stable spiral is provided by the underdamped oscillator:

— +—tz= 9)

If det > 0 and tr = 0, then there are two pure imaginary eigenvalues. The corresponding linear
system is called a center. An example of a center is provided by the simple harmonic oscillator:
d*x
—+2x=0 10
e (10)
All the foregoing results can be summarized in a diagram in which the determinant det is plotted
on the horizontal axis, while the trace tr is plotted on the vertical axis.

1.2 Lyapunov Stability

Suppose that we have an equilibrium point P : (z,y) in egs.(3). And suppose further that we
want to characterize the nature of the behavior of the system in the neighborhood of point P.
A tempting way to proceed would be to Taylor-expand F' and G about (xg,yo) and truncate the
series at the linear terms. The motivation for such a move is that near the equilibrium point,
the quadratic and higher order terms are much smaller than the linear terms, and so they can
be neglected. A convenient way to do this is to define two new coordinates £ and 7 such that

§ =1z — x0, =YY% (11)
Then we obtain i oF oF p 50 50
n
> Y il 2 _ 7= il 19
dt 6x£+8y77+ ’ dt 6x£+8y77+ (12)

where the partial derivatives are evaluated at point P and where we have used the fact that
F and G vanish at P since it is an equilibrium point. The eqs.(12) are known as the linear
variational equations.

Now if we were satisfied with the linear approximation given by (12), we could apply the classifi-
cation system described in the previous section, and we could identify a given equilibrium point
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as a saddle or a center or a stable node, etc. This sounds like a good idea, but there is a problem
with it: How can we be assured that the nonlinear terms which we have truncated do not play
a significant role in determining the local behavior?

As an example of the sort of thing that can go wrong, consider the system:

d*x <dx

2 ¢ o

3
TS ) +2=0, €>0 (13)

This system has an equilibrium point at the origin x=dx/dt=0. If linearized in the neighborhood
of the origin, (13) is a center, and as such exhibits bounded solutions. The addition of the nonlin-
ear negative damping term will, however, cause the system to exhibit unbounded motions. Thus
the addition of a nonlinear term has completely changed the qualitative nature of the predictions
based on the linear variational equations.

In order to use the linear variational equations to characterize an equilibrium point, we need to
know when they can be trusted, that is, we need sufficient conditions which will guarantee that
the sort of thing that happened in eq.(13) won’t happen. In order to state the correct conditions
we need a couple of definitions:

Definition: A motion M is said to be Lyapunov stable if given any e > 0, there exists a 6 > 0
such that if NV is any motion which starts out at t=0 inside a J-ball centered at M, then it stays
in an e-ball centered at M for all time t.

In particular this means that an equilibrium point P will be Lyapunov stable if you can choose
the initial conditions sufficiently close to P (inside a d-ball) so as to be able to keep all the
ensuing motions inside an arbitrarily small neighborhood of P (inside an e-ball). A motion is
said to be Lyapunov unstable if it is not Lyapunov stable.

Definition: If in addition to being Lyapunov stable, all motions N which start out at ¢ = 0 inside
a d-ball centered at M (for some 0), approach M asymptotically as ¢ — oo, then M is said to
be asymptotically Lyapunov stable.

Lyapunov’s theorems:

1. An equilibrium point in a nonlinear system is asymptotically Lyapunov stable if all the eigen-
values of the linear variational equations have negative real parts.

2. An equilibrium point in a nonlinear system is Lyapunov unstable if there exists at least one
eigenvalue of the linear variational equations which has a positive real part.

Definition: An equilibrium point is said to be hyperbolic if all the eigenvalues of its linear varia-
tional equations have non-zero real parts.

Note that a center is not hyperbolic. Also, from eq.(6), any linear system which has det = 0 is
not hyperbolic.
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Thus Lyapunov’s theorems state that if the equilibrium is hyperbolic then the linear variational
equations correctly predict the Lyapunov stability in the nonlinear system. (Note that in the
second of Lyapunov’s theorems, it is not necessary for the equilibrium to be hyperbolic since the
presence of an eigenvalue with positive real part implies instability even if it is accompanied by
other eigenvalues with zero real part.)

1.3 Structural Stability

If an equilibrium point is hyperbolic, then we saw that the linear variational equations correctly
represent the nonlinear system locally, as far as Lyapunov stability goes. But more can be said.
For a hyperbolic equilibrium point, the topology of the linearized system is the same as the topol-
ogy of the nonlinear system in some neighborhood of the equilibrium point. Specifically, for a
hyperbolic equilibrium point P, there is a continuous 1:1 invertible transformation (a homeo-
morphism) defined on some neighborhood of P which maps the motions of the nonlinear system
to the motions of the linearized system. This is called Hartman’s theorem.

A related idea is that of structural stability. This idea concerns the relationship between the
dynamics of a given dynamical system, say for example egs.(3), and the dynamics of a neighboring
system, for example:

dx d

a:F(fE,y)‘i‘eFl(x,y), d_i :G($,y)+€G1(I,y) (14)
where € is a small quantity and where F} and G, are continuous. A system S is said to be
structurally stable if all nearby systems are topologically equivalent to S. Specifically, egs.(3)
are structurally stable if there exists a homeomorphism taking motions of (3) to motions of (14)
for some e.

Note the similarity between Lyapunov stability and structural stability: Both involve a given dy-
namical object, and both are concerned with the effects of a perturbation off of that object. For
example in the case of Lyapunov stability, the object could be the equilibrium point z=dz/dt=0
in eq.(13), and the perturbation could be a nearby initial condition. In the case of structural
stability, the object could be the simple harmonic oscillator (10), and the perturbation could be
the addition of a small term such as —e(dx/dt)?, giving eq.(13).

From this example, we can see that if a system S has an equilibrium point which is not hyper-
bolic, then S is not structurally stable. Another common feature which can prevent a system
from being structurally stable is the presence of a saddle-saddle connection. In fact it is possible
to characterize all structurally stable flows on the phase plane. To do so, we need another

Definition: A point is said to be wandering if it has some neighborhood which leaves and never
(as t — 00) returns to intersect its original position.

Now it is possible to state Peixoto’s theorem for flows on the plane which are closed and bounded
(that is, which are compact). Such a system is structurally stable if and only if:
1. the number of equilibrium points and periodic motions is finite, and each one is hyperbolic;
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2. there are no saddle-saddle connections; and
3. the set of nonwandering points consists only of equilibrium points and periodic motions.

1.4 Examples

Example 1.1
The plane pendulum.

d2

d—tij%sinx:O (15)
Equilibria: y =0, x =0,7
By identifying * = 7 with * = —7 we see that the topology of the phase space is a cylinder
S x R.

2

First integral: % — %cosx =constant
Example 1.2
Pendulum in a plane which is rotating about a vertical axis with angular speed w.
d*x
ﬁjLzsinx—wQsinxcosx:O (16)
Equilibria: y =0, x = 0,7 and also cosx = %
p w?L
For real roots, 2T < 1, illustrating a pitchfork bifurcation.
w
2
First integral: Y9 cosa + Y cos 2z =constant
2 L 4

Example 1.3
Pendulum with constant torque T.

o 9 4 (17)

— + Zsinx =

a2 L mL?

T
Equilibria: sinx = ——
mglL

For real roots, < 1, illustrating a fold or saddle-node bifurcation.
mg

2

N Y 9
First int ) = —= —
irst integra 5 CcoS T o~

x =constant

1.5 Problems

Problem 1.1

Volterra’s predator-prey equations. We imagine a lake environment in which a certain species
of fish (prey) eats only plankton, which is assumed to be present in unlimited quantities. Also
present is a second species of fish (predators) which eats only the first species. Let x=number
of prey and let y=number of predators. The model assumes that in the absence of interactions,
the prey grow without bound and the predators starve:
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dr dy

at A
As a result of interactions, the prey decrease in number, while the predators increase. The
number of interactions is modeled as xy. The final model becomes:

—by (18)

é—f = ax — cry, % = —by + dxy (19)

where parameters a, b, ¢, d are positive.

a. Find any equilibria that this system possesses, and for each one, determine it’s type.
dy dy  dx

b. Using — = — =+ e obtain an exact expression for the integral curves.

x
c. Sketch the trajectories in the phase plane.
d. Is this system structurally stable? Explain your answer.

Problem 1.2

Zhukovskii’s model of a glider. Imagine a glider operating in a vertical plane. Let v=speed of
glider and u=angle flight path makes with the horizontal. In the absence of drag (friction), the
dimensionless equations of motion are:

dv . du L2 (20)
o = —sing, Vo = T Ceosutv

a. Using numerical integration, sketch the trajectories on a slice of the u-v phase plane between
—rT<u<m, v>0.

o do dv du
b. Usmg@:E+E

, obtain an exact expression for the integral curves.
c. Using your result in part b, obtain an exact expression for the separatrix in this system.

d. What does the flight path of the glider look like for motions inside the separatrix versus
motions outside the separatrix? Sketch the glider’s flight path in both cases.

Problem 1.3

Malkin’s error. In his book “Theory of Stability of Motion” (1952), I.G. Malkin presents an
example of a physical problem in which the linear variational equations do not predict stability
correctly. His analysis is restated below for your convenience. In fact, there is a mistake in his
argument. Your job is to find it.

The periodic motions of a pendulum are certainly Lyapunov unstable (since the period of per-
turbed motions differs from the period of the unperturbed motion, etc.) However, the linearized
equations predict stability:

The governing equation is % +sinf = 0. A periodic solution 6§ = f(¢) will correspond to the

initial condition 6(0) = f(0) = a, ©(0) = %(O) = 0. (The pendulum is released from rest at an



THEORY OF STABILFTY OF-MOTION

By
I. G..Malkin

As & second example let us consider the oscillations of & mathemati-
ical pendulum. A4s an undisturbed motion let us take an oscillation defined
by the initial conditions P (0) =K, ¢X0) = 0, where ¢ is the angle of
deviation of the pendulum. The differential equation”of the disturbed
motion, as we saw in Par. 3 has the form (3.6). Rejecting the terms of
higher orders, we shall have an equation of the first approximation:

dx ¥ (5.7)

LI 4 0.
e 7 xcosf(

Let us consider the disturbed motion defined by the initisl condi-
tions x(G) = 0, x(0) =8 . The period of disturbed oscillations differs

-

from the period of undisturbed oscillations, end therefore, as we have
seen in Par. 3 there arrives a moment when the difference in the value of
in both oscillaiions will exceed & certein quantity independent ofp,
no matter how small ‘3 may be. We shall show however that if this difrer-
encs in values of ¢ , that is, the magnitude x, is determined by the
equation of the first approximation of (5.7), then for a sufficiently
smell value of ‘3 it will remein smaller than any preassigned quantity.

Indeed, substituting the function £(t) in equation (3.5) which it

satisfies, and differentizting the resuiting identity with respect to
gmall t, we sn2ll have

3 v df
& (df -—-——-’}-% cos f.

dri\at)

- df

Consecuently, the functlon X = 7 satisfies the equation (5.7).
Since at the same time function f(%) satigfies the initiel conditions
£(o) =e<,(-5.;f)° = 0, then the function Z7 will satisfy the initiel con—
conditions (%%‘)o =0, (%3;;)

o
solution of ecuation. (5.6) has the form

= - '1( s & . - Consequently, the desired

— &oodfu
*= e rEne A

From this we conclude, taking into account the fact that -5/35 is a

limited function, the magnitude x will remein smaller than any preassign-

ed quantity €, if the quantity B is sufficiently amell., Therefore, in
the exsmple considered the first approximation gives an incorrect des-
cription of the character of motion.
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angle a.) Note that ‘;tg‘( ) = —sin f(0) = —sina.
Consider the linearized stability of 6 = f(t). Set 6 = f(t) + z(¢) and linearize the eq. on x to get
gtg + xcos f(t) = 0. Consider the perturbed motion defined by the initial condition z(0) = 0,

7 (0) = 3. Malkin shows that “for a sufficiently small value of 3 it [i.e. 2(t)] will remain smaller
than any preassigned quantity.”

Since f(t) satisfies Egi +sin f =0, f(t) satisfies (differentiating) 4 (l) + Slf ;cos f = 0. But this

equation on % (¢) has the same form as the linearized equation on z(t Slnce the function % (¢
dt dt

satisfies the initial conditions Z—J;(O) 0, jt(df )(0) = %(O) = —sin «, it follows from uniqueness
that z(t) = Slf a;lé(t). Now since %( ) is bounded, x(t) can be made as small as desired for all

t by choosing 3 small enough. Ha!

1.6 Appendix: Lyapunov’s Direct Method

Lyapunov’s Direct Method offers a procedure for investigating the stability of an equilibrium
point without first linearizing the differential equations in the neighborhood of the equilibrium.
Using this approach, Lyapunov was able to prove the validity of the linear variational equations.

As an introduction to the method, consider the simple example:

dx dx
d—tl = —x, d—tQ = —22 (21)

It is obvious that the origin in this system is an asymptotically stable equilibrium point since we
know the general solution,

x1 = ¢ exp(—t), Ty = Co exp(—t) (22)
Ignoring this knowledge, consider the function:
V(I'l, 1'2) = I% + ZE% (23)

being the square of the distance from the origin in the x;-zo phase plane. Now consider the
derivative of V' with respect to time ¢:

©L g B 9, 2 (24)

Substituting eqs.(21), we see that along the trajectories of the system,

av

— =217 — 223 <0 25
=t 2ad < (25)
Thus V must decrease as a function of time ¢, that is, the distance of a point on a trajectory
from the origin must decrease in time. Since there is no place at which such a point can get

stuck (since dV/dt = 0 only at the origin), we have shown that all solutions must approach the
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origin as t — 0o, which is to say that the origin is asymptotically stable.

The approach in this example can be generalized by inventing an appropriate Lyapunov function
V' (1, x9) for a given problem. Without loss of generality, we may assume that the equilibrium
point in question lies at the origin (since a simple translation will move it to the origin if it isn’t
already there.) In all cases we will require that:

1) V and its first partial derivatives must be continuous in some neighborhood of the origin, and
2) V(0,0) = 0.

For a general system

dx dx
dt1 = fi(z1, z2), d—; = folz1, 29) (26)
we shall be concerned with dV/dt along trajectories. As in the example, we will compute this as:
av oVdry 0OVdry 0OV oV
av. _odvan OV ary ,
dt Oz, dt + Oxs dt  Oxy filwy, ) + Oxo Fal1, 22) (27)

We present the following three theorems without proof:

Theorem 1: If in some neighborhood of the origin, V' is positive definite while dV/dt < 0, then
the origin is Lyapunov stable.

Theorem 2: If in some neighborhood of the origin, V' and —dV/dt are both positive definite, then
the origin is asymptotically Lyapunov stable.

Theorem 3: If in some neighborhood of the origin, dV//dt is positive definite, and if V' can take on
positive values arbitrarily near the origin (but not necessarily everywhere in some neighborhood
of the origin), then the origin is Lyapunov unstable.

Using these theorems, the validity of the linearized variational equations can be established under
appropriate conditions on the eigenvalues. Suppose the system is written in the form:
dl'l de

o = axy + bxy + Fi(x1, x9), o = cx1 + dxe + Fy(x1, x9) (28)

where Fj(zq,x2) and Fj(z1,x9) are strictly nonlinear, i.e. they contain quadratic and higher
order terms. Writing this in vector form, where z = [z; x5]" and F = [F}, )T,
dx

i Az + F(z) (29)

Transforming to eigencoordinates y, we set x = T'y, where T' is a matrix which has the eigenvec-
tors of A as its columns, and obtain:
dy

= =T ATy + T7'F(Ty) = Dy + G(y) (30)

where D is a diagonal matrix (the theorem also holds if D is in Jordan form), and where
G = T~ 'F is strictly nonlinear in y.



R.Rand Nonlinear Vibrations 12

Theorem 4: x = 0 is asymptotically Lyapunov stable if all the eigenvalues of A have negative
real parts.

Take V' = y141 + yoy2, where 7; is the complex conjugate of y. Then V so defined is certainly
positive definite. For asymptotic stability we need to show that —dV/dt is positive definite.

AV dy dyy dyz | dys _

2y == -4 2= 31
PR, + i vty 0t + a (31)
Now we have that p Ji
Yi Yi 1 A
g T Geand s gp = A (32)
so that (31) becomes
av < ~ < _ . . :
o = (A 4+ A1) y191 + (A2 + A2) 9272 + cubic and higher order nonlinear terms (33)

which gives

av
—— = —2 Re(A1) 191 — 2 Re(Ag) y202 + cubic and higher order nonlinear terms (34)
Thus in some neighborhood of the origin, the cubic and higher order nonlinear terms in (34)
are dominated by the quadratic terms, which themselves are positive definite if Re()\;) < 0 for
i =1,2. Thus —dV/dt is positive definite and the origin is asymptotically stable by Theorem 2.

In a similar way we can use Theorem 3 to prove

Theorem 5: x = 0 is Lyapunov unstable if at least one eigenvalue of A has positive real part.
The idea of the proof is the same as for Theorem 4, except now take V' = yi141 — yo7» if, for
example, Re(\;) > 0 and Re(\2) < 0. (The case where Re(A2) = 0 is more complicated and we

omit discussion of it.)

An excellent reference on Lyapunov’s Direct Method is “Stability by Liapunov’s Direct Method
with Applications” by J.P.LaSalle and S.Lefschetz, Academic Press, 1961.
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2 The Duffing Oscillator

The differential equation

d*x 3

W—l—x%—eam =0, €>0 (35)
is called the Duffing oscillator. It is a model of a structural system which includes nonlinear
restoring forces (for example springs). It is sometimes used as an approximation for the pendu-

lum:

d?0 g .
@—FESIHQZO (36)
93
Expanding sinf = 6 — i + O(6°), and then setting 0 = /ex,
Pr g ’ 2
az L <I B 6?) = 0(€) (37)
Now we stretch time with z = %t,
d*z z3 9
@—FZE—EE:O(E) (38)

which is (35) with « = —1/6.

In order to understand the dynamics of Duffing’s equation (35), we begin by writing it as a first

order system:
dx dy 3
b A - 39
i 7 xr — eax (39)
For a given initial condition (z(0),y(0)), eq.(39) specifies a trajectory in the z-y phase plane, i.e.
the motion of a point in time. The integral curve along which the point moves satisfies the d.e.

d
dy = j__z = ﬂ (40)
de 5 Y
Eq.(40) may be easily integrated to give
2 2 4
% + % + ea% = constant (41)

Eq.(41) corresponds to the physical principle of conservation of energy. In the case that « is
positive, (41) represents a continuum of closed curves surrounding the origin, each of which rep-
resents a motion of eq.(35) which is periodic in time. In the case that « is negative, all motions
which start sufficiently close to the origin are periodic. However, in this case eq.(39) has two
additional equilibrium points besides the origin, namely = = +1/y/—ea,y = 0. The integral
curves which go through these points separate motions which are periodic from motions which
grow unbounded, and are called separatrices (singular: separatrix).
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If we were to numerically integrate eq.(35), we would see that the period of the periodic motions
depended on which closed curve in the phase plane we were on. This effect is typical of nonlinear
vibrations and is referred to as the dependence of period on amplitude. In the next section we
will use a perturbation method to investigate this.

2.1 Lindstedt’s Method

Lindstedt’s method is a simple singular perturbation scheme which can be used to derive the
relationship between period and amplitude in Duffing’s equation (35). The idea is to build the
period-amplitude relationship into the approximate solution by stretching time:

T=wt, where w=1+kie+ koe>+--- (42)
where the coefficients k; are to be found. Substituting (42) into (35), we get

d2
de—Ti +x+eax® =0 (43)

Next we expand x in a power series in €:
2(7) = 20(7) + €x1 (1) + Emo(7) + - - - (44)

In view of the power series expansions (42) and (44), the results obtained by Lindstedt’s method
are expected only to be valid for small values of e. Substituting (44) into (43) and collecting
terms gives:

(fff tap = 0 (45)
da:;l +x = =2k a(l;x;) — ozxg (46)
(227:22 +axy = —2]{;1% — (2ky + k%)(f;:io — 3axin (47)
Eq.(45) has the solution
xo(T) = AcosT (48)

Here A is the amplitude of the motion, and we have chosen the phase arbitrarily, a step which is
possible because of the autonomous nature of eq.(35), i.e. the explicit absence of the independent
variable ¢ in (35). Substituting (45) into (46) gives

d2$1

dr?

+ 11 = 2Ak; cos T — APavcos® T (49)

Simplifying the trig term cos® 7 gives

dQZEl
dr?

3 3
+x1:<2Ak‘1—3Aa) A«

COST — — = CO8 3T (50)
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For a periodic solution, we require the coefficient of cos7 on the right hand side of eq.(50) to
vanish. This key step is called removal of resonance or secular terms. We obtain
A3 3

2Ak; — 1 =0, that is, /ﬁ:gozAQ (51)

Substituting this result into the ansatz (42), we obtain the approximate frequency-amplitude
relation:

3
w=1+ke+O(E) =1+ gO&AQG + O(€%) (52)
The period T = 27 /w may then be written as:

_27?_ 2
W 1+%Oé142€+0

@ = 2m (1 — g&AQG + 0(62)) (53)

We may continue the process to obtain higher order approximations as follows. Substituting
condition (51) into eq.(50), we may solve for z(7):
Al

2 (7) = g(cos 3T — cosT) (54)
Here we have chosen the complementary solution in order that the amplitude of vibration be
given by A, that is, in order that x(0) = A, cf. eq.(44). Substituting (54) into the x5 equation,
(47), we may again remove secular terms and thereby obtain an expression for ks. The process
may be continued indefinitely.

2.2 Elliptic Functions

Although most nonlinear differential equations are not solvable in terms of tabulated functions,
it turns out that Duffing’s eq.(35) may be solved exactly in terms of Jacobian elliptic functions.
In this section we will collect together some facts about elliptic functions which will permit us to
solve eq.(35). Our motivation is two-fold: firstly to check the approximate results obtained by
Lindstedt’s method, and secondly to provide a basis for perturbation methods which begin with
the elliptic function solution of Duffing’s equation. We use the notation of “Handbook of Elliptic
Integrals for Engineers and Physicists” by P.Byrd and M.Friedman, Springer Verlag, 1954.

There are three elliptic functions: sn, cn and dn. The sn function is odd and may be thought of
as the elliptic version of the trig function sine, while the cn function is even and may be thought
of as the elliptic version of the trig function cosine. These are related by the identity

sn® +cn® =1 (55)

which is reminiscent of the comparable trig identity. In contrast to sine and cosine, the three
elliptic functions sn,cn and dn each depend on two variables,

sn =sn(u, k), cn=cn(u, k), dn=dn(u,k) (56)

where wu is called the argument and k is called the modulus. (Note that in contrast to Byrd
and Friedman, other standard treatments use m = k? instead of k. In particular, this is true
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of “Handbook of Mathematical Functions” by M.Abramowitz and [.Stegun, Dover Publications,
1965.) The elliptic function sn reduces to sine when k = 0, and cn reduces to cosine when k = 0.
There is no trig counterpart to dn, which reduces to unity when & = 0. The formulas for the
derivatives of sn and cn are reminiscent of their trig counterparts:

%sn = cn dn, %Cn = —sn dn (57)

The elliptic function dn satisfies the following equations:

0

a—dn = —k%ncn, and A%sn®+4dn’®=1 (58)
u

The period of sn and cn in their argument u is 4K, where K (k) is the complete elliptic integral

of the first kind. The period of dn is 2K . As k goes from zero to unity, K (k) goes monotonically

from 7/2 to infinity. In the limit as k approaches unity, the elliptic functions approach the

following hyperbolic trig functions:

sn(u,1) =tanhw,  cn(u,1) =sech v,  dn(u,1)=sech u (59)

In order to compare the exact solution which we shall derive to eq.(35) with the approximate
solution obtained by Lindstedt’s method, we will need the following expansion for K (k) (from
Byrd and Friedman, p.296, formula n0.900.00):

1 9 25
K(k) = g L 3R+ ok ke O(K)|) (60)

In order to obtain an exact solution to eq.(35), we look for a solution in the form of a cn function:
z(t) = ay en(u, k), u=ast+b (61)

Since eq.(35) is a second order o.d.e., its general solution will possess two arbitrary constants.
Since it is an autonomous o.d.e., one of the arbitrary constants will be the phase b. Of the other
three constants, aq, as and k, only one is independent. In order to obtain the relations between
these three, we substitute (61) into (35) and use the foregoing elliptic function identities. To
begin with, let us take the derivative of (61) with respect to ¢:

d 0
_ZE = a1 Ay —CNh = —aj A9 Sn dn (62)

dt ou

where for brevity we write cn = cn(u, k), sn = sn(u, k) and dn = dn(u, k). Differentiating (62),

d*x

o = W as <sngdn + dngsn> = —a; a3(cn dn® — Ek*sn’cn) (63)

ou ou
Using the identities (55) and (58), this becomes

d*x

pre as cn (1 —2k* + 2k2cn2) (64)
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Substituting (64) into Duffing’s equation (35), and equating to zero the coefficients of cn and cn?
gives two equations relating a;, as and k:

a;(2a5k* — a3 +1) = 0 (65)
—a1(2a3k* — ajae) = 0 (66)

These may be solved for as and £ in terms of a;:

2
ajoe

2 2 2
_q 2o G0
2 aac 2(1 + afae)

(67)

Eq.(61) together with (67) is the exact solution to Duffing’s equation (35). Note that if « is
positive, then k will be real, but if « is negative, £k may be imaginary. In the latter case, we may
obtain a real form of the solution by using the following identity (from Byrd and Friedman, p.38,

160.01):
cn (ux/l + k2, k) N L
= <, where k=-—=
dn (uv/T+ K, k) Ny
We shall use the exact solution to check the approximate period-amplitude relation (53) obtained
by Lindstedt’s method. The amplitude of the exact solution (61) is a; which we will identify

with the amplitude A of eqs.(48),(53). The period 7" of the exact solution (61) is 4K (k)/as which
may be written, using eq.(60),

(68)

en(u, ik

CAK() ow 1, 9, 25 . .
- g {1+4k A= +0(1<;)] (69)

Substituting eqs.(67) and expanding for small €, we obtain:

3 o7
T =21 (1 - Sad% + ——a2Ate )
7r( 3¢ 6+256Od €+ (70)

which agrees with eq.(53).

2.3 Problems

Problem 2.1
This problem concerns a nonlinear oscillator with quadratic nonlinearity:
d?*z

ﬁ—i—x%—ex?:O (71)

d
Compute the period for € = 0.1 and the initial condition x(0) = 1, d—f(O) = 0 in three different

ways, and compare your answers:

a. Using numerical integration (Runge Kutta).

b. Using Lindstedt’s method. Include terms of O(€?).

c. Using elliptic functions. Hint: z = ag + a1 sn*(u, k), u = ast + b
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Problem 2.2
For the oscillator:
d*x 2 2; 3
wjhfz—l—eax + €“bz® =0 (72)

What relation between parameters a and b makes the frequency independent of amplitude if
terms of O(€®) are neglected?
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3 The van der Pol Oscillator

The differential equation

d*x N (1 Q)dx
— +r—€l—2%)— =
dt? dt

is called the van der Pol oscillator. It is a model of a nonconservative system in which energy

is added to and subtracted from the system in an autonomous fashion, resulting in a periodic

motion called a limit cycle. Here we can see that the sign of the damping term, —e(1 — xQ)Cé—‘f

changes, depending upon whether |z| is larger or smaller than unity. Van der Pol’s equation
has been used as a model for stick-slip oscillations, aero-elastic flutter, and numerous biological

oscillators, to name but a few of its applications.

0, €>0 (73)

Numerical integration of eq.(73) shows that every initial condition (except z = % = 0) ap-
proaches a unique periodic motion. The nature of this limit cycle is dependent on the value of €.
For small values of € the motion is nearly sinusoidal, whereas for large values of € it is a relazation
oscillation, meaning that it tends to resemble a series of step functions, jumping between positive

and negative values twice per cycle. If we write (73) as a first order system,

dz dy 9

— =y, —=—z+el—z 74
o =Y - + ¢ )y (74)
we find that there is no exact closed form solution. Numerical integration shows that the limit
cycle is a closed curve enclosing the origin in the z-y phase plane. From the fact that eqs.(74)
are invariant under the transformation x — —z, y — —y, we may conclude that the curve

representing the limit cycle is point symmetric about the origin.

3.1 The Method of Averaging

We could obtain an analytic approximation for the limit cycle in (73) by using Lindstedt’s
method. However, in order to obtain information regarding the approach to the limit cycle, we
will need a more powerful perturbation method called the method of averaging. We begin with
a system of the more general form:

d*z dx
W+$:€F <$,E,t> (75)

We seek a solution to (75) in the form:

dx
x = a(t) cos(t + (1)), - = —a(t) sin(t + (1)) (76)
Our motivation for this ansatz is that when € is zero, (75) has its solution of the form (76) with a
and 1) constants. For small values of € we expect the same form of the solution to be approximately
valid, but now a and ¢ are expected to be slowly varying functions of t. Differentiating the first
of (76) and requiring the second of (76) to hold, we obtain:

d d
d—j cos(t + ¢) — ad—f sin(t + ) =0 (77)
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Differentiating the second of (76) and substituting the result into (75) gives

_% sin(t + ) — a% cos(t + ) = eF'(acos(t +v), —asin(t + ), 1) (78)

Solving eqs.(77) and (78) for % and £ we obtain:

% = —esin(t + ) F(acos(t + ), —asin(t + ), t) (79)
% = —2 cos(t 4+ ¢) F(acos(t + ), —asin(t + 1), t) (80)

So far our treatment has been exact and is nothing but the procedure of variation of parameters
which is used in linear differential equations to obtain particular solutions to nonhomogenous
o.d.e.’s. Now we introduce an approximation in the form of a near-identity transformation which
is a written as a power series in e€:

a = a-+ew(a,P,t)+ O(e) (81)
Vo= Pt ews(a P,t) + O() (82)
where w; and wy are called generating functions, to be chosen so that the transformed equations

on @ and 1) are as simple as possible. Substituting (81),(82) into (79),(80) and neglecting terms
of O(€?), we obtain:

da 811)1 . - _ - _ . - 2
o = € <_W —sin(t + ) F(acos(t—i—g/)),—asm(t—l—qﬁ),t)) + O(€) (83)
dy Owy  cos(t+v) - - 9
= = € (— el - F(acos(t + ), —asin(t + 1), t)) + O(€) (84)

Now the question is how to choose the generating functions w; and ws? It is tempting to try to
wipe out the O(e) parts of the right hand sides of eqs.(83) and (84) by choosing

w=[ " sin(t + &) Flacos(t+ §), —asin(t + §), 1) dt (85)

and a similar expression for wy. There is a problem with this choice, however. It is that the
integral in (85) will in general have a nonzero average, which means that as ¢ increases, w;
will also increase, on the average linearly in t. Now if w; grows like ¢, then the near-identity
transformation (81) will be messed up: specifically, the ew; term, which is assumed to be small
for small €, will eventually grow large as t approaches infinity. The expansion (81) will not be
uniformly valid on the infinite time interval. In order to avoid this technical difficulty, we choose
wy and wy to wipe out all the O(e) terms on the right hand sides of eqs.(83) and (84) except for
their average value! This results in the following d.e.’s on a@ and 1:

da | T _ . ;
- = 7 /0 sin(t + 1) F(acos(t 4+ 1), —asin(t + 1), t) dt + O(e?) (86)
% = —¢ % /OT %’j—w) F(acos(t +1), —asin(t +),t) dt + O(e?) (87)
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Note this is partial integration in the sense that @ and 1 are held fixed during the integration
process. Here T is the period over which the average is to be taken. If F(x, ‘fl—f, t) is periodic in
t with a certain period P, then we take T" = P. This is the case of an nonautonomous system
with periodic forcing. On the other hand, if ¢ does not explicitly appear in F', then we take the
averaging period T' = 27, the period of the unforced (e = 0) oscillator in (75). In this case the
d.e. is autonomous, as in van der Pol’s equation (73). For an autonomous system, the integration

in eqs.(86),(87) may be simplified by replacing the variable ¢ with ¢ =t 4 1:

% = —¢ % /27r sin ¢ F(acos ¢, —asin ¢) do + O(e?) (88)
0

d / 2

d—qf = —¢ % /0 CO; e F(acos ¢, —asin ¢) dp + O(e?) (89)

For small €, eqs.(86),(87) or egs.(88),(89) are called slow flow equations, since they specify the
evolution of @ and ¢ on a slow time scale (slow time=et). In the nonautonomous case, the slow
flow (86),(87) is autonomous, since ¢ has been averaged out. In the autonomous case, the slow
flow (88),(89) depends only on a, since ¢ has been averaged out. In this case the slow flow
simplifies to two uncoupled first order o.d.e.’s. Thus in both nonautonomous systems and in
autonomous systems, the slow flow resulting from the method of averaging is easier to treat than

the original system.

Often when the method of averaging is presented in textbooks, the near-identity transformation
is omitted, and the discussion is simplified as follows. One leaps directly from eqs.(79),(80) to
eqs.(86),(87) by reasoning that since € is small, % and 2 are also small, and hence a and
are slowly varying, and thus over one cycle of duration 7" the quantities a and 1 on the right
hand sides of eqs.(79),(80) are nearly constant, and thus these right hand sides may be approx-
imately replaced by their averages as in eqs.(86),(87). Since this argument is quite compelling,

you may ask why we bother with the intricacies associated with the near-identity transformation.

The advantage of the near-identity transformation is two-fold. Firstly, after solving the slow flow
eqs.(86),(87) or eqs.(88),(89) for @ and 1), we may achieve greater accuracy by transforming back
to a and 1) via the near-identity transformation. We speak of the solution of the slow flow eqs.
without the use of the near-identity transformation as simple averaging or first order averaging,
whereas we refer to the procedure of combining the solution of the slow flow eqs. with the near-
identity transformation as one and a half order averaging.

The second advantage of using the near-identity transformation is that the averaging procedure
may be extended to any order of approximation by continuing the process. For example we may
replace eqs.(81),(82) by

a = a+ew (a,),t)+vi(a,t) +O() (90)
¢ = 1;4‘6102(@71;775) +€2U2(a7&7t) +O(€3) (91)
where w; and ws take on the values which we have already found, and where v; and vy are to

be determined by an entirely analogous process. The method may be similarly extended to any
order of approximation.
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Now we shall apply the method of averaging to van der Pol’s equation (73). Comparing (75)
with (73), we obtain

dx dx
F Tt =01 -2H)= 2
(2. 551) =0 -2 (92)
Eqs.(88),(89) become, neglecting terms of O(€?):

da 1 2 a
D i 1 =2 2 — 2 — - 4 =2
at € 27T/o (1 — a® cos” ¢)(asin” ¢) do 68( a’) (93)
Wom e [Teoso (1 - acos?9)(sing) do = 0 (94)
& = €. ) cos a” cos” ¢)(sin =

Before solving eq.(93), we note that it has nonnegative equilibria at @ = 2,0. Thus for small
€ the limit cycle is approximately a circle of radius 2 in the x—é—f phase plane. Moreover, the
flow along the a-line in (93) shows that a = 2 is attractive, which means that the limit cycle is
asymptotically stable.

Eq.(93) can be solved by separating variables and using partial fractions, giving:
et

2exp —
a(t) = i (95)

4
\/expet -1+ a(0)?

As t — 00, a(t) — 2, which confirms the asymptotic stability of the limit cycle. For large ¢, (95)
becomes

a(t) ~ 2+ e (—1 + C_L(é)2> T (96)

showing that the approach to the limit cycle goes like e~ .

It is interesting to examine what happens in eq.(95) as time ¢ runs backwards. For a(0) < 2, we
find that a(t) — 0 as t — —oo, that is, motions starting inside the limit cycle in the phase plane
approach the equilibrium point at the origin asymptotically as time runs backwards. However,
for a(0) > 2, a(t) blows up when the denominator of (95) vanishes, that is, for ¢t = w < 0.
Thus motions starting outside the limit cycle in the phase plane escape to infinity in finite time
as time runs backwards! This escape to infinity in finite time is reminiscent of the behavior of

the simple example
dz 9

i 97
= (97)
which has the general solution
1
x(t) = 1y (98)
x(0)
and which sends a motion starting at z(0) at t = 0 out to infinity as t — ﬁ, that is, in finite

time.
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3.2 Hopf Bifurcations

Before proceeding to further examine the properties of van der Pol’s equation, we pause to
consider how a limit cycle may get born. In particular we consider the following equation, which
is a generalization of van der Pol’s equation:

a2z dz dz dz\? ,dz dz dz
@—l—z c%—l—ozlz —i—ozzzdt +043<dt) + 512 4 o — +B32<dt> +B4<dt> (99)

where c is the coefficient of linear damping, where the «; are coefficients of quadratic nonlinear
terms, and where the 3; are coefficients of cubic nonlinear terms. For some values of these para-
meters, eq.(99) may exhibit a limit cycle, whereas for other values it may not. We are interested
in understanding how such a periodic solution can be born as the parameters are varied.

We shall investigate this question by using Lindstedt’s method. We begin by introducing a small
parameter € into (99) by the scaling z = ex, which gives:

2 3
" T —|—0423:d—x + a3 (dm) Bra® + Box? d—x+ﬂ3 <dx> + 04 (d_x) ]

dx
W‘fﬂT_CE—FE

2
di a) | 7€ di di di

(100)
There remains the question of how to scale the coefficient of linear damping c. Let us expand ¢
in a power series in e:

€= o+ Cre+ o + - - - (101)

In order to perturb off of the simple harmonic oscillator, we must take ¢y = 0. Next consider
c1. As we shall see, although the quadratic terms are of O(¢), their first contribution to secular
terms in Lindstedt’s method occurs at O(e®). Thus if ¢; were not zero, the perturbation method
would fail to obtain a limit cycle regardless of the values of the a; and f3; coefficients. Physically
speaking, the damping would be too strong relative to the nonlinearities for a limit cycle to exist.
Thus we scale the coefficient ¢ to be O(€?), and we set ¢ = €%

Po (e +2 d+ﬁ 4 d+ﬁ dx +ﬂ dz\?
—— 41 =¢€ |2’ + ax a € x rt— x —
dt? ' “ar "\t Pae T 2 S \at \a
(102)
In order to apply Lindstedt’s method to eq.(102), we first set 7 = wt, and then we expand:
w=1+ke+ke+--,  2(1) =20(7) + ex1(7) + Exo(7) + -+ - (103)
Substituting (103) into (102) and collecting terms gives:
d?
dxo tazy = 0 (104)
&x &y dx dwo\”
dT21 + ry = —2]{}1 d 5 + Oéll'o —+ Oégl'od—: + Q3 <d—7'0> (105)
d233'2 . . .
+ x5 = 12 terms which are not listed for brevity (106)
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We take the solution to eq.(104) as
xo(7) = AcosT (107)

Substituting (107) into (105) and simplifying the trig terms requires us to take k; = 0 for no
secular terms, and we obtain the following expression for x;(7):
A2
x (1) = 3 (3(a1 + asz) + (a3 — aq) cos 2T + g sin 27) (108)
Substituting these results into the x5 equation (106) and requiring the coefficients of both the
sin7T and cos T to vanish (for no secular terms), we obtain:

_ —H
A= 2\/042(041 + ag) + B2 + 364 (109)

as well as an expression for ke which we omit here for brevity.

According to this approximate analysis, a limit cycle will exist if the expression (109) for the
amplitude A is real. This requires that the linear damping coefficient ;1 have the opposite sign
to the quantity S defined by

S:ag(a1+a3)+ﬁg+3ﬁ4 (110)

If we imagine a situation in which S is fixed and p is allowed to vary (quasistatically), then as p
goes through the value zero, a limit cycle is either created or destroyed. This situation is called
a Hopf bifurcation. There are two cases, S > 0 and S < 0. In either case, the stability of the
equilibrium point at the origin of the phase plane is influenced only by the sign of 1, and not by
the value of the «;’s or (3;’s. This may be seen by rewriting eq.(102) in the form
2

O;Tf +z— eQ/LO(li—f = nonlinear terms (111)
from which we see that the origin is stable for ;4 < 0 and unstable for ;1 > 0. Moreover the
stability of the limit cycle is opposite to the stability of the origin since motions which leave the
neighborhood of the origin must accumulate on the limit cycle because of the two-dimensional
nature of the phase plane. Thus in the case S < 0, the limit cycle exists only when p > 0, in
which case the origin is unstable and the limit cycle is stable. This case is called a supercritical
Hopf. The other case, in which S > 0 and which involves the limit cycle being unstable, is called
a subcritical Hopf. In both cases the amplitude of the newly born limit cycle grows like \/|u|, a
function which has infinite slope at ;1 = 0, so that the size of the limit cycle grows dramatically
for parameters close to the bifurcation value of p = 0.

3.3 Relaxation Oscillations

We have seen that for small values of ¢, the limit cycle in van der Pol’s equation (73) is nearly
a circle of radius 2 in the phase plane, and its frequency is approximately equal to unity. The
character of the limit cycle gradually changes as € is increased, until for very large values of € it
becomes a relaxation oscillation. In this section we obtain an approximation for the limit cycle
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for large € by using a perturbation technique called matched asymptotic expansions.
1

We begin by defining a new small parameter, ¢ = — << 1. Substituting this in eq.(73) gives:
€

d*x dx
Eoﬁ + €gx — (1 — X ) dt =0 (112)

Next we scale time by setting ¢t = € ¢, where v is to be determined:

2
€ C;t2 +er—¢6" (1—=x )jz =0 (113)
The idea of the method is to select v so that we get a distinguished limit, that is, so that two of
the three terms in eq.(113) are of the same order of ¢;, and are larger than the other term. The
first and third terms will balance if 1 — 2v = —v, that is, if v = 1. Another distinguished limit
is v = —1, for which value the second and third terms will balance. We consider each of these
limits separately.

First we set v = —1 in eq.(113), which gives

dz , d*x
— (1 =) == —— =0 t; = ot 114
( x )dtl + 60 dt% ) 1 €o ( )
Note that ¢ is slow time. Neglecting terms of O(e3), we get a first order d.e. which can be solved
by separation of variables:

1— 2
wdz =dty, = In|z|- % = 11 + constant (115)
x

The motion proceeds according to eq.(115) until it reaches z = £1 where the speed dz/dt; is
infinite. At this point the motion undergoes a jump, the dynamics of which are given by the
other distinguished limit, as follows. We set ¥ = 1 in eq.(113), and to avoid confusion of notation,
we use (y,t2) here in place of (x,t;)

d*y y? dy t

— =0, ty=— 116
dt3 (- )dtQ fealy = T a (116)
Note that t is fast time. Neglecting terms of O(e2), we get a second order d.e. which has the
following first integral:

d (dy y® dy y®
Z =0 = — — = = tant 117
dt2 <dt2 Y+ 3> s Y+ 5 = constan (117)

The second equation of (117) gives a flow along the y-line which represents a jump in the relax-
ation oscillation. We wish to choose the constant of integration so that y = 1 is an equilibrium
point of this flow, in which case the motion will proceed from y = 1 to some as yet unknown
second equilibrium point, which will determine the size of the jump. (The value y = 1 is obtained
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from the other distinguished limit, eq.(115), as described above.) For an equilibrium at y = 1,

we find
3

dy Yy 1 2
0=y — 5 + constant = 1 — 3 + constant = constant = -3 (118)

d_t2:

Using this value of the integration constant in eq.(117), we obtain

dy y3 2 1 )

2 - 2= _Z(y—=1 +2 119

i, V"3 3= 30 )(y+2) (119)
From (119) we see that the second equilibrium point lies at y = —2. Thus the jump goes from
y=1toy= —2. In a similar fashion we would find that a jump starting at y = —1 ends up at
y=2.

It remains to compute the period of the relaxation oscillation. Since t, is fast time and ¢ is
slow time, the time spent in making the jump is negligible compared to the time spent moving
according to the second equation in (115). That is, half the period is spent in going from z = 2

to x = 1 via eq.(115), then a nearly instantaneous jump occurs from x = 1 to x = —2, then the
other half of the period is spent in going from z = —2 to x = —1, again via eq.(115), and finally
another nearly instantaneous jump occurs from z = —1 to x = 2.
221 3
Half-period on ¢; time scale = lln |z| — 51 =5= In2 (120)
r=2

If we let T represent the period of the limit cycle on the original time scale ¢, we find
T=(3-2In2) e~ 1.614¢ (121)

Note that the period T" grows without bound as € — oo.

3.4 The van der Pol oscillator at Infinity

Poincare invented a scheme for examining the behavior of a flow on the phase plane “at infin-
ity”, that is, at large distances from the origin. The idea is to map the plane onto a sphere.
The sphere has unit radius and sits on the plane at *+ = y = 0. The mapping is achieved by
projecting from the center of the sphere. Note that this is in contrast to the Riemann sphere of
complex variables, where the projection is made from the north pole. In the case of Poincare’s
sphere, each point on the plane is mapped to two points on the sphere, and infinity on the plane
corresponds to the equator on the sphere. Because of the 1-to-2 nature of the map, we will be
interested in examining only the lower hemisphere.

Let the origin O of the x-y-z coordinate system lie at the sphere’s center with the z axis pointing
down towards the plane, and with the x and y directions parallel to those of the plane. A point
P located at (z,y) on the plane will have coordinates (x,y, 1) when viewed in three dimensions.

P=(x,y,1) (122)
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The vector OP will pierce the lower hemisphere at a point, call it P;. Since the vector OP; lies
along the vector O P, the former must be a multiple of the latter, giving

P =k (z,y,1) (123)

Here k& must be chosen so that the length of OP; is unity, giving k = \/ﬁ The resulting

expression for P is nasty:

T Y 1

P: ) )
1 (\/Z'2+y2+1 \/x2+y2+1 \/l'2+y2+1

) (124)

Since we are interested mainly in the nature of the motion at infinity, that is, in the neighbor-
hood of the equator of the sphere, Poincare came up with a scheme for simplifying the algebra
involved in the transformation. The idea is to project onto the plane x = 1 instead of projecting
onto the sphere. The plane x = 1 is tangent to the sphere at the point (1,0,0), and thus gives
a topologically consistent picture of the flow in the neighborhood of the equator, everywhere
except at points located near (0,1,0). The projection fails at “the ends of the y-axis”. To see
what is going on there, we use the same idea, but project onto the plane y = 1.

Let P, be the point at which the vector OP pierces the plane x = 1. As before we may write
P2 =k (.T,y,l) (125)

where this time k& must be chosen so that the x coordinate of P, is unity, that is, k = 1/x. This
gives: |
Y
PQ_(]_’.?Z"LIZ') (126)
Now we imagine a coordinate system located on the plane x = 1 with its origin at the point of
tangency with the sphere, (1,0,0), and with coordinates v and Z. Here v is directed parallel to
the y axis and Z is parallel to the z axis. Since no confusion results from identifying z with z,

we drop the tilde. Thus we are led to make the following transformation of coordinates

Y

-7 — 127
b=t o=l (127)

Substituting (127) into van der Pol’s equation,

dx dy
= LA 1 — 22 128
T AT Sl (128)

we obtain p o 2 ) p
v —ev+ z%(ev —v° — z

dv _ @z _ 129
dt 22 ! dt vz ( )

In order to avoid the singularity at z = 0, we reparametrize time by replacing ¢ with 7, where

ar — & (130)

22
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Using (130), eqs.(129) become:

d_v
dr

dz
= —ev + 2% (ev —v? — 1), — = v 131
v+ (e R (131)
Note that z = 0 is an exact solution to egs.(131). An algebraic equation between v and z
which satisfies both differential equations is called an invariant manifold. Flow on the invariant
manifold z = 0 (the line at infinity), is given by:

dv

- 132
dr v (132)

Thus for € > 0, trajectories move in towards v = z = 0 along z = 0. In order to determine

what happens in the neighborhood of v = z = 0 off the line z = 0, we look for another invariant

manifold in the form:
v=a12+ a2t + a2 +agst - (133)

Differentiating (133) with respect to 7, we obtain

dv dz
e = (a1 + 2a9z + 3azz® + 4a4z3) ar + (134)

Substituting (131) into (134) gives
—ev + 2 ev — v — 1) = (a1 + 2a92 + 3azz® + 4a423) (—vz) + - - (135)

Substituting (133) into (135) and collecting terms gives:

—earz — (1 + age)2® + (a; — az)ez’ +agez* +--- =0 (136)
Equating to zero the coefficient of 2" for n = 1,2,3,4,-- -, we obtain:
1 1
a; = O, a9 = ——, ag = O, ay = —— (137)
€ €

Substituting (137) into (133), we obtain the following expression for the invariant manifold:

v L (138)

In order to determine the flow on the invariant manifold (138), we substitute it into the second
of egs.(131):

dz  2° 27

Sz L4 139

dr € * € - (139)
Thus on the invariant manifold (138) the flow is away from the point v = z = 0, while on the
invariant manifold z = 0 we saw in eq.(132) that the flow was in towards v = z = 0. This permits

us to conclude that the equilibrium v = z = 0 on the line at infinity is a saddle.
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As mentioned above, the foregoing analysis is not valid at the ends of the y axis. To investigate
what happens there, we would repeat the above procedure for the transformation:

(140)

in which z and y have been interchanged and v has been replaced by u relative to the transfor-
mation (127). We omit this analysis here, but state that it reveals that the equilibrium point
u = z = 0 on the line at infinity is a source for € > 0. See “Perturbation Methods, Bifurcation
Theory and Computer Algebra” by R.Rand and D.Armbruster, Springer, 1987, pp.71-84, for a
complete treatment of this case.

In conclusion, we see that most trajectories coming from infinity approach the limit cycle in
the van der Pol oscillator from a direction along the x axis, i.e. along the invariant manifold
(138). Note that we have not assumed anything about the size of € in this section (in contrast
to assumptions made in previous sections of this Chapter).

3.5 Example

Consider the following generalization of van der Pol’s equation:

d*x dz\*\ dzx
I R A T I 141
az " 6( “ <ﬁ))cﬁ (141)

As parameters a and b are varied, this system exhibits a variety of phase portraits and behaviors
at infinity. As shown in the accompanying Figure, there are 6 different cases, numbered I through
VI. In cases II and VI some initial conditions escape to infinity, while others approach the stable
limit cycle. As we cross the boundary from region III to region II, a limit cycle is born out of a
closed loop consisting of 4 saddle-saddle connections bewteen points at infinity. See “Dynamics
of a System Exhibiting the Global Bifurcation of a Limit Cycle at Infinity” by W.L.Keith and
R.H.Rand, Int. J. Non-Linear Mechanics, 20:325-338 (1985), from which the Figure is taken.

3.6 Problems

Problem 3.1
A Degenerate Limit Cycle. This problem concerns the equation

d*x dx dz\> dz\*
ﬁ‘f‘l‘—i—ea(l—(a) +ﬁ<a>)—0

a. Use Lindstedt’s method including terms of O(€) to find # such that this equation exhibits a
degenerate (semistable, double root) limit cycle.



The global phase portrait for the Van der Pol equation. Here ¢ = 1.



d*z ) dz\?\ dz
W—i—x—e(l——aw —b(ﬁ) 7:0

The global phase portraits corresponding to the six regions ig parameter space, obtained from
numerical integration and stability analysis of the fixed points at.mﬁmty. Points lying in the shaded
regions come from and go to equilibria at infinity. Here ¢ = 0.1.
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b. Using this value of 3 and the initial conditions z(0) = A, 2£(0) = 0, continue Lindstedt’s
method to include terms of O(e?).

c. Using the results of parts a and b, continue Lindstedt’s method to include terms of O(e€?).
Something interesting happens at this order. What is this interesting thing, and what can you
do about it?

Hint: § = 4%.

Problem 3.2

How Many Limit Cycles? This problem concerns the equation

d%x dx dx dx 3
B 0035 — 4+2°—062°2—+01 (=] =0
T a " Ta T <dt>

We are interested in the number and location of any limit cycles which occur in this system.
Investigate this question as follows:

a. Use Lindstedt’s method including terms of O(e) with the following scaling:

2

d d d dz\’
d—£+x+e(0.35 d—f+10x3—6x2d—:§+<d—g§) ) =0,  where e=0.1

b. Continue Lindstedt’s method to include terms of O(€?).
c. Use first order averaging.

d. Use second order averaging.

e. Numerically integrate the differential equation.

Compare the number of limit cycles predicted by each of these approximate methods. If they do
not agree, explain why not.

Problem 3.3

Relaxation Oscillations. This problem concerns the equation

d2x+ (1+ 2) du 0 >> 1
— +T—¢€ T—2°) = = €
dt? dt ’
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a. Follow the procedure given in the section on relaxation oscillations to find the period and
amplitude of the limit cycle in this equation.

b. Confirm your result by comparing with numerical integration for e = 10.
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4 The Forced Duffing Oscillator

The differential equation ,

% +x+ ecz—i + eax® = €F cos wt (142)
is called the forced Duffing equation. It is used to model the forcing of a damped elastic struc-
ture when the displacements are sufficiently large to make nonlinear elastic effects significant.
In contrast to the unforced Duffing equation (35), eq.(142) is nonautonomous, that is, time ¢
explicitly appears in the equation in the coswt term. The phase plane is no longer a suitable
arena in which to investigate this equation since the vector field at a given point changes in
time, allowing a trajectory to return to that point and intersect itself. The system may be made

autonomous, however, by increasing its dimension by one:

dx

- = 143
a Y (143)
dy 3

o = ey —eox +eF cosz (144)
dz

- = 145

This system of three first order o.d.e.’s is defined on a phase space with topology R? x S, where
the circle S comes from the fact that the vector field of (143)-(145) is 27-periodic in 2.

A convenient scheme for viewing this three-dimensional flow in two dimensions is by way of a
Poincare map M. This map is generated by the flow’s intersection with a surface of section
¥ which may be taken as ¥ : z = 0 (mod 27). The Poincare map M : ¥ — ¥ is defined as
follows: Let p be a point on ¥, and using it as an initial condition for the flow (143)-(145), let the
resulting trajectory evolve in time until z = 27, that is until it once again intersects Y, this time
at some point q. Then M maps p to q. Note that a fixed point of the Poincare map corresponds
to a 2mw-periodic motion of the flow.

In the case of eqs.(143)-(145) when F' = 0, we could still use this setup, even though in that case
the system would be autonomous and the phase plane would be more appropriate. We use the
three dimensional space instead, in order to draw conclusions about the F' > 0 case from the
structure of the F' = 0 case. Thus when F' = 0, the equilibria that would normally lie in the
x-y phase plane, now become closed loops in the R? x S phase space, i.e. “periodic” orbits of
period 27. If we now allow F' to be non-zero, a continuity argument may be expected to yield
that each of these periodic orbits continues to persist, giving rise to the conclusion that for each
equilibrium point of the F' = 0 system, there is a 27 periodic motion of the F' > 0 system, at least
for small enough F. Such a periodic motion would be a limit cycle in the R? x S phase space,
and a fixed point in the Poincare map. The “continuity argument” is called structural stability
and offers conditions under which this story holds true. The equilibria in the autonomous system
must be hyperbolic, that is the linearized constant coefficient system valid in the neighborhood
of a given equilibrium point must have no eigenvalues with zero real part.
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4.1 Two Variable Expansion Method

In this section we use a perturbation method to investigate the dynamics of eq.(142) for small
values of e. We could use averaging for this purpose, but instead we use another method which is
equivalent to first order averaging. The idea of the method is that the expected form of solution
of many nonlinear vibration problems involves two time scales: the time scale of the periodic
motion itself, and a slower time scale which represents the approach to the periodic motion.
The method proposes to distinguish between these two time scales by associating a separate
independent (time-like) variable with each one. We will use the notation that £ represents
stretched time wt, and 7n represents slow time et:

§ =wt, n=et (146)

In order to substitute these definitions into the forced Duffing equation (142), we need expressions
for the first and second derivatives of x with respect to . We obtain these by using the chain
rule:

dv  Odrd§ Oxdn 83: ox

a _drds | gran ot 147
it ocdt Tonat Yo D (147)
d*x 82x 0w 82x
— =W +2 = 148
a2 Yo T o T o (148)
Substituting (147) and (148) into (142) gives the following partial differential equation:
w2@+2we O + 2@+x+ec w@—i—e% + eax® = eF cos ¢ (149)
Bl O£ on? o€ N
Next we expand z and w in power series:
x(gan):x0(€7n>+€xl(§a77)+7 w:1+k16+ (150)
Substituting (150) into (149) and neglecting terms of O(€?), gives, after collecting terms:
32.]70
gez T =0 (151)
821‘1 821'0 821‘0 8x0
= =2 — 2k —- F 152
e + 1 20 e 8§ — axy + Fcosé (152)

We take the general solution to eq.(151) in the form:

xo(§,m) = A(n) cos€ + B(n)sin& (153)

Note here that the “constants” of integration A, B are in fact arbitrary functions of slow time n
since (151) is a p.d.e. Substituting (153) into (152) and simplifying the resulting trig terms, we
obtain an equation of the form:

62171

+ 21 =(--+)sin& + (- - -) cos £ + nonresonant terms (154)
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For no resonant terms, we require the coefficients of sin ¢ and cos to vanish, giving the following
slow flow:

dA 3
zd—n +cA+ 2k B — Z@B(AQ +B*) = 0 (155)
B
2‘2— +cB — 2k A + ZozA(/P +B*) = F (156)
U

Equilibrium points of the slow flow (155),(156) correspond to periodic motions of the forced
Duffing equation (142). To determine them, set % and % to zero. Multiplying (155) by A and

adding it to (156) multiplied by B gives:
R?c = BF, where R? = A* + B? (157)

Similarly, multiplying (155) by B and subtracting it from (156) multiplied by A gives:
3
—2k1R* + ZozR4 = AF (158)

Squaring (157) and adding it to the square of (158) gives:
3 2
R? <02 + (—le 1 Z@R2> ) = [? (159)

Eq.(159) may be solved for k; which, with (150) gives the following relation between the response
amplitude R and the frequency w of the periodic motion:

3, 1 [F
w:l—i-geaR j:e§ ﬁ—CQ (160)

Note that if both the forcing F' and the damping ¢ are zero, then (160) gives w to be a single-
valued function of R. If ¢ = 0 but F' > 0, then (160) gives w to be a double-valued function of R
which is valid for every R. On the other hand if both F' > 0 and ¢ > 0, then (160) gives w to be
a double-valued function of R which, however, is only valid for R < F'/c.

The slow flow (155),(156) may also be used to determine the stability of these periodic motions
(which correspond to slow flow equilibria). We do so in the special case of zero damping. Setting
¢ =0in (155),(156) we obtain:

dA 3
— = —kB+ZaB(4*+ B® 161
n 1B+ aB(A™+ BY) (161)
dB 3 F
— = khA- AL+ B+ = 162
n 14—z (A*+ B%) + 5 (162)
Eqgs.(161),(162) have equilibria at
3 . F
B=0, A=+R, where ki =—-aR" F_— (163)

8 2R
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where we use the convention that R > 0. In order to determine the stability of these equilibria,
we set B =u and A = £R + v and linearize the resulting equations in u, v, giving:

dv 3 du 9
d_77 = <§04R2 — k1> u, d_77 = <—§OCRQ + k1> v (164)
From eqs.(164) we see that the equilibrium is a center if
3 o 9 o
<§aR - k1> <§ozR - I<;1> >0 (165)

If this same quantity is negative, the equilibrium is a saddle. Eq.(165) can be simplified by using
(163) to eliminate kq, giving that the equilibrium is a center if

F /3 F
+— —R2i—>>0 166
2R (40‘ 2R (166)
Now let’s consider each branch separately. For the upper sign, A = +R > 0 and condition (166)
is satisfied so that the equilibrium is a center. For the lower sign, A = —R < 0 and condition
(166) states that the equilibrium is a center if

3 F
SaR*—- — <0 167
1 TR T (167)

Eq.(167) can be simplified by using eq.(160), which in this case may be written

3 Fe
=1+ke=1+-caR?+ — 168
w=1tke=1+ceall® + o5 (168)
Differentiating (168) with respect to R, we obtain
dw 3 F

Comparison of (169) with (167) shows that the slow flow equilibrium point corresponding to the

w w
1 ign i (1 ill if — le if — )
ower sign in eqs.(163) will be a center i IR < 0, and a saddle i 1R >0

If we imagine the forcing frequency w to be varied quasistatically, then as it attains the value at

which % = 0, a saddle-node bifurcation occurs in which the saddle and center (which have been

shown to occur for parameters which satisfy eq.(168)) merge and disappear. The number of slow
flow equilibria will have changed from three to one, and a motion which was circulating around
the bifurcating center would now find itself circulating around the other center. If the system
included some damping, ¢ > 0, the centers would become stable spirals, and a motion which
had been close to the bifurcating spiral would, after the bifurcation, find itself approaching the
remaining spiral. This motion is known as jump phenomenon. Before the bifurcation, each of
the stable spirals had its own basin of attraction, that is, its own set of initial conditions which
would approach it as t — oo. As the bifurcation occurs, the basin of attraction of the bifurcating
spiral disappears along with the spiral itself, and a motion originally in that basin of attraction
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now finds itself in the basin of attraction of the remaining spiral. If the forcing frequency were
now to reverse its course (again quasistatically), the bifurcation would occur in reverse and the
saddle and spiral pair would be reborn, and with them the basin of attraction of the spiral
would reappear. However, now the motion which was originally in the basin of attraction of the
bifurcating spiral has been relocated into the basin of attraction of the other spiral, where it
remains. When the value of w has returned to its original value, the motion in question will have
moved from one basin of attraction to the other. This process is called hysteresis.

4.2 Cusp Catastrophe

The cusp catastrophe is a convenient way of describing a bifurcation sequence which occurs in
many problems, including the forced undamped Duffing equation. Using the condition derived
in the preceding section for equilibria of the slow flow (161),(162) in the case of no damping,
¢ =0, we write eq.(163) in the form:

k= gaAQ — % (170)
Rearranging terms in (170) gives o .
3—OjA 2 = A® (171)
which may be put into the standard form for the cusp catastrophe surface:
MX 4+ =XP (172)
where Shy AR
AL = 3o Ao = e X=A (173)

Note that the symbol X is a parameter here, unrelated to x in eq.(142). The intersection of
the surface (172) with a plane Ay =constant is, in general, a pair of curves. This intersection is
singular for Ay = 0, however, and the resulting curve is called a pitchfork.

The cusp in the cusp catastrophe comes about by asking for the curve in the A\;-Ay plane which
separates those points which have 3 real X values from those which have only 1. At such points
eq.(172) will have a double root giving a total of 2 distinct real X values. The condition for a
double root is that the partial derivative of (172) with respect to X must vanish, giving:

A\ = 3X?2 (174)
Eliminating X between eqs.(174) and (172) gives the result:
N
By
3 2

Solving for A, we get a 2/3 power law cusp.
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4.3 Problems

Problem 4.1
Subharmonic Resonance. We studied the forced Duffing oscillator in the form:

d? d
d—tf + x4+ ecd—f + eax® = eF coswt, e<<1 (176)

This problem concerns what happens if the forcing is not small (sometimes called “hard excita-
tion”):

d? d
d_;+x+ecd—f+e@x3 = F coswt, e<<1 (177)

Note that for small €, eq.(177) involves perturbing off of the forced harmonic oscillator, whereas
eq.(176) perturbs off of the free harmonic oscillator.

Use the two variable expansion method on eq.(177) to show that to O(e), the only resonant
parameter values for w are w = 1, 3 and 1/3.

Then investigate the excitation of 3:1 subharmonics by setting

w =3+ ke, where k; is a detuning parameter. (178)

Proceed as in the text to obtain a slow flow on the z( coefficients A(n) and B(n). Then transform
to polar coordinates via A(n) = R(n)cos@(n) and B(n) = R(n)sinf(n). Look for equilibria of
the resulting slow flow, since these correspond to 3:1 subharmonics. Use the identity

sin® 36 + cos?30 = 1

to eliminate 6 in order to find a relation between R? and the parameters o, ¢, F and k; on a 3:1
subharmonic. For parameters a = ¢ = F' = 1, solve for k; and plot R versus k;.
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5 The Forced van der Pol Oscillator

The differential equation

d*x dx

—— 42 —€(l —a®)— = eFcoswt 179

T T e )y =€ (179)
is called the forced van der Pol equation. It is a model for situations in which a system which
is capable of self-oscillation is acted upon by another oscillator, in this case represented by the

el coswt term.

When a damped Duffing-type oscillator is driven with a periodic forcing function, we have seen
that the result may be a periodic response at the same frequency as the forcing function. Since
the unforced oscillation is dissipated due to the damping, we are not surprised to find that it
is absent from the steady state forced behavior. In the case of a periodically forced limit cycle
oscillator, however, we may expect that the steady state forced response might include both the
unforced limit cycle oscillation as well as a response at the forcing frequency. If, however, the
forcing is strong enough, and the frequency difference between the unforced limit cycle oscillation
and the forcing function is small enough, then it may happen that the response occurs only at
the forcing frequency. In this case the unforced oscillation is said to have been quenched, the
forcing function is said to have entrained or enslaved the limit cycle oscillator, and the system is
said to be phase-locked or frequency-locked, or just simply locked.

A biological application involves the human sleep-wake cycle, in which a person’s biological clock
is modeled by a van der Pol oscillator, and the daily night-day cycle caused by the earth’s rotation
is modeled as a periodic forcing term. Experiments have shown that the limit cycle of a person’s
biological clock typically has a period which is slightly different than 24 hours. Normal sleep
patterns correspond to the entrainment of a person’s biological clock by the 24 hour night-day
forcing cycle. Insomnia and other sleep disorders may result if the limit cycle of the biological
clock is not quenched, in which case we may expect a quasiperiodic response composed of both
the limit cycle and forcing frequencies.

5.1 Entrainment

In this section we will use the two variable expansion method to derive a slow flow system which
describes the dynamics of eq.(179) for small e. We replace time ¢ by £ = wt and n = €t, giving

0w 0%z 0%z or Oz
2 2 2
wa—éﬂ+2we8§8n+e 8—7]2+I_6(1_x)<w8_§+68_77>:€FCOS§ (180)
Next we expand z and w in power series:
x(fan):flfo(fan)"‘@l(fﬂ?)"‘: w:1+k16+ (181)

Note that the second of eqgs.(181) means that we are restricting the following discussion to cases
where the forcing frequency is nearly equal to the unforced limit cycle frequency, which is called
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1:1 resonance. Substituting (181) into (180) and neglecting terms of O(€?), gives, after collecting
terms:

e t2z0 = 0 (182)
821'1 821'0 821'0 8x0
= 2= 2%+ (1—ad)—r + F 183
a£2 —+ x4 agan 1852 +( ZEO) a£ + COSf ( )
We take the general solution to eq.(182) in the form:
zo(§,m) = A(n) cos§ + B(n) sin§ (184)
Removing resonant terms, we obtain the following slow flow:
dA A
2— = —2lsB+A-——(4*+ B’ 1
n 15+ 1 (A*+ B*) (185)
dB B
2—— = 2k1A+B—Z(A2+BQ)+F (186)
n

Eqgs.(185),(186) can be simplified by using polar coordinates p and 6 in the A-B slow flow phase

plane:
A=pcosf, B=psinf (187)

which produces the following expression for zg, from (184):
0(§,m) = p(n) cos(€ — 0(n)) (183)

Substituting (187) into (185),(186) gives:

dp_ p o, F o
il §(4—p)+551n0 (189)
do F
— = ki1 + —-cosf 190
a 1+ 5 cos (190)
We seek equilibrium points of the slow flow (189),(190). These represent locked periodic motions
dp do
of (179). Setting d—p:d—zo, solving for sin # and cos# and using sin® f + cos? § = 1, we obtain
noan
9\ 2
F2 =) (1 - %) + 4k7p? (191)
Expanding eq.(191),
w_w, (4k2 + 1)u— F2 =0 (192)
16 2 P e =

where we have set u = p? in order to simplify the algebraic expressions. Eq.(192) is a cubic
polynomial in u, and application of Descartes’ Rule of Signs gives, in view of its 3 sign changes,
that it has either 3 positive roots, or 1 positive and two complex roots. The transition between
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these two cases occurs when there is a repeated root, and the condition for this transition is that
the partial derivative of (192) should vanish, which gives

3 2
%—u+1+4kf:0 (193)

1
Eliminating u between egs.(193) and (192), we obtain:

o F? 16
— — —(1+36k3) + >

2 2\2 __
= K2(1+ 4k = 0 (194)

Eq.(194) plots as two curves meeting at a cusp in the kj-F plane. As one of these curves is
traversed quasistatically, a saddle-node bifurcation occurs. At the cusp, a further degeneracy
occurs and there is a triply repeated root. The condition for this is that the partial derivative of
(193) should vanish, which gives

——=1=0 195
- (195)

8
Substituting u = 3 into (193) and (192) gives the location of the cusp as:

1 32
ki1 = — ~ 0.288, F =4/ ~1.088 196

Before we can conclude that the perturbation analysis predicts that the forced van der Pol
equation (179) supports entrainment, we must investigate the stability of the slow flow equilibria.
Let (po, 6p) be an equilibrium solution of eqs.(189),(190). To determine its stability, we set

p=po+u, 0=0y+w (197)

where v and w are small deviations from equilibrium. Substituting (197) into (189),(190) and
linearizing in v and w gives the constant coefficient system:

dv v 3 F

o = 3 —gpgv+§cosé’0 w (198)
d F F

_w — _—2(30590 v — —SiH@o w (199)
dn 205 2p0

Eqgs.(198),(199) may be simplified by using the following expressions from (189),(190) at equilib-
rium:

F . 3 F
- sin 0y = —% + %, 3 cos 0o = —kipo (200)
Thus stability is determined by the eigenvalues of the following matrix M:
1 3
9 gpﬁ —k1po
M= ke 11 (201)

k1 119
P 9 8P0
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The trace and determinant of M are given by:

2

1 3 1 1
w(M)=1- 2, det(M) = <—§ 4 ép(2)> <—§ + ép(2)> bR (202)

The eigenvalues A of M satisfy the characteristic equation:
N —tr(M) A+ det(M) =0 (203)

For stability, the eigenvalues of M must have negative real parts. This requires that tr(M) < 0
and det(M) > 0, which become, using the notation u = p2:

tr(M) =1— Yo det(M) = 1 (3—”2 —u+1—|—4l<;2> >0 (204)
- 2 ’ T4\ 16 !

Comparison of this expression for det(M) and eq.(193) shows that det(M) vanishes on the curves
(194) along which there are saddle-node bifurcations. This illustrates a very typical phenomenon
that characterizes nonlinear vibrations, namely that a change in stability is accompanied by a
bifurcation. (This is not true of linear systems, in which a change in stability cannot be accom-
panied by a bifurcation.)

The condition (204) on the trace(M) requires that u > 2 for stability. Substituting v = 2 in

(192), we obtain

1
F? = 5+ 8k7 (205)

Hopf bifurcations occur along the curve represented by eq.(205) (assuming det(M) > 0).

This curve (205) intersects the lower curve of saddle-node bifurcations, eq.(194), at a point we
shall refer to as point P, and it intersects and is tangent to the upper curve of saddle-node
bifurcations at a point we shall refer to as point Q:

5 3 1 5
P:k1:%%0.279, F=-"_~1060, Q:k =-=025 F=——~00962 (206)

NE 4 var

It turns out that the perturbation analysis predicts that the forced van der Pol equation (179)
exhibits stable entrainment solutions everywhere in the first quadrant of the ki-F parameter
plane ezcept in that region bounded by (i) the lower curve of saddle-node bifurcations, eq.(194),
from the origin to the point P, (ii) the curve of Hopf bifurcations, eq.(205), from point P to
infinity, and (iii) the k; axis. In physical terms this means that for a given detuning ki, there is
a minimum value of forcing F' required in order for entrainment to occur. Moreover, as the de-
tuning k; gets larger, entrainment requires a larger forcing amplitude F. Also note that since k;
always appears in the form &% in the equations of the bifurcation and stability curves, the above
conclusions are invariant under a change of sign of k;, that is, they are independent of whether
we are above or below the 1:1 resonance. (See “Nonlinear Oscillations, Dynamical Systems, and
Bifurcations of Vector Fields” by J.Guckenheimer and P.Holmes, Springer Verlag, 1983, pp.70-74
for a more detailed analysis of the bifurcations involved in this problem.)
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6 Mathieu’s Equation

The differential equation

d*x

— + (0 +e€cost) =0 207

—— ) (207)
is called Mathieu’s equation. It is a linear differential equation with variable (periodic) coeffi-
cients. It commonly occurs in nonlinear vibration problems in two different ways: (i) in systems
in which there is periodic forcing, and (ii) in stability studies of periodic motions in nonlinear

autonomous systems.

As an example of (i), take the case of a pendulum whose support is periodically forced in a
vertical direction. The governing differential equation is

d? Aw?
d—tf + (% — Tw coswt) sinz =0 (208)
where the vertical motion of the support is A coswt, and where g is the acceleration of gravity,
L is the pendulum’s length, and z is its angle of deflection. In order to investigate the stability
of one of the equilibrium solutions z = 0 or x = 7, we would linearize (208) about the desired
equilibrium, giving, after suitable rescaling of time, an equation of the form of (207).

As an example of (ii), we consider a system known as “the particle in the plane”. This consists
of a particle of unit mass which is constrained to move in the z-y plane, and is restrained by two
linear springs, each with spring constant of % The anchor points of the two springs are located
on the z axis at x = 1 and x = —1. Each of the two springs has unstretched length L. This
autonomous two degree of freedom system exhibits an exact solution corresponding to a mode
of vibration in which the particle moves along the z axis:

x=Acost, y=0 (209)

In order to determine the stability of this motion, one must first derive the equations of motion,
then substitute x = Acost+wu, y =0+ v, where u and v are small deviations from the motion
(209), and then linearize in u and v. The result is two linear differential equations on u and wv.
The u equation turns out to be the simple harmonic oscillator, and cannot produce instability.
The v equation is:

d*v N 1-L—A%cos®t) 0 (210)
dt? 1- A2cos?t )
Expanding (210) for small A and setting 7 = 2t, we obtain
v (220 AL A’L ,
2 < i - cosT + O(A )>v:0 (211)
2 — 2L — A%L AL
which is, to O(A*%), in the form of Mathieu’s eq.(207) with ¢ = — and € = -

The chief concern with regard to Mathieu’s equation is whether or not all solutions are bounded
for given values of the parameters ¢ and e. If all solutions are bounded then the corresponding
point in the Jd-¢ parameter plane is said to be stable. A point is called unstable if an unbounded
solution exists.
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6.1 Perturbations

In this section we will use the two variable expansion method to look for a general solution to
Mathieu’s eq.(207) for small e. Since (207) is linear, there is no need to stretch time, and we set
¢ =t and n = et, giving

0P Px 0%

a§2+2€a§an+ean2+(6+ecos§)x:0 (212)

Next we expand x in a power series:

z(&,m) = zo(&m) + exa(&m) + - (213)
Substituting (213) into (207) and neglecting terms of O(€?), gives, after collecting terms:
821'0
D 0P
6521—1—5:1:1 = _2856;)7_%0085 (215)
We take the general solution to eq.(214) in the form:
20(&;m) = A(n) cos V6 & + B(n) sin V6 & (216)

Substituting (216) into (215), we obtain

2
(9x1+5x1 = Qﬁ%sin\/gé—%/g@cos\/g{
0€? dn dn

—Acos Vb Ecosé — Bsin Vo Ecosé (217)

Using some trig identities, this becomes

2
ax1+5l‘1 = Qﬁ%sin\/gé—%/g@cosﬂé
9¢? dn dn

2 (cos(VE + 1) +cos(VE — 1)e)

B
—5 (sin(v6 + 1)¢ +sin(Vo — 1)¢) (218)
For a general value of d, removal of resonance terms gives the trivial slow flow:
dA dB
20 — =0 219

This means that for general d, the cost driving term in Mathieu’s eq.(207) has no effect. However,
if we choose 0 = 1, eq.(218) becomes
Px, 1 dA . & dB £

+—-2 = ——sSIn_- — ——COS<

oe2 ' 4

B (sin % sin §) (220)
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Now removal of resonance terms gives the slow flow:

dA B dB A ’A A
(aa__z2  B__4 4, 42 (221)
dn 2 dn 2 dn? 4

Thus A(n) and B(n) involve exponential growth, and the parameter value § = 1 causes insta-

bility. This corresponds to a 2:1 subharmonic resonance in which the driving frequency is twice
the natural frequency.

This discussion may be generalized by “detuning” the resonance, that is, by expanding ¢ in a
power series in €:

1
5:Z+6le+5262+--- (222)
Now eq.(215) gets an additional term:

6233'1 1 823:0
pez T 1T T TPggey T T0eE T =

which results in the following additional terms in the slow flow eqs.(221):

dA 1 dB 1 PA [, 1

1
Here we see that A(n) and B(n) will be sine and cosine functions of slow time 7 if §7 — 1> 0,

1 1
that is, if either §; > 5 or 01 < —3 Thus the following two curves in the d-¢ plane represent

stability changes, and are called transition curves:

1 € 9
(5—4i2+0(6) (225)
These two curves emanate from the point § = i on the ¢ axis and define a region of instability
called a tongue. Inside the tongue, for small €, = grows exponentially in time. Outside the
tongue, from (216) and (224), z is the sum of terms each of which is the product of two periodic
(sinusoidal) functions with generally incommensurate frequencies, that is, = is a quasiperiodic
function of ¢.

6.2 Floquet Theory

In this section we present Floquet theory, that is, the general theory of linear differential equa-
tions with periodic coefficients. Our goal is to apply this theory to Mathieu’s equation (207).

Let  be an n x 1 column vector, and let A be an n xn matrix with time-varying coefficients which
have period T'. Floquet theory is concerned with the following system of first order differential
equations:

dv

=AM AHT) = A®) (226)
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Notice that if the independent variable ¢ is replaced by ¢+ 7', the system (226) remains invariant.
This means that if z(¢) is a solution (vector) of (226), and if in the vector function x(t), ¢ is
replaced everywhere by ¢ + 7', then new vector, z(t + T'), which in general will be completely
different from z(t), is also a solution of (226). This observation may be stated conveniently in
terms of fundamental solution matrices.

Let X (t) be a fundamental solution matrix of (226). X (¢) is then an n x n matrix, with each of
its columns consisting of a linearly independent solution vector of (226). In particular, we choose
the i"" column vector to satisfy an initial condition for which each of the scalar components of
x(0) is zero, except for the it" scalar component of z(0), which is unity. This gives X (0) = I,
where [ is the n x n identity matrix. Since the columns of X (¢) are linearly independent, they
form a basis for the n-dimensional solution space of (226), and thus any other fundamental so-
lution matrix Z(t) may be written in the form Z(t) = X (¢) C, where C is a nonsingular n x n
matrix. This means that each of the columns of Z(t) may be written as a linear combination of
the columns of X (7).

From our previous observations, replacing ¢ by t+7 in X (¢) produces a new fundamental solution
matrix X (¢ 4+ 7). Each of the columns of X (¢ 4+ T') may be written as a linear combination of
the columns of X (), so that

Xt+T)=X(t) C (227)
Note that at t = 0, (227) becomes X (T') = X(0)C = IC = C, that is,
C = X(T) (228)

Eq.(228) says that the matrix C' (about which we know nothing up to now) is in fact equal to
the value of the fundamental solution matrix X (¢) evaluated at time 7', that is, after one forcing
period. Thus C could be obtained by numerically integrating (226) from ¢t = 0 to t = T, n times,
once for each of the n initial conditions satisfied by the i column of X (0).

Eq.(227) is a key equation here. It has replaced the original system of o.d.e.’s with an iterative
equation. For example, if we were to consider eq.(227) for the set of ¢ values t = 0,7, 27,37, - - -,
we would be generating the successive iterates of a Poincare map corresponding to the surface
of section ¥ : ¢ = 0 (mod27). This immediately gives the result that X (nT) = C™, which shows
that the question of the boundedness of solutions is intimately connected to the matrix C'.

In order to solve eq.(227), we transform to normal coordinates. Let Y (¢) be another fundamental
solution matrix, as yet unknown. Each of the columns of Y (#) may be written as a linear
combination of the columns of X (¢):

Y(t)=X(1) R (229)

where R is an as yet unknown n x n nonsingular matrix. Combining eqs.(227) and (229), we

obtain
Yt+T)=Y(t) R'CR (230)

Now let us suppose that the matrix C' has n linearly independent eigenvectors. If we choose
the columns of R as these n eigenvectors, then the matrix product R~!C'R will be a diagonal
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matrix with the eigenvalues ); of C' on its main diagonal. With R~*C'R diagonal, the matrix Y (¢)
satisfying (230) will also be diagonal. This can be shown by construction: Let y;(t) represent
the " scalar component on the main diagonal of Y (t). Then assuming Y (¢) is diagonal, (230)
can be written:

yi(t+T) = N yi(t) (231)
Eq.(231) is a linear functional equation. Let us look for a solution to it in the form
vilt) = N pi(t) (232)

where £ is an unknown constant and p;(¢) is an unknown function. Substituting (232) into (231)
gives:
pilt+T) = N pilt +T) = MO pil) = X wi(?) (233)

Eq.(233) is satisfied if we take k = 1/T and p;(t) a periodic function of period T

yi(t) = /\E/T pi(t), pi(t +T) = pi(t) (234)

Here eq.(234) is the general solution to eq.(231). The arbitrary periodic function p;(t) plays the
same role here that an arbitrary constant plays in the case of a linear first order o.d.e.

Since we are interested in the question of boundedness of solutions, we can see from eq.(234)
that if |A\;] > 1, then y; — 0o as t — oo, whereas if |\;| < 1, then y; — 0 as t — oo. Thus we
see that the original system (226) will be stable (all solutions bounded) if every eigenvalue \;
of C' = X(T') has modulus less than unity. If any one eigenvalue \; has modulus greater than
unity, then (226) will be unstable (an unbounded solution exists).

Note that our assumption that C' has n linearly independent eigenvectors could be relaxed,
in which case we would have to deal with Jordan canonical form. The reader is referred to
“Asymptotic Behavior and Stability Problems in Ordinary Differential Equations” by L.Cesari,
Springer Verlag, 1963, section 4.1 for a complete discussion of this case.

6.3 Hill’s Equation

In this section we apply Floquet theory to a generalization of Mathieu’s equation (207), called
Hill’s equation:

— + f(t) z =0, ft+T)=f(t) (235)

Here x and f are scalars, and f(t) represents a general periodic function with period T'. Eq.(235)
includes examples such as eq.(210).

d
We begin by defining z; = x and z5 = d—f so that (235) can be written as a system of two first

iln) =l s o [n] (236)

order o.d.e.’s:
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Next we construct a fundamental solution matrix out of two solution vectors, [ i“g; ] and
12

l 21 (t)

, which satisfy the initial conditions:
T2 (t)

=011 (=810 -

As we saw in the previous section, the matrix C' is the evaluation of the fundamental solution

matrix at time 7"
o= 00 ) =

From Floquet theory we know that stability is determined by the eigenvalues of C"
A — (trC)\ + detC = 0 (239)

where trC' and detC' are the trace and determinant of C'. Now Hill’s eq.(235) has the special
property that detC'=1. This may be shown by defining W (the Wronskian) as:

W(t) =detC = ZEH(t) ZEQQ(t) - l‘lg(t) T21 (t) (240)

Taking the time derivative of W and using eq.(236) gives that 7 0, which implies that
W (t) = constant = W (0) = 1. Thus eq.(239) can be written:

M — (trO)A+1=0 (241)

which has the solution:
B trC £ VtrC? — 4
N 2

Floquet theory showed that instability results if either eigenvalue has modulus larger than unity.

A

(242)

Thus if |[trC| > 2, then (242) gives real roots. But the product of the roots is unity, so if one
root has modulus less than unity, the other has modulus greater than unity, with the result that
this case is UNSTABLE and corresponds to exponential growth in time.

On the other hand, if |trC| < 2, then (242) gives a pair of complex conjugate roots. But since
their product must be unity, they must both lie on the unit circle, with the result that this case
is STABLE. Note that the stability here is neutral stability not asymptotic stability, since Hill’s
eq.(235) has no damping. This case corresponds to quasiperiodic behavior in time.

Thus the transition from stable to unstable corresponds to those parameter values which give
[trC| = 2. From (242), if trC' = 2 then A = 1,1, and from eq.(234) this corresponds to a periodic
solution with period 7. On the other hand, if trC' = —2 then A = —1, —1, and from eq.(234) this
corresponds to a periodic solution with period 27°. This gives the important result that on the
transition curves in parameter space between stable and unstable, there exist periodic motions of
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period T or 2T.

The theory presented in this section can be used as a practical numerical procedure for deter-
mining stability of a Hill’s equation. Begin by numerically integrating the o.d.e. for the two
initial conditions (237). Carry each numerical integration out to time ¢ = 7" and so obtain
trC' = x11(T) + x92(T"). Then |trC| > 2 is unstable, while |trC'| < 2 is stable. Note that this
approach allows you to draw conclusions about large time behavior after numerically integrating
for only one forcing period. Without Floquet theory you would have to numerically integrate out
to large time in order to determine if a solution was growing unbounded, especially for systems
which are close to a transition curve, in which case the asymptotic growth is very slow.

The reader is referred to “Nonlinear Vibrations in Mechanical and Electrical Systems” by J.Stoker,
Wiley, 1950, Chapter 6, for a brief treatment of Floquet theory and Hill’s equation. See “Hill’s
Equation” by W.Magnus and S.Winkler, Dover, 1979 for a complete treatment.

6.4 Harmonic Balance

In this section we apply Floquet theory to Mathieu’s equation (207). Since the period of the
forcing function in (207) is T' = 2w, we may apply the result obtained in the previous section to
conclude that on the transition curves in the d-e¢ parameter plane there exist solutions of period
27 or 4. This motivates us to look for such a solution in the form of a Fourier series:

[e.e]
z(t) = aycos nt + by, sin nt (243)

o 2 2
This series represents a general periodic function with period 47, and includes functions with
period 27 as a special case (when a,qq and b,gq are zero). Substituting (243) into Mathieu’s
equation (207), simplifying the trig and collecting terms (a procedure called harmonic balance)
gives four sets of algebraic equations on the coefficients a,, and b,. Each set deals exclusively
With Gepen, bevens Qodq and bogq, respectively. Each set is homogeneous and of infinite order, so for
a nontrivial solution the determinants must vanish. This gives four infinite determinants (called
Hill’s determinants):

5 /2 0 0
e d—1 €¢/2 0

Gepen, - 0 6/2 5 —4 6/2 =0 (244)
5—1 €2 0 0
_ /2 o0—4 €/2 0 B
beven : 0  €¢/2 6-9 ¢/2 =0 (245)
S—1/4+¢/2  ¢/2 0 0
€/2 d—9/4 €/2 0 _0 (246)

Godd * 0 /2  5—25/4 €/2
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d—1/4—¢/2  €/2 0 0
. €/2 d—9/4 €/2 0 B
boa 0 €/2  6—25/4 €/2 =0 (247)

In all four determinants the typical row is of the form:
0 €2 66-—n*/4 €2 0

(except for the first one or two rows).

Each of these four determinants represents a functional relationship between ¢ and e, which plots
as a set of transition curves in the d-¢ plane. By setting ¢ = 0 in these determinants it is easy
to see where the associated curves intersect the d axis. The transition curves obtained from the
Qepen, AN beyen, determinants intersect the ¢ axis at § = n?, n = 0,1,2, - - -, while those obtained
2n +1)?

g, n=20,1,2,---. For

4
e > 0, each of these points on the  axis gives rise to two transition curves, one coming from

the associated a determinant, and the other from the b determinant. Thus there is a tongue of
instability emanating from each of the following points on the ¢ axis:

from the a,qq and b,qy determinants intersect the ¢ axis at d =

b= n=0,1,23,-- (248)

The n = 0 case is an exception as only one transition curve emanates from it, as a comparison
of eq.(244) with eq.(245) will show.

Note that the transition curves (225) found earlier in this Chapter by using the two variable
expansion method correspond to n = 1 in eq.(248). Why did the perturbation method miss the
other tongues of instability? It was because we truncated the perturbation method, neglecting
terms of O(€?). The other tongues of instability turn out to emerge at higher order truncations
in the various perturbation methods (two variable expansion, averaging, Lie transforms, nor-
mal forms, even regular perturbations). In all cases these methods deliver an expression for a
particular transition curve in the form of a power series expansion:

2
5:%+5le+5262+~-- (249)
As an alternative method of obtaining such an expansion, we can simply substitute (249) into any
of the determinants (244)-(247) and collect terms, in order to obtain values for the coefficients
;. As an example, let us substitute (249) for n = 1 into the a,q¢ determinant (246). Expanding
a 3 x 3 truncation of (246), we get (using computer algebra):
e 0t 132 5%e  1Tde  225¢ 3502 2594 225

3
i 2
5 2 T8 T s R TR (250)

Substituting (249) with n = 1 into (250) and collecting terms gives:

2405 — 16 0,2 — 81 + 3) €2
( )

(126, 4+ 6) e+ 5

e (251)
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Requiring the coefficients of € and €? in (251) to vanish gives:

1 1
P N 252
1 5’ 2 3 (252)

This process can be continued to any order of truncation. Here are the expansions of the first
few transition curves:

5= € n 7€t 2968 n 68687¢> 123707 €'° . 8022167579 €' . (253)
2 32 144 294912 409600 19110297600

5 — 1 € €2+ €3 et 11€5+ 49 6 55 €’ 83 8
42 8 32 384 4608 @ 36864 294912 552960

12121 ¢° 114299 €!° 192151 €' 83513957 ¢!?

_ _ 254
+117964800 6370099200 15288238080 + 8561413324800 + (254)
5 — 1+e €2 €3 et +11€5+ 49 €8 n 55 €’ 83 8
42 8 32 384 4608 36864 294912 552960
12121 €° 114299 10 n 192151 €'t . 83513957 €2 (255)
117964800 6370099200 = 15288238080 8561413324800
€2 5¢t 289 €8 21391 €®
6 = 1——+ — +
12 3456 4976640 7166361600
2499767 €0 1046070973 €'2
— + + .- (256)
14447384985600  97086427103232000
P 5_62 763 ¢t n 1002401 €5 1669068401 €8
- 12 3456 4976640 7166361600
4363384401463 €' 40755179450909507 €'2
— 4+ (257)

14447384985600 97086427103232000

6.5 Effect of Damping

In this section we investigate the effect that damping has on the transition curves of Mathieu’s
equation by applying the two variable expansion method to the following equation, known as the

damped Mathieu equation:

d? d
d—g—l—cd—f—l—(éjLecost)x:O (258)

In order to facilitate the perturbation method, we scale the damping coefficient ¢ to be O(e):

c=€u (259)
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We can use the same setup that we did earlier in this Chapter, whereupon eq.(212) becomes:

0%x Px 0% (83: Ox
+ eu —

+ € a_§+687]

e 268§8n+ P )+(5—|—ecos§)x=0 (260)

Now we expand z as in eq.(213) and § as in eq.(222), and we find that eq.(223) gets an additional
term:

Pry 1 0%x Jxo

Spy=—222 — d1xg — p—n 261

oe + 1 1 D€0m T cos§ 1To — M ¢ (261)
which results in two additional terms appearing in the slow flow eqs.(224):
dA 1 1 dB 1 1

Yy 5 — - | B — =—(5H+=-)A—-=8B 262

dn 2 +'( ! 2) ’ dn ( 1+‘2> 2 (262)

Eqgs.(262) are a linear constant coefficient system which may be solved by assuming a solution
in the form A(n) = Agexp(An), B(n) = Byexp(An). For nontrivial constants Ay and By, the
following determinant must vanish:

—L_X —1+4 1
-0 = A:—gi 0t + 5 (263)
IS R

2

For the transition between stable and unstable, we set A = 0, giving the following value for ¢;:

1= 2
&:i—ﬁﬁ— (264)
This gives the following expressions for the n = 1 transition curves:
1 1 — p?
5:Zie—3li+0@% (265)

Thus the perturbation method predicts that in the presence of damping, the instability region
continues to emanate from the point § = i on the ¢ axis, but that it gets smaller as p increases,
until p = 1, after which it disappears completely. This does not agree with the results of numer-
ical integration for fized values of the damping constant c in eq.(258)!

Nevertheless, we can obtain the correct numerically observed behavior from eq.(265) by writing

it in the form:
1 Ve _ 2
5=Zi—i§ii+0@% (266)

where we have used the fact that ¢ = eu from (259). Eq.(266) predicts that for a given value of ¢
there is a minimum value of € which is required for instability to occur. The n = 1 tongue, which
for ¢ = 0 emanates from the 0 axis, becomes detached from the ¢ axis for ¢ > 0. This prediction
is verified by numerically integrating eq.(258) for fixed ¢, while § and € are permitted to vary.
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6.6 Effect of Nonlinearity

In the previous sections of this Chapter we have seen how unbounded solutions to Mathieu’s
equation (207) can result from resonances between the forcing frequency and the oscillator’s
unforced natural frequency. However, real physical systems do not exhibit unbounded behavior.
The difference lies in the fact that the Mathieu equation is linear. The effects of nonlinearity
can be explained as follows: as the resonance causes the amplitude of the motion to increase, the
relation between period and amplitude (which is a characteristic effect of nonlinearity) causes
the resonance to detune, decreasing its tendency to produce large motions.

A more realistic model can be obtained by including nonlinear terms in the Mathieu equation.
For example, in the case of the vertically driven pendulum, eq.(208), if we expand sinzx in a
Taylor series, we get:

d*x g Aw? x3
Now if we rescale time by 7 = wt and set § = I ande= —, we get:
w2L L
d2 3
d—7§+(5—€COST)<x_%+"'>:O (268)

Next, if we scale x by z = y/e y and neglect terms of O(e?), we get:

d?y § )
— 4+ (0 —€cosT)y —e=y> +O0(e") =0 (269)
dr? 6
Motivated by this example, in this section we study the following nonlinear Mathieu equation:
d*x 3
W+(5+ecost)x+eowc =0 (270)

We once again use the two variable expansion method to treat this equation. Using the same
setup that we did earlier in this Chapter, eq.(212) becomes:

0P Pr 0% 5

8—52—}-26353774-6 8—772+(5+ecos§)x+eozx =0 (271)
We expand z as in eq.(213) and § as in eq.(222), and we find that eq.(223) gets an additional
term:

DPry 1 0%x
3521 + 10 = —QW(;? — zpcos € — 6120 — QT (272)
where zq is of the form:
ro(6,m) = Aln) cos 5+ Bln)sin s (273

Removal of resonant terms in (272) results in the appearance of some additional cubic terms in
the slow flow eqs.(224):

d _ <51 - l) B+ ?’—O‘B(A2 + B?), B

L N o 3o o oo
i y g 0= <51+2>A Sa LB 1y
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In order to more easily work with the slow flow (274), we transform to polar coordinates in the
A-B phase plane:
A= R cos0, B =R sind (275)

Note that eqs.(275) and (273) give the following alternate expression for zg:

au(en) = Rmyeos (§ - ) (276)
Substitution of (275) into the slow flow (274) gives:
dR R do cos20  3a
S 2 g9 @w s _ 9% 9
dn 9 S 9, d77 51 9 A R ( 77)

We seek equilibria of the slow flow (277). From (276), a solution in which R and 6 are constant
in slow time 7 represents a periodic motion of the nonlinear Mathieu equation (270) which has
one-half the frequency of the forcing function, that is, such a motion is a 2:1 subharmonic. Such
slow flow equilibria satisfy the equations:

cos20  3a ,
- —R = 2

—g sin 20 = 0, — 5 —

3
Ignoring the trivial solution R = 0, the first eq. of (278) requires sin26 = 0 or § = 0, g, T or 1.

2
Solving the second eq. of (278) for R?, we get:
4 (cos26
2 _ .
R = 30 < 5 T 51> (279)

For a nontrivial real solution, B2 > 0. Let us assume that the nonlinearity parameter a > 0.

1
Then in the case of § = 0 or m, cos20 = 1 and nontrivial equilibria exist only for §; < —5 On

the other hand, for 6 = g or ?ﬂ, cos 20 = —1 and nontrivial equilibria require d; < 7

1
Since d; = +— corresponds to transition curves for the stability of the trivial solution, the analy-

sis predicts that bifurcations occur as we cross the transition curves in the d-e¢ plane. That is,
imagine quasistatically decreasing the parameter ¢ while € is kept fixed, and moving through the

1
n = 1 tongue emanating from the point 6 = = on the ¢ axis. As ¢ decreases across the right

transition curve, the trivial solution = 0 becomes unstable and simultaneously a stable 2:1
subharmonic motion is born. This motion grows in amplitude as § continues to decrease. When
the left transition curve is crossed, the trivial solution becomes stable again, and an unstable 2:1
subharmonic is born. This scenario can be pictured as involving two pitchfork bifurcations.

If the nonlinearity parameter o < 0, a similar sequence of bifurcations occurs, except in this case
the subharmonic motions are born as d increases quasistatically through the n = 1 tongue.
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6.7 Problems

Problem 6.1
Alternatives to Floquet theory. As we saw in this Chapter, Floquet theory offers an approach
to determining the stablity (that is the boundedness of all solutions) of the n-dimensional linear
system with periodic coefficients:
dv
dt

where x is an n-vector and A(t) is an n X n matrix.

A(t) x, At +T) = A(t) (280)

This problem involves three alternative approaches. For each one, decide whether or not it is
valid. If you think a method is valid, offer a line of reasoning showing why it works. If you think
it is wrong, explain why it doesn’t work or find a counterexample.

1. Set x = Ty where y is an n-vector and T' is an n X n matrix. Then %% = T~ 1ATy. Choose

T such that T~'AT = D is diagonal (or more generally in Jordan canonical form). Then study
dy _

the uncoupled system % = Dy.

2. Consider % = A(t*) x for t* a fixed value of ¢. Examine the eigenvalues of A(¢*). If the real

parts of these eigenvalues remain negative for all positive t*, then the solutions are asymptotically
stable.

3. Replace the given equations by the averaged equations, Cfl—f = B x, where B = % fOT A(t)dt.

Note that B is a constant coefficient matrix. Use the usual stability criteria on CC% =B x.

Problem 6.2

Nonlinear parametric resonance. This problem concerns the following differential equation:
o + (1 + ek ) + ex® cost = 0 <<1 (281)
— —+ ek )+ ex = €
ez \4 ’

a) Use the two variable expansion method to derive a slow flow, neglecting terms of O(e?).

b) Analyze the slow flow. In particular, determine all slow flow equilibria and their stability.
Make a sketch of the slow flow phase portrait for £ = 0 and for k; = 0.1.

Problem 6.3
The particle in the plane. Earlier in this Chapter we showed that the stability of the xz-mode of
the particle in the plane is governed by eq.(210) which may be written in the form:

d*v N § —ecos?t 0 (282)
R - @ v =
dt? 1 —e€ecos?t

where 6 = 1 — L and ¢ = A?. Using the method of harmonic balance, obtain an approximate
expression for the transition curve in the §-€ plane which passes through the origin (6 = 0, € = 0).
Neglect terms of O(e?).
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7 Two Coupled Conservative Oscillators

This Chapter concerns the dynamics of a system of two coupled conservative oscillators. As an
example, imagine a system consisting of two unit masses constrained to move on a straight line
and restrained by two springs. One mass (coordinate z) is restrained by an anchor spring. The
second mass (coordinate y) is connected to the first mass by a second spring. The system is
driven by a force F coswt applied to the second mass (coordinate y).

If the springs were linear, the problem would be solvable by the method of normal modes. This
involves a coordinate transformation to normal coordinates which uncouples the unforced system
into two simple harmonic oscillators. The independent motion of each of these uncoupled oscilla-
tors is called a normal mode, and the general solution of the linear system is a linear combination
of the normal modes. To solve the forced system, one adds a particular solution to the general
solution of the unforced system. If the normal modes of the unforced system have frequencies
w1 and wy, then the driven system exhibits resonances when the driving frequency w is close to
either w; or ws.

If either or both of the springs are nonlinear, the foregoing scenario no longer works. In particular
the general solution of the unforced system can no longer be written as a linear combination of
normal modes because the principle of superposition no longer applies to the nonlinear system.
Nevertheless, resonance in the forced nonlinear system occurs when the driving frequency is close
to the frequency of one of the periodic motions of the unforced system, called nonlinear normal
modes. We will use the abbreviation NNM for nonlinear normal mode.

NNM = nonlinear normal mode

The general motion of both the linear and nonlinear versions of the unforced example system is
quasiperiodic. The NNMs of the nonlinear system are therefore special periodic motions which
are analogous to the linear normal modes of the linear system. As the amplitude of the NNM
becomes smaller, the nonlinear effects decrease and the motion approaches that of the linear
normal mode. Thus the NNM can be thought of as an analytic continuation of the linear normal
mode with the motion’s amplitude as parameter.

7.1 Nonlinear Normal Modes

In order to see how this works, we study the example previously given. We assume the anchor
spring is nonlinear with force-displacement relation:

f=6+68 (283)

The second spring is assumed to be linear with characteristics f = §. The equations of motion

are given by:
d d?
d—tf+2x_y+x3:0’ d—£+y—x:Fcoswt (284)
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We are interested in a response at the forcing frequency. The method of harmonic balance offers
an expedient approach here. Since there is no damping in this system, we expect no phase lag
between the x and y motions, and we set:

x = Acoswt, y = Bcoswt (285)

Substituting (285) into (284), trigreducing z*, and setting the coefficients of coswt to zero, we
obtain the following equations on A and B:

3
—w2A+2A—B+1A3:0, ~w!B+B—-A=F (286)
Solving the second eq. of (286) for B and substituting the result in the first eq. of (286), we get:

w14 A7 - = B

TR R (287)

w* + (—3 — §AQ

) 3., F A+ F
4

The first eq. of (287) can be used to make an amplitude-frequency plot of A versus w for a fixed
value of F. A similar plot of B versus w can be obtained by solving the second eq. of (286) for
A and substituting the result in the first eq. of (286). Such plots are the two degree of freedom
version of the amplitude-frequency plot we saw previously in connection with the forced Duffing
equation.

In the amplitude-frequency plots, the NNMs are obtained by setting F' = 0 in eqs.(287). For
small values of A, the first eq. of (287) becomes

wt—3wr+1=0 (288)

~Vv5 , 3445

which gives the linear normal modal frequencies w? = ———— w3 = . Examination of the

amplitude-frequency plots shows that resonance in the forced system occurs in the neighborhood
of the NNMs.

The NNMs can be pictured as curves in the z-y plane. If in the second eq. of (287) we set
F =0 and let w take on one of the frequencies (288), we see that B is proportional to A for a
linear normal mode. Eq.(285) shows that y/x is a constant that is independent of amplitude for
a linear normal mode. Geometrically, this means that linear normal modes plot as straight line
segments through the origin. In the case of a NNM, w depends on the amplitude A, and the
second eq. of (287) predicts that the slope of the line segment corresponding to a NNM depends
on the amplitude of vibration. Of course the assumed form of the solution (285), although exact
for linear normal modes, is only an approximation for NNMs. The presence of higher harmonics
will in general cause a NNM to plot as a curved line segment through the origin. The shape
of the curved line segment which represents the NNM will typically change with amplitude of
vibration. The endpoints of the line segments, curved or straight, represent places where the
kinetic energy is zero.
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Both linear normal modes and NNMs share the following features:

1) Both z and y vanish simultaneously twice per cycle (corresponding to passage through the
origin in the z-y plane), and

2) Both dz/dt and dy/dt vanish simultaneously twice per cycle (corresponding to the endpoints
of the line segments).

These observations led Rosenberg in the 1960’s to define NNMs as wvibrations-in-unison. See
R.M.Rosenberg, “On Nonlinear Vibrations of Systems with Many Degrees of Freedom”, in Ad-
vances in Applied Mechanics, Academic Press, 1966, pp.155-242.

If the amplitude is allowed to vary, then the locus of the endpoints of the line segments of the
NNMs will form a curve in the z-y plane. Points on this curve correspond to initial conditions
on x and y such that a NNM results when the system is released from rest at one of these points.
This curve is called a Grenzkurve after H.Kauderer’s “Nichtlineare Mechanik”, Springer, 1958,
pp.593-612.

A recent reference on NNMs is “Normal Modes and Localization in Nonlinear Systems” by
Vakakis, Manevitch, Mikhlin, Pilipchuk and Zevin, Wiley, 1996.

7.2 The Modal Equation

Since a NNM plots as a simple curve in the z-y plane, we are motivated to seek this curve by
considering y as a function of x, without direct reference to time t. In order to generalize the
treatment, we begin with a conservative system in the form:

d*z ov d?y oV

e 70 72— _ 7 289
dt? ox’ dt? oy (289)
where V' = V(x,y) is the potential energy. Eqs.(289) possess the first integral:
1| (dz\> dy 2
— il = — \%4 =h 290
2[<dt) (%) |+ v (200)

where h is the total energy and is determined by the initial conditions. We are interested in
transforming from z(¢) and y(t) to y(z). To do so we use the chain rule:

dy _dydv Py Py (de)' dy o (201)
dt — dv dt’ dt2  dz? \ dt dr dt?
Substituting (289) into the second of (291),
LV _ Ay (de\T dy OV (209)
dy  dx? \ dt dr Ox

Next we substitute the first of (291) into (290):

% (‘%)2 (1 + <Z—i>2> +V(z,y)=h (293)
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d\ 2
Finally we solve (293) for <d—f) and substitute into (292), giving the equation:

d2y dy\*\ [0V  dy oV

Eq.(294) is a second order nonlinear o.d.e. on y as a function of x and is called the modal equation.

As an example of its use, we take a system consisting of two unit masses constrained to move
along a straight line and restrained by two anchor springs and a coupling spring. We assume the
identical anchor springs to be nonlinear with force-displacement relation:

f=0+K&5 (295)

where K is a parameter. The coupling spring is assumed to be strictly nonlinear with character-
istic f = 0%. If the masses have coordinates z and y, the potential energy V becomes:

L, 1.4 1 g Lo 1oy
V(z,y) 2I+4I+4(I y)+2y+4y (296)
As we have stated above, NNMs generally plot as curved line segments in the z-y plane. Never-
theless, some problems exhibit NNMs which plot as straight line segments, called similar normal
modes by Rosenberg. We may look for such similar normal modes by substituting y = C'x in the

model equation (294), with V' as in (296). This gives:
— = — =2 (1-CP+ 0z + KC?2® - C(z+ K2* + 2*°(1 - C)*) = 0 (297)
which simplifies to:

C'+(K-2)(C®*-C)-1=0 (298)
Solving (298) for C', we find:

K K(K —4)

C=1-11-3= (299)

2
When K < 4 there are only two similar normal modes, y = +z. An additional pair of similar
normal modes exists when K > 4, having bifurcated out of the y = —x mode at K = 4.

Each of these similar normal modes is a two dimensional invariant manifold in the four dimen-
sional phase space. That is, if the initial conditions on x,y, dz/dt and dy/dt satisfy the equation
of a similar normal mode, then the motion stays on that invariant manifold for all time. This
feature can be used to reduce the dimension of the system and simplify the analysis of such mo-
tions. For example, take the case of the in-phase mode y = x. The frequency of this mode may
be obtained by treating the flow on the two dimensional invariant manifold. This is accomplished
by writing out the x differential equation and substituting y = x to get a single second order
equation on z only:
d*z oV d*z

@:—%:—l‘—KJjg—(I’—y)E}, or W—i—x—i—K:p?’:O on Yy=2x (300)
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This is a Duffing equation which we have seen has the approximate frequency-amplitude relation
(valid for small A):
3
w:1+§KA2+~-- (301)
where w is the motion’s frequency and A is its amplitude.

7.3 Problems

Problem 7.1

Modal equation in a rotating coordinate system. If the x-y coordinate system is rotating relative
to a Newtonian frame with angular speed w, the presence of Coriolis and centripetal accelerations
produces the following differential equations (comparable to eqs.(289)):

d*x dy ov d*y dz ov

9 = 2 — 4 w— — Wy = ——— 302

w2 a YT T ae T YT Ty (302)
For this system, obtain a first integral, comparable to (290), and using it, obtain a modal equa-
tion for the orbits in z-y configuration space which does not involve time ¢. This will be an

equation for y as a function of =, comparable to (294).
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8 Two Coupled Limit Cycle Oscillators

A limit cycle oscillator, such as the van der Pol oscillator, is capable of autonomously generat-
ing an attractive periodic motion. This Chapter concerns what happens if we couple two such
oscillators together. A contemporary example involves the interaction of two lasers. A laser is
an oscillator that produces a coherent beam of light. If two lasers operate physically near one
another, the light from either one of them can influence the behavior of the other. Although
both oscillators will in general have different frequencies, the effect of the coupling may be to
produce a motion which is phase and frequency locked.

We will distinguish between three states of a system of two coupled limit cycle oscillators: strongly
locked, weakly locked and unlocked. The motion will be said to be strongly locked if it is both
frequency locked and phase locked. If the motion is frequency locked (on the average) but the
relative phase of the oscillators is not constant, we will say the system is weakly locked. If the
frequencies are different (on the average) then we will say the system is unlocked or drifting.

8.1 Two Coupled van der Pol Oscillators

In this section we investigate the dynamics of a pair of coupled van der Pol oscillators in the
small € limit:

d*z o dT

ﬁ%—x—e(l—x )a = cea(y — o) (303)
d’y dy

1+ eA)y —e(l —y*)—= = - 4
T T +eA)y—e(l—y)— = ealz—y) (304)

where € is small, where A is a parameter relating to the difference in uncoupled frequencies, and
where « is a coupling constant.

We use the two variable expansion method to obtain a slow flow. Working to O(e), we set
€= (14 kie)t, n = et and we expand x = x¢ + ex; and y = yo + €y; giving:

%2;0 troo =0 (305)
a;&y; =0 (306)
%2;1 o= ‘Qaa;g:; 2 %2;0 (- I3>%? +alyo — o) (307)
é;él ty = —252337 — 2k, %?’20 — Ayo+ (1 - yg)aa—y; + alzo — o) (308)

We take the general solution to egs.(305),(306) in the form:

2o(§,m) = A(n) cos§ + B(n)sing,  yo(&,n) = C(n) cos§ + D(n) sing (309)
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Removing resonant terms in egs.(307),(308), we obtain the following slow flow:

2% = —2kB+A- %(AQ + B?) +a(B — D) (310)
Q% = 2kA+ B — %AMB?) + a(C — A) (311)
2% = —2kiD+AD+C — %(02 + D*) + a(D — B) (312)
22—? = 2kC—~AC+ D — %(02 + D)+ a(A-C) (313)

Eqs.(310)-(313) can be simplified by using polar coordinates R; and 6;:
A= R1 COSQl, B = Rl sin@l, C= RQ COSQQ, D= RQ sinQQ (314)
which gives the following expressions for zq and yg, from (309):

2o(§,m) = Ri(n)cos(§ —01(n))  yo(&,m) = Ra(n) cos(§ — Ba(n)) (315)

Substituting (314) into (310)-(313) gives:

2(2—]? = R (1 - ?) + aRysin(6; — 05) (316)
2‘% ~ R (1 - Rf) ~ R, sin(0; — 0) (317)
2‘;—% _ oy —a g M2 CO;(,E)I —0) (318)
22—9772 _ k- A—aq4 2 Coséfl — ) (319)

This system of 4 slow flow o.d.e.’s can be reduced to a system of 3 o.d.e.’s by defining ¢ to be
the phase difference between the x and y oscillators, ¢ = 6; — 605:

dR R? .
2d—771 = R <1 — f) + aRy sin ¢ (320)

dR R2 .
2d—772 = R2 (1 - f) - Ode sm¢ (321)

do Ry Ry
2— = A <— — —> 322
a7 + acos ¢ R R (322)

We seek equilibrium points of the slow flow (320)-(322). These represent strongly locked periodic
motions of the original system (303),(304). We multiply eq.(320) by R; and (321) by R, and
add to get

(323)

4 4
R§+Rg_<R1+R2):o
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Next we multiply eq.(320) by Re and (321) by R; and subtract to get
Ry Ry (RY — RS)

sing = = (324)
Now we use (322) to solve for cos ¢:
cos ¢ = Q(Z%R_Q%%) (325)
Using the identity sin® ¢ + cos? ¢ = 1 in (324),(325) and setting
P=R’+R:, and Q=R’- R (326)
we get:
Q' — P2Q"+ (16 A% + 640%) P?Q* — 16 A? P =0 (327)
Using the P and @ notation of (326), eq.(323) becomes:
Q> =8P — P? (328)
Substituting (328) into (327), we get
P?—20 P2+ P (16 A* + 32 o® + 128) — (64 A? + 256 o* + 256) = 0 (329)

Using Descartes’ Rule of Signs, we see that (329) has either 1 or 3 positive roots for P. At
bifurcation, there will be a double root which corresponds to requiring the derivative of (329) to
vanish:

3P?—40 P+16 A’ +32a*+128 =0 (330)

Eliminating P from eqs.(329) and (330) gives the condition for saddle-node bifurcations as:
A%+ (60 +2) A'+ (120" —100° +1) A? +8a% — o' =0 (331)

Eq.(331) plots as two curves intersecting at a cusp in the A-a plane. At the cusp, a further
degeneracy occurs and there is a triple root in eq.(329). Requiring the derivative of (330) to
vanish gives P = 20/3 at the cusp, which gives the location of the cusp as:

A 1 0.1924 2 0.3849 (332)
= ~ U. , o = ~ U.
V27 V27

Next we look for Hopf bifurcations in the slow flow system (320)-(322). The presence of a stable
limit cycle in the slow flow surrounding an unstable equilibrium point, as occurs in a supercritical
Hopf, represents a weakly locked quasiperiodic motion in the original system (303),(304). Let
(R10, Rao, ¢0) be an equilibrium point. The behavior of the system linearized in the neighborhood
of this point is determined by the eigenvalues of the Jacobian matrix:

—SR%E‘Q*“ a sin ¢y a cos ¢ Rag
1 —a sin ¢ —313”2%22_4 —a cos ¢ Rip (333)
2 « €oSs ¢o (R202+R102) o cos ¢Po (R202+R102) . « sin ¢g (R202—R102)

R102 Rao R10 Rao? R10 Rzo



| 6N /
0.40 /

__i/-f—’f/ |
| HoPF

«

0.20 '//ﬁ
I
i SN

0.00 T T T T T T T
0.00 0.20 A 0.40

SN = saddle-node

Blowup OF cUsp REGION: HOPF
cusp 4

HoMoc LINIC




R.Rand Nonlinear Vibrations 63

This matrix may be simplified by using eqs.(324) and (325) to replace sin ¢y and cos ¢p, and then
using eqs.(326) to replace Ryjg and Ry by P and @, and then using eq.(328) to replace ). This
turns out to give the following cubic equation on the eigenvalues A of the matrix (333):

Mo+ CoA + CA + Cp =0 (334)
where Oy = # (335)
c - 7P — 112 P? Ei;ﬁﬁ; 512) P — 512 (336)
o — Pt —22 P3 +11220 152_—1 O(SZ A? +384) P (337)

For a Hopf bifurcation, the eigenvalues A\ will include a pure imaginary pair, +i(3, and a real
eigenvalue, . This requires the characteristic equation to have the form:

N — N+ A=y =0 (338)
Comparing eqs.(333) and (338), we see that a necessary condition for a Hopf is:
Co=CiCy = 3P'—59P%+ (-8A?+400) P2+ (48 A% — 1088) P+ 1024 =0 (339)
Eliminating P between eqs.(339) and (331) gives the condition for a Hopf as:
49 A® 4 (266.0” +238) A® + (880" + T580” 4 345) A
+ (—1056 a® + 1099 o + 89202 + 172) A? —1152a% — 27400 — 876 a* + 16 = 0 (340)

This curve (340) intersects the lower curve of saddle-node bifurcations, eq.(331), at a point we
shall refer to as point P, and it intersects and is tangent to the upper curve of saddle-node
bifurcations at a point we shall refer to as point Q:

P:A=0.1918, a~0.3846, Q:A~0.1899, « = 0.3837 (341)

We may obtain the asymptotic behavior of the curve (340) for large A and large « by keeping
only the highest order terms in (340):

49 A® 4266 o® A® + 88 a* A* — 1056 a® A% — 11520° =0 (342)
which may be factored to give:
(A% —20%) (A% +40a?) (747 +1207) =0 (343)

which gives the asymptotic behavior:

A~V2a (344)

So far the story is very similar to that of the forced van der Pol oscillator discussed in Chapter
5. However, there is an additional bifurcation here which did not occur in the forced problem.
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There is a homoclinic bifurcation which occurs along a curve emanating from point (). This
involves the destruction of the limit cycle which was born in the Hopf. The limit cycle grows in
size until it gets so large that it hits a saddle, and disappears in a saddle connection. For points
on this curve far from point @), we find that the limit cycle changes its topology into a closed
curve in which ¢ changes by 27 each time around. Such a motion represents drift or unlocked
behavior in the original system (303),(304). Unfortunately we do not have an analytic expression
for the curve of homoclinic bifurcations.

In summary, we see that the transition from strongly locked behavior to unlocked behavior in-
volves an intermediate state in which the system is weakly locked. In the three dimensional
slow flow space, we go from a stable equilibrium point (strongly locked), to a stable limit cy-
cle (weakly locked), and finally to a periodic motion which is topologically distinct from the
original limit cycle (unlocked). As in the case of the forced van der Pol oscillator, in order for
strongly locked behavior to occur, we need either a small difference in uncoupled frequencies
(small A), or a large coupling constant a. (The interested reader is referred to the doctoral
thesis of T.Chakraborty, “Bifurcation Analysis of Two Weakly Coupled van der Pol Oscillators”,
Cornell University, 1987, for more information. See also “The Transition from Phase Locking to
Drift in a System of Two Weakly Coupled van der Pol Oscillators” by Chakraborty and Rand
in International J. Non-Linear Mechanics, 1988, pp.369-376.)
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9 Center Manifolds

Imagine a situation in which a system of coupled oscillators has an asymptotically stable equi-
librium point which becomes unstable as a parameter is tuned. This would happen, for example,
if a pair of eigenvalues of the linearized system were to cross the imaginary axis. In the case of
a single oscillator this would produce a Hopf bifurcation in which a limit cycle would typically
be born as the equilibrium changes its stability. In the system of coupled oscillators, we might
expect a similar bifurcation to occur, localized to the part of the space spanned by the eigenvec-
tors corresponding to the pair of unstable eigenvalues. The intuitive reason for expecting this
is that the motion in the other directions near the equilibrium point corresponds to eigenvalues
with negative real parts and hence damps out.

This expectation can be justified by means of the center manifold theorem which states that
there exists a (generally curved) subspace (the center manifold) which is tangent to the (flat)
subspace spanned by the eigenvectors corresponding to those eigenvalues with zero real part, and
which is invariant under the flow generated by the nonlinear equations. All solutions starting
sufficiently close to the equilibrium point will tend asymptotically towards the center manifold.
The stability of the equilibrium point in the full nonlinear equations will be the same as its stabil-
ity in the flow on the center manifold. Any bifurcations which occur in the neighborhood of the
equilibrium point on the center manifold are guaranteed to also occur in the full nonlinear system.

This theorem is the basis of a calculation in which we obtain an approximate expression for
center manifold in the form of a power series, and then use this result to reduce the dimension of
the system which we need to study. This can be an important alternative to the direct approach,
especially if the system consists of many equations.

The reader interested in a proof of the center manifold theorem is referred to “Applications of
Centre Manifold Theory” by J.Carr, Springer Verlag, 1981.

9.1 Example

As an example we take the following system of two coupled oscillators:

d*x  dx o dr

E—CE—I—x—i—xgzozxy (345)
d*y Y 2
ZJ 427 = 346
Tt YT (346)

Eqgs.(345),(346) may be described as a limit cycle oscillator x which is quadratically coupled to
a damped linear oscillator y. Here « is a coupling parameter.

Note that the x oscillator, when uncoupled from the y oscillator, exhibits a Hopf bifurcation at

c=0:
d*z  dx o dx
St - = 4
I cdt—i—x-l—x p 0 (347)
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We may use the results obtained in Chapter 3 to determine the nature of the Hopf in eq.(347).
Let us rewrite eq.(99) in the form:

d*z dz 5 ,dz dz\? dz\’
w—l—z:ca—l—ﬁlz +5225+ﬁ32<£> +ﬁ4 E (348)

Then we saw in eq.(109) that eq.(348) exhibits a limit cycle if the following expression for its

amplitude A is real:
—c
A=2/—— 349
\ B2 + 304 (349)

Eq.(347) is of the form of eq.(348) with #; = —1 and 31 = B3 = B4 = 0. Thus eq.(349) predicts
that

the uncoupled z oscillator, eq.(347), exhibits a limit cycle of amplitude 2,/c for ¢ > 0.
Since the equilibrium in (347) is unstable when ¢ > 0, the limit cycle is predicted to be stable

and the Hopf is supercritical.

Now the question that we are interested in investigating here is: what is the effect of coupling
the limit cycle = oscillator to the damped linear y oscillator in eqs.(345),(346)7 We begin by
rewriting these equations as a first order system:

dx

== (350)
d

% = —1 +cxy — Tiag + iy (351)
di

L — 352
dt Y2 ( )
dys

o = Tt 7’ (353)

Linearization in a neighborhood of the equilibrium point at the origin shows that at ¢ = 0 there
is a center manifold tangent to the zi-xs plane. However, restricting ¢ to the value zero is
undesirable here because we want to see the Hopf as ¢ moves through zero. There is a standard
trick for using the center manifold theorem for nonzero values of ¢, and it is based on the idea
of treating the term cx, as nonlinear, so it doesn’t enter into the linearization at the origin.
The trick is to consider ¢ as another phase variable by appending the following equation to
eqs.(350)-(353):

de

dt
Now in the 5 dimensional x1-z2-y1-y2-¢ phase space, the center manifold is 3 dimensional and is
tangent to the x1-z5-c hyperplane. We may obtain an approximation for the center manifold by
expanding y; and y, in power series of x1, x5 and c. Keeping terms of quadratic order only, we
write:

0 (354)

Yy = (lll'% + asx1T2 + azxriCc + CL4I‘§ + asxoc + (1602 + - (355)

Ya = bll'% + bgl‘ll'g + ngElC + b4l’% + b5ZEQC + b6C2 + - (356)
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When we say that the center manifold is an invariant manifold, we mean that the vector field
is tangent to it at all points. This means that the coefficients in egs.(355),(356) must be cho-
sen so as to satisfy the differential equations (350)-(354). The process may be outlined as follows:

1. Substitute the power series expressions for y; and ys, eqs.(355),(356), into the d.e.’s on dy, /dt
and dy,/dt, eqs.(352) and (353).

2. The resulting equations will involve the derivatives dx;/dt and dzs/dt. Replace these deriva-
tives by the d.e.’s on dz;/dt and dz/dt, eqs.(350) and (351).

3. Since eq.(351) depends on ¥, the resulting equations will contain y;. Replace y; with the
power series (355).

4. Now collect terms and set to zero the coefficients of the quadratic terms %, 2129, 71 ¢, 73, Zoc, C
in both equations, giving a total of 12 linear simultaneous algebraic equations on the 12 coeffi-
cients a;, b; of eqs.(355),(356).

5. Solve these equations and substitute the result into the power series expressions for y; and
Y2, €qs.(355),(356), to obtain a quadratic approximation for the center manifold.

2

This process is computationally intensive and is best accomplished using computer algebra. The
approximation can be extended to any order of truncation. Using this approach, we obtain the
following approximate expression for the center manifold:

8192 2x179 H11?
_ B 357
h 13 3 T3t (357)

_233'22_633'1172 233'12
13 13 13

Yo = (358)
The next step is to obtain the flow on the center manifold. Since the center manifold is tangent
to the x1-x5-c hyperplane, we may use x; and x5 as coordinates on the center manifold. The flow
may therefore be obtained by substituting eq.(357) into eq.(351). This gives the equivalent one
degree of freedom system:

d*z dx+ n ydx 8 (dr\’ 2xda:+5x2 R (359)
“a T 13\ ar 13dt 13 -
2
Eq.(359) is of the form of eq.(348) with 5 = —1 — 1—3 and 34 = 0, giving the limit cycle amplitude
from eq.(349):
2
A= i (360)
1422
13
Note that for @ = 0, eq.(360) recovers the uncoupled limit cycle amplitude of A = 2y/c. Thus
eq.(360) predicts the influence of the y oscillator on the limit cycle of the x oscillator. For example,
for ¢ = 0.01 and a = 5, eq.(360) gives A = 0.150, whereas the uncoupled limit cycle amplitude

of the z oscillator for ¢ = 0.01 is A = 0.2. These values agree with numerical integrations of the
original system (345),(346).
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9.2 Problems

Problem 9.1 )
Center Manifold Analysis. It is desired to make the equilibrium of the oscillator d—tf +x=0
2 d
asymptotically stable by coupling it to a damped oscillator d—tj + d—j + 2z = 0 via the nonlinear
coupling:
d*z dz d’z  dz A
bl i 4= =~ —= 361
e T az a7 7<dt> i (361)
For some values of v the origin z = ‘fl—f =z = % = ( is asymptotically stable, while for others it

is unstable.

Find 7., the critical value of v which separates asymptotic stability from instability.

dz dzx

Hint: Look for a center manifold in 2-%-2-% space which is tangent to the x—fi—f plane at the

origin. Then use the two variable expansion method to study the flow on the center manifold.
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10 N Coupled Limit Cycle Oscillators

There are numerous biological applications which involve a system of N coupled limit cycle os-
cillators. For example, swimming in lamprey consists of a sequence of traveling waves which pass
down the body and propel the fish through the water. The muscular contractions which produce
this movement are controlled by neural activity along the spinal cord. The spinal cord consists
of about 100 individual segments, each of which is thought to be able to oscillate independently.
This leads to a model of 100 coupled limit cycle oscillators, each of which may have a slightly dif-
ferent uncoupled frequency. The expected behavior involves frequency locked motion with phase
differences between neighboring oscillators, corresponding to waves moving along the spinal cord.

Other biological examples include waves of peristalsis in the intestines, and waves of stomatal
opening on the surface of a leaf.

How shall we model this kind of system of coupled oscillators? We cannot hope to derive the gov-
erning equations from basic principles of physics, since little may be known about the underlying
mechanisms which produce the oscillation, including even the dimension of the phase space. On
the other hand, it is reasonable to model such a biological oscillator as being structually stable
and exhibiting a unique attracting limit cycle. One way to proceed would be to choose a standard
model of a limit cycle oscillator, such as a van der Pol oscillator, and to consider the dynam-
ics of a coupled system of these. This would certainly produce a mathematically difficult problem.

An alternative approach is to model the individual limit cycle oscillator as being characterized
only by its phase 6;. The limit cycle is pictured as a closed curve in an unknown phase space,
coordinatized by its phase which we parameterize so that it runs uniformly in time from 0 to 27
in each cycle. If w; represents its frequency, then the individual oscillator may be modeled by
the equation:

(2—% = w; (362)
We shall refer to this model as a phase-only oscillator. A system of N coupled phase-only
oscillators takes the form:

do;
E :wi+fi(91,...,9N) (363)

where f; models the effect of the other oscillators on 6;.

In this Chapter we will look at a one dimensional array of such oscillators with nearest-neighbor
coupling.

10.1 Two Phase-Only Oscillators

To begin with, let us look at a system of two phase-only oscillators:

Ao do
—r =@t il 00),  —E =wr+ folth, 0o) (364)

How shall we choose the coupling functions f;? We approach this by positing a series of assump-
tions:
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1. We require that the coupling functions f; be zero when both oscillators are at the same point
in their cycles, that is, when 6; = 6,. This assumption allows the oscillators to move in phase.
This can be accomplished by requiring that f; depends only on the difference between the phases,
that is, fi(61,62) = oy g(0; — 6;) such that g(0) = 0. (Here o is a coupling constant.)

2. We assume that the coupling functions depend only on the current values of #; and 65, and not
upon how many cycles have already passed. This means that f; should be a 27-periodic function
of A, and 6, or in view of the previous assumption, that g should be a 27-periodic function of

0; — 6;.

3. We have now that g(6; — 6;) should be a 2m-periodic function for which ¢g(0) = 0. We take
the simplest choice, g(0; — 6;) = sin(6; — 6;).

With these assumptions, eqs.(364) become:

do de
Lty sin(6y — 61), 2 =y + g sin(0; — 65) (365)
dt dt

In order to study eqgs.(365), we define a quantity ¢ = #; — 0, which represents the phase lag of

oscillator 2 relative to oscillator 1. Subtracting the second of (365) from the first, we obtain a
d.e. on ¢:
d¢

dt

Like 01 and 65, ¢ is defined on a circle. An equilibrium point of the circle flow (366) corresponds
to a phase-locked motion of the system (365). Setting d¢/dt = 0 we obtain:

=w; —ws — (1 + ) sin ¢ (366)

sin ¢ = (367)

Since | sin ¢| < 1, the condition for real roots to eq.(367), and hence for phase-locked motions to
eqs.(365), becomes:

W1 — W2

condition for phase locked motions: ‘ <1 (368)

OZ1+OZ2

Note that this condition is in qualitative agreement with the results found in Chapter 8 for two
coupled van der Pol oscillators, namely that phase locking requires the difference in uncoupled
frequencies to be small relative to the sum of the coupling constants. Substituting the expression
for sin ¢ in (367) into egs.(365), we obtain a value for the common locked frequency, which is a
weighted average of the uncoupled frequencies wy, ws:

d01 . d6’2 . Wy + Qowq

R 369
dt dt a1 + Qo ( )

If condition (368) does not hold, the system undergoes drift, and the two oscillators operate at
different average frequencies. The bifurcation which accompanies the transition between phase-
lock and drift is a saddle-node. Of the two roots for sin ¢ given by eq.(367) in the phase-locked
case, one is stable and one is unstable.
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10.2 N Phase-Only Oscillators

In this section we generalize the system of two phase-only oscillators (365) by considering a line
of N such oscillators with nearest neighbor coupling:

do

d_tl = w; +a sin(fy — ;) (370)
dob;

d_tz = w; t«o (sin(@iﬂ - 91) + sin(@i,l — 01)) s 1= 2, 3, vy N -1 (371)
db
d—;V = wy+a sin(fy_, —0y) (372)

where we have taken all the coupling constants « to be equal, but have allowed the frequencies
w; to be independent. Following the treatment of the 2 oscillator case, we set

¢i == 91 - 0i+17 7, == 1,2, ,N - 1 (373)

Using the variables ¢;, eqs.(370)-(372) can be written in matrix form:

&b
— =0+ A 4
7 +AS (374)
where ¢, Q and S are N — 1 vectors:
_ 01 B W1 — W2 B sin ¢y
ON-1 WN-1 — WN sin o1

and where A is a tri-diagonal N — 1 x N — 1 matrix:

—2 1
1 -2 1
1 -2 1 (376)

N
Il
e

1 =2

As in the two oscillator case, equilibria of (376) correspond to phase locked motions of egs.(370)-
(372). Setting d¢/dt = 0 we obtain: ) o
S=_A1Q (377)

Note that in order for eq.(377) to have a real solution, each of the components of A= 2 must
not be larger than unity, since the components of .S are sines.

Now it turns out that the matrix A in (376) can be inverted in closed form! The inverse A~ is
a symmetric matrix, with elements:

A= 0 s g (378)
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where the elements for ¢ < j are obtained from the symmetry of the matrix. For example when
N =6, A~! is the 5x5 matrix:

543 21
. L[4 8642
1=——136 9 6 3 (379)
bty 4 6 8 4
1 23 45

As an example of the kind of calculation we can do with this model, suppose that the uncoupled
frequencies w; decreased uniformly along the chain of oscillators:

Wi=w, w=w-—-»47A, wy=w-—-2A, w;=w-—3A, etc (380)

Then the column vector 2 defined in eq.(375) becomes:

W1 — W2 1
o B N (381)
WN-1 — WN 1

where A is the uncoupled frequency difference between two adjacent oscillators. Using eqs.(377)
and (378), the values of ¢; for equilibrium are given by:

Ai(N —i
sin ¢; = —%, i=1,.,N—1 (382)
Q

For example, in the case of N = 6 this gives (see eq.(379)):

sin ¢ 5)

B sin ¢y A 8

S=|sings | = % 9 (383)
sin ¢y *l8
sin ¢ 5)

Requiring each of the sine terms to remain < 1 gives the following condition for phase locking:
A 8
"<« 2 384
<<= (384)

Note that once again the key quantity for phase locking is the ratio of frequency difference to
coupling strength.

The models presented in this Chapter originally appeared in the paper “The Nature of the Cou-
pling Between Segmental Oscillators of the Lamprey Spinal Generator for Locomotion: A Math-
ematical Model” by A.H.Cohen, P.J.Holmes and R.H.Rand, J. Math. Biology 13:345-369 (1982).
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10.3 Problems

Problem 10.1

Plane array of coupled oscillators. In this problem you are to investigate the dynamics of a
plane rectangular array of n? identical phase-only oscillators with nearest neighbor coupling.
We associate a phase 6, ; with an oscillator located at position (7, j) in the plane, where ,j =
1,2,---,n. The d.e. governing a typical oscillator is:

do; ; : : : :
d—td =w+ o [Sln(0i7j+1 - Qi,j) + sm(é’i’j_l — Qi,j) + SlH(QZ‘_H,j - Qi,j) + sm(é’i_Lj — Hi,j)] (385)
(Here we use the boundary convention that those sin terms which involve ; ; for i,7 = 0 or N+1

are to be omitted.)

The problem is to simulate a system of up to 400 (n = 20) such oscillators. For convenience take
w = a = 1. Since the oscillators are all identical, we might expect there to be a stable steady
state in which all the oscillators have the same phase. However, there may be other stable steady
states as well. The goal of this work is to investigate statistically how robust the in-phase steady
state is, for random initial conditions, as a function of the number of oscillators.

Write a computer program which numerically integrates the d.e.’s (385) for random initial con-
ditions. It should display the pattern which the square array of oscillators makes at a given time
by using two colors, one for sin¢; ; > 0 and the other for sin#; ; < 0. The in-phase steady state
will then show up as the entire field of oscillators being of the same color, and “blinking” in time.

On a given run, you should start the simulation and allow the transients to die out. Observe
the steady state dynamics and classify it in words (for example, “in-phase, phase-locked motion”.)

Make a large number of runs for each of n = 5,10, 15,20. Count the number of runs which lead
to each type of steady state which you have identified. Use your results to address the following
question: Is the relative occurrence of the in-phase steady state a function of the number of
oscillators?
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11 Continuum of Coupled Conservative Oscillators

In the previous Chapters we have viewed an oscillator as a discrete entity. However, for some
problems the most appropriate model is a continuum. Examples include the vibration of plates
and shells and waves in fluids. Such models take the form of partial differential equations, in
contrast to the o.d.e. models which we have studied so far.

In this Chapter we consider the nonlinear dynamics of a continuous line of conservative oscillators.
We begin by deriving the governing equations of motion of a system of discrete particles restrained
by nonlinear springs. Then we take the continuum limit and obtain a p.d.e. Finally, we investigate
traveling wave solutions in the p.d.e.

11.1 Derivation

The system consists of a line of unit masses, each one coupled to its two nearest neighbors by
nonlinear springs which have force-displacement characteristics F' = § + 62. When the springs
are in unstretched equilibrium, the masses are a distance h apart. If u; = u;(t) represents the
displacement of the ¥ mass, the equations of motion become:

dQUi

dt?

= [ui“ — U; + (UH_l — UZ)2] — [uz — Uj—1 + (Uz — Ui_1)2] (386)

Now we wish to pass from the system of o.d.e.’s (386) to a p.d.e. via the continuum limit. We
define a displacement field v = w(z,t) in which x plays the role that the subscript ¢ plays in
(386). The two schemes may be related by thinking of u;(¢) as corresponding to u(x;,t):

w;(t) = u(xy, t), Ui (t) = w(zig, ), where ;41 —x; =h (387)
Thus we may expand u;,; in a Taylor series about x = x;:

Ju Pu h?  Bu h®  'u
i1 = u(@ig,t) =u + — h+ — — 4+ — — 4+ — — +O(Rh° 388
Uiy = u(@isa, ) u+8x +8x22+8x36+8x424+ (h7) (388)
where the partial derivatives are to be evaluated at x = z;. Similarly we may expand u;_; in a
Taylor series about = = x;:
Ju Pu h?  BPu h®  0*u h?

wi—1 = u(zi_1,t) = u e h + %2 2 95 6 + 9t 24 + O(h?) (389)

Now we substitute egs.(388) and (389) into (387) and expand the algebra, giving the p.d.e.:

Pu ., Pu Oud*u  h* '
Z 7 et 9 3 7Y vz 5
oz~ am T gram t 1 g T O (390)

Next we neglect terms of O(h%) and define Z = x/h, giving (dropping the tildes):
Pu Pu 5 oud*u 1 u

92 0 0w 12 94t

Eq.(391) may be thought of as governing the longitudinal vibrations of a nonlinearly elastic rod.

(391)
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11.2 Traveling Wave Solution

In order to study any solutions of the p.d.e. (391) which represent traveling waves, that is,
solutions whose shape does not change in a coordinate system which is uniformly translating
along the x axis at speed ¢, we set u(z,t) = f(&), where £ = x — ct, giving the o.d.e.:
d? d? df d? 1 d*
o Ef _Ef &S /

a2 e T (392)

d
Defining v = —f, eq.(392) becomes:

dg

dv  dv dv 1 d3v
9
b I YOS E i
¢ E TR T (393)

Eq.(393) may be written in the form:

d 1 d*v
1 _— 2 2 —_— | = 4
T (1-=cHv+wv +12d§2 0 (394)
Eq.(394) may be integrated to give:
1 d*v
2 2 _
(1-—cHv+wv +12d§2_k1 (395)

d
where k; is a constant of integration. Multiplying eq.(395) by d_z and integrating gives:
d 2 vt 1 (o)’
1= =+ == =
TS [( 0)2—1-3—1—24( ) klv] (396)

Introducing another constant of integration ko, eq.(396) may be written in the form:

2 31 [(dv)’
-t — 4+ — [ 2] =k k 397
( C)2+3+24<d§> 10 + k2 (397)
So far we have not discussed boundary conditions. Now we impose the conditions that v and its
derivatives vanish as £ — £o00. From eqs.(395) and (397), this requires that k; = ke = 0, giving:

2
% (Z—E) =(c* - 1)%2 — %3 (398)
Eq.(398) is separable and may be integrated to give the solution:
W) =y g3 (399)
2 cosh” /B(€ — &)
where &, is a constant of integration. Since v = d_ﬁ’ we may obtain an expression for f by
integrating (399):
1€ = Lianh fBe - + o B3 -1) (400)
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where fj is a constant of integration. Finally, this may written in terms of the original displace-
ment field u(x,t):

u(z,t) = @ tanh \@(g; —ct—&)+fo, B=3(-1) (401)
Eq.(401) is an exact solution to the p.d.e. (391). It represents a family of traveling waves with
wavespeed ¢ > 1 as parameter. Note that the wave’s amplitude is dependent on it’s wavespeed,

a typical nonlinear effect.



