THE DYNAMICS OF TWO COUPLED VAN DER POL

OSCILLATORS WITH DELAY COUPLING

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Stephen Allen Wirkus

August 1999



© Stephen Allen Wirkus 1999

ALL RIGHTS RESERVED



THE DYNAMICS OF TWO COUPLED VAN DER POL OSCILLATORS WITH

DELAY COUPLING

Stephen Allen Wirkus, Ph.D.

Cornell University 1999

In this work, we investigate the dynamics of two weakly coupled van der Pol
oscillators in which the coupling terms have time delay 7. Our work is motivated
by applications to laser dynamics and the coupling of microwave oscillators. The

governing equations are

i'1+$1—€(1—l'%)l"1 = EOé.jZ'Q (t—T),

Fog+ag—€(l—a3)dy = ead (t—1),

where the coupling is chosen to be through the damping terms because this form
of coupling occurs in radiatively coupled microwave oscillator arrays. We use the

method of averaging to obtain the approximate simplified system of three slow-flow

equations
. 1 2
R, = 3 lR1 <1 - %) + a Ry cos(¢ + T)] )
. 1 R2
Ry, = ) lRQ <1 — f) +a Ry cos(¢ — 7')] ,
g.b = % [—% sin(¢p + 1) — % sin(¢ — 7)}



Equilibria of these slow-flow equations correspond to periodic motions in the original
equations. In the examination of the stability and bifurcation of the equilibria of
these equations, we found that the in-phase and out-of-phase modes coexisted and
were both stable in the parameter range for which the delay is about i of the
unperturbed limit cycle period. We also found that the in-phase mode ceased to
exist if the delay was about % of the unperturbed period and the coupling was
strong enough. Similarly the out-of-phase mode ceased to exist if the delay was
approximately the same as that of the unperturbed period. We also found that if the
coupling was sufficiently small, various other motions were predicted to exist besides
the in-phase and out-of-phase modes. These additional motions were predicted
to change their form through a series of elaborate bifurcations. Nevertheless all
these motions were predicted to be periodic, and we did not observe chaos for any
parameter values.

In order to check the validity of the approximations, we numerically integrated
the original differential delay equations for the case ¢ << 1 and 7 = O(1) and
compared their predictions regarding the stability of the in-phase and out-of-phase
modes with those of the slow-flow analysis. The two sets of results showed excellent

agreement.
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Chapter 1

Introduction

1.1 Non-instantaneous Interaction of Oscillators

The instantaneous interaction of a pair of coupled oscillators is something that is
often assumed. This is an okay assumption provided the state of one oscillator does
not change appreciably in the finite time it takes the signal from the other oscillator
to reach it. But consider the case of microwave oscillators which typically have
frequencies of around 10 GHz giving them a period of T" = 1%—?0 = 6 x 10~ sec.
Since signals propagate through space at the speed of light, we see that the signal
will move about 18 cm during one full period of the oscillators. If the oscillators are
separated by, say, 4 cm, we see that each oscillator will have gone through about
i period before the signal of the other oscillator reaches it. Thus the time for a
signal to travel from one oscillator to the other represents a substantial portion of

the period of the uncoupled oscillator. This immediately leads to the inclusion of



delay effects in the coupling terms.

Many examples exist in which the interaction of coupled oscillators must take into
account time delay [9],[19],[21],[26],[45]. The work of this thesis is concerned with
the mutual interaction of limit cycle oscillators and has application to laser dynamics
and, more generally, to the coupling of microwave oscillators [22],[23],[46],[48]. This
thesis examines the dynamics of two weakly coupled van der Pol oscillators in which
the coupling terms have time delay 7 [44]. The coupling has been chosen to be
via first derivative terms (“velocity coupling”) because this form of coupling occurs
in radiatively coupled microwave oscillator arrays [23],[46],[47]. Experimentalists
Lynch and York state that the reason for studying periodic motions in the original
system is that “in practice, any useful operational mode of a system of coupled
oscillators where coherent power combining is desired must exhibit some type of
stable periodicity”[23]. We use the method of averaging to obtain an approximate
simplified system of three slow-flow equations and then investigate the stability and
bifurcation of their equilibria which correspond to periodic motions in the original
system. We then compare these results with the numerical integration of the original
differential delay equations.

This work has application to high resolution radar systems and satellite com-
munications [22]. Since solid-state devices have trouble handling the desired output
power levels at these high frequencies, alternative power devices are being sought.
Coupled microwave oscillators have the benefit that they can generate adequate
levels of power at such high frequencies, making them a desirable alternative to

solid-state devices. This work is related to previous studies of coupled van der Pol



oscillators in which the coupling terms omitted delay effects [5],[32],[37],[38].

1.2 The Literature on Microwave Oscillators

The coupling of microwave oscillators through delayed velocity coupling has been ex-
amined in the electrical engineering literature [22],[23],[46],[47],[48]. Two important
characteristics of microwave oscillators are negative resistance (which causes the am-
plitude of the oscillations to grow) and gain saturation (which limits the amplitude of
the oscillations) [22],[24]. In the laser physics community, the operation of the ruby
laser, for instance, also exhibits such relaxation oscillations [34]. York states that
numerous experiments involving microwave oscillators with “significantly different
physical mechanisms responsible for the negative resistance and gain saturation”
have shown the systems to behave similarly when coupled together [46]. Because of
this observation and the presence of relaxation oscillations, the van der Pol oscillator
is often considered as a generic microwave oscillator [22],]23],[46],[47],[48].

This work examines two coupled van der Pol oscillators with delayed velocity
coupling. It differs from previous work in its treatment of the time delay. Time
delay is included explicitly in the differential equations (thus giving rise to differen-
tial delay equations), rather than introducing the delay in the averaged equations
(cf. [46],[47],[48]); moreover, a mathematical justification is provided and condi-
tions are given under which the approximations of the delay terms will be valid
(cf. [22],[23]). Under certain conditions, it is seen that the introduction of delay

terms in the averaged equations will be accurate. This is not expected as our origi-



nal differential delay equations must properly be analyzed in an infinite-dimensional
space (as an entire delay interval is needed to calculate the state of the system),
whereas our analysis reduces the system to a finite-dimensional one by making the
delay a parameter (thus allowing our system to be analyzed in a three-dimensional
space involving two parameters). Previous work has dealt with phase-only oscilla-
tors with non-identical frequencies and the stability of these systems was examined
in terms of the frequency differences. This work also differs from previous work in
that it examines identical oscillators with both phase and amplitude and considers

the stability of the system in terms of the coupling strength versus the time delay.

1.3 A Brief Overview

We begin Chapter 2 by considering a pair of van der Pol oscillators that have delayed
velocity coupling. We average the equations and then approximate the delay terms
(under certain restrictions), thereby reducing the system to one that may be ana-
lyzed in a finite dimensional space with parameters 7 (time delay) and « (coupling
strength). We find equations for saddle-node and Hopf bifurcation curves and the
intersection of these curves in 7 — a parameter space gives rise to three degenerate
equilibria, which we label Q, P and H. Detailed local analyses of the degenerate
singularities Q, P and H are performed in Chapters 3, 4 and 5 respectively, and cer-
tain global bifurcation curves are able to be observed or deduced from the analyses.
At the end of Chapter 5, the fate of all but two of the global bifurcation curves is

known. Chapter 6 analyzes the remaining two curves and the end result is that the



complete bifurcation set of the averaged equations is known (where the bifurcation
set is defined as the set of points at which the averaged equations are structurally
unstable [12]). Chapter 7 describes a modified Runge-Kutta integration scheme by
which we are able to numerically integrate the original van der Pol equations. We
then compare the predictions from the analysis of the approximate averaged equa-
tions with results obtained from the numerical integration of the original equations.
Chapter 8 discusses some implications and limitations of our analysis and suggests

further research that can be done on similar problems.






Chapter 2

The Slow-Flow Equations

2.1 Derivation of the Slow-Flow Equations

We investigate two van der Pol oscillators with delay coupling [11],[23],[46]:

Pi+m—e(l—a]) i = eady (t—1), (2.1)

Fp+mg—e(l—a3) iy = ead (t—1), (2.2)

where « is a coupling parameter, 7 is the delay time, and where ¢ << 1. As
mentioned in Chapter 1, we choose van der Pol oscillators with delay coupling
in the damping terms because this form of coupling occurs in radiatively coupled
microwave oscillator arrays [23],[46]. In terms of the physical problem, x; represents
voltage and the velocity coupling represents the coupling of the oscillators in free-
space (where high efficiency is possible [47]). As the voltage is often written in

phasor form as V;(t) = R (t)e?®® it is natural to examine the equations on Ry, and



0. When € = 0, the system reduces to &; + x; = 0,72 = 1, 2, with solution:
r1 = Ry cos(t+01), x9 = Ry cos(t+ 0s), (2.3)
l"l = - Rl sin(t+91), i‘g = - R2 sin(t + 02) (24)

For e > 0, we assume (2.3)-(2.4) but treat R; and 6; as time dependent. Using

variation of parameters, we now differentiate (2.3) and obtain
iy = Ry cos(t+61) — Ry sin(t +6;) — Ry sin(t + 6,) 61,
iy = Ry cos(t + 63) — Ry sin(t + 05) — Ry sin(t + 05) 0.
Comparison with (2.4) gives
Ry cos(t+6,) — Ry sin(t+6,) 6, = 0 (2.5)
Ry cos(t +6;) — Ry sin(t +6,) 6, = 0. (2.6)
Calculating the second derivatives, we then obtain

i = —Ry sin(t 4+ 0;) — Ry cos(t +61) — Ry cos(t + 601) 0;,

Py = —Ry sin(t + 02) — Ry cos(t + 65) — Ry cos(t + 62) 0.
Substitution into (2.1)-(2.2) gives

.’i’l +x = —Rl sin(t + 91) - R1 COS(t + 91) 91

= e(1—2a}) @1 +eadiyt—71)

€ Fl (27)
Zi‘g + T = —RQ sin(t + 02) - R2 COS(t -+ 92) ég

= e(l—a)dgt+ecad (t—71)

e Fy. (2.8)



Using (2.3)-(2.4), the expressions for F; become

Fi, = [1—R? cos®(t+6,)] [-R; sin(t+6,)]

+a [-Ry sin(t — 7+ 6,)], (2.9)
Fy = [1—R? cos®(t+ 65)] [-Ry sin(t + 65)]

+a [Ry sin(t—7+6,)] (2.10)

where R; = Ry(t — 7) and 6; = 6;(t — 7). Solving (2.5)-(2.8) for R; and 6; and

applying the method of averaging, we obtain

R, = —esin(t+6,) Fy~ —e % /027T sin(t + 6,) Fy dt, (2.11)
~R 6, = ¢ cos(t+6) F; =~ ¢ % /027T cos(t + 01) Fy dt, (2.12)
Ry = —esin(t+6,) Fy~ —e % /O27T sin(t + 02) Fy dt, (2.13)
—Ry 6, = ecos(t+6y) Fy = € % /0% cos(t + 02) Fs dt, (2.14)

where the right hand side of (2.11)-(2.14) is the average over one period of the ¢ = 0

system. Calculating § cos(t + 6,) Fy dt using (2.9) and combining with (2.12) gives
. €O ~ o
R1 91 = 7 RQ sm(92 — 91 — ’7') (215)

while calculating ¢ sin(¢ + ;) Fy dt using (2.9) and combining with (2.11) gives

. R2? ~ _
R1 = E R1 < - —1> + ﬂ R2 cos(91 - 92 + 7'). (216)
2 4 2
Similarly, we calculate
. €EQ ~ L~
R2 92 = 7 R1 sm(91 — (92 — T), (217)

. R2 ~ s
Ry = % Ry <1 — f) + % Ry cos(0y — 0y — 7). (2.18)
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Equations (2.15)-(2.18) show that R;,0; are O(e). We now Taylor expand R; and

éii

R, = Ri(t—71)=Ri(t)—TR;(t) + T°Ri(t) + - -, (2.19)

0; = 0;(t—7)=0;(t) — 76;(t) + T20:(t) + - - - (2.20)

Equations (2.19)-(2.20) indicate that we can replace R;,0; by R;,0; in equations
(2.15)-(2.18) since R;(t),0;(t) and R;(t),0;(t) in (2.19)-(2.20) are O(e) and O(e?) re-
spectively, as calculated from equations (2.15)-(2.18). This substitution reduces the
delay 7 to a parameter. That is, the problem is reduced from an infinite dimen-
sional problem in functional analysis to a finite dimensional problem by assuming
the product er is small. (Note that we do not assume a small delay 7.) This key step
enables us to handle the original system of differential delay equations as a system of
differential equations [22],[23],[46],[48]. Note that if terms of O(e?) were retained in
equations (2.19)-(2.20), then the resulting differential equations would be of second
order. Thus extending the expansion to higher order in € has the unusual effect
of profoundly changing the nature of the approximate system to be solved. Never-
theless the O(e) truncation studied in this work is valid for small values of er (see
Chapter 7), as demonstrated by comparison of the subsequent slow flow analysis

with numerical integration of the original differential delay equations (2.1)-(2.2).

Setting ¢ = 6, — 05 we then obtain

R = [Rl <1 — Rf) +a Ry cos(qﬁ—i-T)] , (2.21)

[NNNe

DO N

Ry = = [RQ (1 — RZ%> +a Ry cos(¢ — 7')] , (2.22)
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: € Rs R,
o = > _E sm(qH—T)—?2 sin(¢ — 7)| . (2.23)

In our analytic treatment and subsequent numerical integration of equations (2.21)-

(2.23), we avoid having to choose € by making the change of variables T' = %t. Then

% = % and the € has no explicit appearance. The slow-flow equations are then in
the form
. 1 R2
R, = 3 [Rl < — j) +a Ry cos(¢ + 7')] , (2.24)
. 1 R?
R2 = 5 [ < — f) +« R1 COS )‘| s (225)
b = % [_ﬁj sin(¢ +7) — ﬁ: sin(¢ — T):| (2.26)

and we will examine equations (2.24)-(2.26) in the ensuing chapters, but now the
derivatives are with respect to 7', not t. We again note that equilibria in the slow-
flow equations correspond to periodic motions in (2.1)-(2.2) and we will define the
oscillators to be 1:1 phase locked if ¢(t) is constant. We also note that periodic
motions of (2.24)-(2.26) correspond to quasiperiodic motions of (2.1)-(2.2) and we
define the oscillators to be in 1:1 phase entrainment when ¢(t) varies periodically.
The remaining situation occurs when ¢(t) grows unbounded and we define the os-
cillators in this case to be in phase drift [5].

Note that R; and R, are nonnegative and the vector field associated with equa-
tions (2.24)-(2.26) is periodic in ¢. Thus the phase space is R™ x Rt x S!. The

slow-flow is invariant under the three transformations:

(R1, Ra, ¢) = (B2, Ri,—9) (2.27)

p—o+m, a— - (2.28)
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p—o+m, THTHT (2.29)

Equations (2.28),(2.29) show an invariance involving only parameters:
a— —q, T T+ (2.30)

It will often be easier to consider cos 7 (instead of 7) as the delay parameter. This

last invariance, equation (2.30), is then written
Q+— —q,  COST > —COST. (2.31)

Equation (2.31) shows that we may assume a > 0 without loss of generality since
the phase flow for a negative value of « is identical to that of the corresponding
positive value of o with the sign of cos 7 reversed. Since our approximation assumes
a small e7 term, considering cos7 as our delay parameter, we expect the periodic

behavior in 7 to actually be incorrect (cf. [26],[45]).

2.2 In-phase Mode

Equations (2.24)-(2.26) possess the following equilibrium point which corresponds

to the in-phase mode x; = x5 in (2.1)-(2.2):
Ry = Ry = 2V1+acost, ¢ =0, 1+a cosT>0. (2.32)

The in-phase mode is also referred to as a mized mode since Ry, Ry # 0, ¢ = 0
[2]. Notice that equations (2.32) indicate that the amplitudes R; approach zero as
1+ acos T approaches zero, and that these amplitudes remain zero for 1 +acos 7T <

0. This result is known as amplitude death [33],[42]. Thus the in-phase mode is
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1
cos T

predicted to come into existence as we cross the curve a = — in the cos7 — «

parameter plane. This bifurcation is accompanied by a change in stability of the
trivial solution x; = x5 = 0. In order to show this we must return to the original
differential delay equations (2.1)-(2.2), since the slow-flow equations (2.24)-(2.26)
are singular for Ry = Ry = 0. Linearizing equations (2.1)-(2.2) about the trivial
solution, we may obtain the condition for a change in stability of z; = x5 = 0
by assuming a solution of the form e™!. Equating real and imaginary parts of the

corresponding characteristic equation, we obtain:

1—w?

COSWT = ——, sinwt = .
« eaw

(2.33)

In the small € limit, the second of equations (2.33) gives w = 1, and then the first of

1
cos T’

equations (2.33) gives a = — in agreement with the birth of the in-phase mode,
cf. equation (2.32).

Before proceeding with the analysis of the in-phase mode, we pause to discuss a

symmetry associated with it. Recall the invariance given in equation (2.27):

(Rh Ry, ¢) = (R27 Rla_(b)'

Because the in-phase mode is given by R; = Ry, ¢ = 0, we see that the in-phase
mode is invariant under this transformation. This is particularly important because
equilibria which bifurcate from the in-phase mode will always satisfy (2.27). That
is, the behavior of one of the newly born equilibria will result in an immediate

understanding of its partner, which is given by the mapping (2.27).
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2.2.1 Bifurcation Curves

In order to determine the stability of the in-phase mode, we compute the Jacobian
matrix of the right-hand side of (2.24)-(2.26) evaluated at the equilibrium given in

equation (2.32):

COS T —a sinT /1 4+« cosT
§ cosT -3 (1+4acost) asinty/I+acost |- (234)

1—3(1+4a cosT)

ro|Q

a sinT a sinT

2 V14« cosT T2 V14+a cost —@ COST

The eigenvalues of (2.34) satisfy the characteristic equation

M4+ X(2+4a cosT)+A(1+5a cosT+a?+4a? cos’7)

+(a cosT+2a® cos’ T +a’+a’ cosT+a® cos’r) = 0. (2.35)

When A = 0, equation (2.35) gives necessary conditions for generic saddle-node

bifurcation curves in the cos 7 — a parameter plane. The three curves we obtain are

a = 0, (2.36)
—1
= 2.37
@ cosT’ ( )
_ —cosT (2.38)
@ = 1+cos27’ ’

In the case of equation (2.36), the original system reduces to the system

i+ m—e(l—al)d = 0, (2.39)
Bg+a9—€(l—a3) iy = O, (2.40)
with A\ = —1 being an eigenvalue of multiplicity two in equation (2.35). This system

corresponds to the case of two uncoupled oscillators in the original system and is
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not of any importance for our physical system, since we are concerned with coherent
coupling.

When equation (2.37) holds, the two non-zero eigenvalues are A = 1 £ itan.
The R-values of the in-phase mode are given by equation (2.32), which exists only
when 14+ a cos7T > 0. As stated above we see that the in-phase mode does not exist
for points in the cos 7 — o parameter plane which lie above equation (2.37). As we
cross equation (2.37), the in-phase equilibrium is born.

When equation (2.38) holds, the two other eigenvalues are

-1 2cos’T — 1

1+4cos27’ 1+cos?t’

(2.41)

and we can expect two real, distinct, non-zero eigenvalues for all but one pair of

parameter values along this curve. We see that when cos? 7 = 2, A\ = 0 will be an

1
29
eigenvalue of multiplicity two. In the parameter plane, this point is given by

- V2 (2.42)

V2’ 3

and we label it “point P.” Thus point P has eigenvalues \p = —%, 0,0. (We will see

COST =

in Chapter 4 that a Takens-Bogdanov bifurcation actually occurs at point P.)
As we will discuss in greater detail later in this thesis, center manifold analysis

along (2.38) shows the curve is a supercritical pitchfork bifurcation for

-1
—1>cosT > —= (2.43)

V3

and it is a subcritical pitchfork bifurcation for

—1
— >cosT > 0. (2.44)

V3
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Another point of interest occurs where the bifurcation curve switches from a
supercritical to a subcritical pitchfork. We will call this point in the parameter

plane “point Q7 and note that it has values

-1 \/g

COST = —=, v = —. (2.45)

V3’ 4
We note that point Q has eigenvalues Aoy = —%, —i,O. Later we will use center
manifold theory to examine the flow on the corresponding one-dimensional center
manifold.
We can similarly set A = ¢ w to obtain conditions necessary for a Hopf bifurcation.
Omitting extraneous roots, the characteristic equation gives

—1 1
cos’ T < 7 (2.46)

o= ,
3 cosT

Note that this curve “ends” at point P (see Figure 2.1).

Examining the 7 values, we see that this Hopf bifurcation curve from the in-phase
mode, equation (2.46), joins to the pitchfork bifurcation curve of the in-phase mode,
equation (2.38), at point P. Point P will be examined in more detail in Chapter 4.

Equations (2.37),(2.38) and (2.46) represent stability boundaries for the in-phase
mode 1 = 25 in the cos 7 — a parameter plane (see Figure 2.2).

These results are in agreement with numerical integration of equations (2.24)-
(2.26). DsTool shows an unstable limit cycle is created as the in-phase mode goes
from unstable to stable [13]. Thus the Hopf bifurcation, given by (2.46), is subcriti-
cal. The slow-flow limit cycles born in the Hopf bifurcation correspond to quasiperi-
odic motions in the original equations; however, since the limit cycle created in the

Hopf bifurcation is unstable, it is of no practical importance in the coherent coupling



0.6 T T T

0.55 -=subcritical Hopf hifurcation (2.46)

05
==supercritical pitchfork bifurcation (2.38)

=-supercritical pitchfork bifurcation (2.38)

0451
041
subcritical pitchfork bifurcation (2.38)--->
035 | | | | | | |
-0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4

COST

Figure 2.1: Partial bifurcation set of the in-phase mode.
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Figure 2.2: Stability of the in-phase and out-of phase modes: S=Stable,

U=Unstable, N=does not exist.

Out-of-Phase Mode

18

1.6

14

12

08

0.6

04

0.2

-0.5

0 0.5
Cos T




19

of the oscillators except for the fact that its stable manifold will separate the basins
of attractions of the stable fixed points. Note that quasiperiodic motion corresponds
to the two oscillators varying about a periodic motion and so they are frequency

locked when averaged over one cycle.

2.3 Out-of-phase Mode

In addition to the in-phase mode, equations (2.24)-(2.26) also possess an equilibrium

which corresponds to the out-of-phase mode z; = —x»:
Ry = Ry = 2V1—-acost, ¢ = m, 1—a cosT>0. (2.47)

The out-of-phase mode is also referred to as a mized mode since Ry, Ry #0, ¢ =7
[2]. In order to determine the stability of this mode we could proceed in an analogous
fashion to that used for the in-phase mode; however, a more direct approach is
available to us due to the symmetry discussed in equations (2.28)-(2.30). The out-
of-phase mode (2.47) maps to the in-phase mode (2.32) under the transformation
(2.29), ¢ — ¢+ m,7 — 7 + m. But since the entire phase flow is invariant under
this transformation, the stability of (2.47) is seen to be identical to that of (2.32)
with the parameter change 7 — 7 + 7, i.e., cosT +— —cos7. That is, the out-of-
phase mode has the same stability chart as the in-phase mode, reflected about the
a-axis (see Figure 2.2). Thus, in the remainder of the thesis, when we examine
bifurcation curves near the in-phase mode we can immediately deduce the existence
of an identical curve under the parameter change cos7 — —cos7. Also, in our

original equations (2.1)-(2.2), the stability of the out-of-phase mode has the same
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stability as the in-phase mode under the mapping a — —a but we can conclude
nothing about the stability of the two modes through the mapping 7 — 7+ 7. This
again indicates that the periodic behavior we detect will only be valid for the regime

er << 1.

2.4 Unsymmetrical Equilibria

2.4.1 Saddle-node Bifurcations

Having investigated the stability of the symmetrical slow-flow equilibria correspond-
ing to the in-phase and out-of-phase modes, we now look for any other slow-flow
equilibria, each of which corresponds to a periodic motion in the original equations
(2.1)-(2.2). In contrast to the in-phase and out-of-phase modes, these unsymmet-
rical equilibria correspond to motions which are phase and frequency locked but
where the phase is neither 0 nor . These unsymmetrical equilibria are also referred
to as travelling waves [2]. Our task is to solve equations (2.24)-(2.26) for equilibrium
values of Ry, Ry and ¢. We solve (2.25) for Ry, substitute the result into (2.26) and
solve for R3. Call the result “equation A”. Then we solve (2.25) for R; and sub-
stitute the result into (2.24), giving a polynomial on R3. We substitute “equation
A” into this polynomial, giving an equation with no Ry or Ry in it. Algebraic and

trigonometric simplification of the resulting equation gives:

2

a?sin? 7 cos’ ¢ + (2 a®sin® 7 — 1) cos® 7 cos® ¢ + cos’ 7(1 + a®sin®7) = 0.  (2.48)
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Equation (2.48) is a quadratic on cos?¢. We may obtain up to 4 real values for
cos ¢, corresponding to 8 equilibria in our slow-flow since each value of cos ¢ has two
corresponding values of ¢; however, we only see 4 of these equilibria because 4 of
them have negative R; values. The 4 that we do see come in pairs and satisfy the
symmetry given in equation (2.27).

Bifurcations of these equilibria result from setting cos¢ = 1 in equation (2.48)
since cos? ¢ < 1. This gives equation (2.38) and its reflection in the symmetry
(2.29). Along this curve we now have the unsymmetrical equilibria being born in
addition to the in-phase mode becoming stable. Bifurcations also occur in equation

(2.48) if the discriminant vanishes. This results in the condition

1 1
2 2
= < - 2.49
“ 8(1 —cos?T)’ ST (2.49)

When we cross this curve in the cos7 — « plane coming from above, two pair of
fixed points are born in a double saddle-node bifurcation. This bifurcation curve
joins to the in-phase bifurcation curve equation (2.38) at point Q. That is, a saddle-
node bifurcation curve for the unsymmetrical equilibria joins to the in-phase mode
bifurcation curve at exactly the point where the curve switches from a supercritical
pitchfork to a subcritical pitchfork bifurcation. The subcritical pitchfork bifurcation
given by equation (2.38) destroys the two unstable fixed points at the same time
the in-phase mode switches from stable to unstable. Trajectories which leave the
neighborhood of the unstable in-phase mode are attracted to the two unsymmetrical
equilibria which are present and stable.

Equation (2.49) is displayed in Figure 2.3 along with the previously obtained
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bifurcation curves (2.37),(2.38),(2.46).

The total number of slow-flow equilibria in equations (2.24)-(2.26) depends on
the parameters a and 7, see Figure 2.3. The maximum number is six, consisting
of the in-phase mode, the out-of-phase mode, and the four additional equilibria
associated with equation (2.48). Note that none of these additional equilibria can

occur if the coupling « is sufficiently large.

2.4.2 Hopf Bifurcations

Numerical simulation suggests the equilibria discussed in this section undergo Hopf
bifurcations in the regions marked ‘4’ and ‘6’ in Figure 2.3. To find this Hopf
bifurcation curve analytically, we calculate the general characteristic equation from

the matrix of partial derivatives obtained from the slow flow equations (2.24)-(2.26):
p(Ry, Ry, ¢, T, ) = 0.
Using the Hopf condition A = ¢ w we obtain an equation of the form
Cruw?i+Crw’ +C3wi+Cy=0 (2.50)

where C; = C;(Ry, Ry, ¢, 7,«). This gives two equations in w? (where w? > 0).
Subtract them from each other and call this equation F'(Ry, Ry, ¢, T,a) = 0.

We now need estimates for the values of Ry, Rs, and ¢ near the Hopf bifurcation.
We solve (2.25) for Ry, substitute the result into (2.26) and solve for Ry to obtain

1R — Ry

acos(¢p — 1)

Ry, = 2\/1 + acot(¢ — 7')\/— sin(¢ — 7) sin(¢ + 7). (2.51)

R, =




Number of Periodic Motions

COS T

Figure 2.3: Number of periodic motions exhibited by the slow-flow (2.24)-
(2.26). The displayed curves are the bifurcation equations (2.37), (2.38),
(2.46), (2.48).
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We can solve equation (2.48) for ¢ to obtain ¢ = H(1, ).

We then substitute this solution into F'(Ry, Ry, ¢, T, ) to find an expression for
the Hopf bifurcation; however, due to the extreme complexity of the resulting ex-
pressions, we were not able to find a closed form condition for these Hopf bifurcations
(even using the computer algebra programs MAPLE and MACSYMA [6],[25], [29]).
We look for a numerical approximation for the curve as follows:

1. Fix a value for 7 and find an approximate (lower) value of «.

2. Find numerical estimates for ¢ = H(7,«a), Ry = Gs(¢,7,0), and Ry =
G1(Ry, ¢, T, ), using equations (2.48),(2.51).

3. Plug these values into the Hopf condition F(Ry, Ry, ¢, T, ) along with the
current values of 7 and a.

4. Evaluate. A point on the Hopf curve satisfies F' = 0. If the value is not zero,
continue to step 5.

5. Advance « a small step size. Re-evaluate ¢ = H(7, ), Ry = G2(¢, T, ), and
Ry = G1(Rs, ¢, 7, ) using the new values of 7, a.

6. Repeat steps 3-5 until a switch in the sign of F/(Ry, Ry, ¢, T, ) is seen.

(Alternatively, we could use Newton’s method instead of steps 5 and 6 above to
find the o which satisfies the equation F' = 0.) As we cross the Hopf bifurcation
curve coming from above in the cos 7 — « parameter plane, two of the unsymmetrical
fixed points become unstable and DsTool shows that a small stable limit cycle is
born. The Hopf bifurcation is thus supercritical.

This Hopf bifurcation curve joins the previously known bifurcation curves at

point P in the parameter plane. It also joins to the saddle-node bifurcation curve
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of the unsymmetrical equilibria at
cosT ~ —0.487950, o ~ 0.405046 (2.52)

and we will call this “point H,” see Figure 2.4.

To be precise, we define H to be the one point along the double saddle-node
bifurcation curve (with —1 < cos7 < 0) which has two eigenvalues satisfying A =
0, since at all other points along the double saddle-node curve we had only one
eigenvalue satisfying A = 0. The equilibria which undergo the Hopf bifurcation have
a pair of eigenvalues satisfying A\; + Ao = 0 where A;, Ay are pure imaginary, while
the remaining eigenvalue satisfies A3 < 0. To the right of point H in cos 7 — a space,
the conditions A; + Ay = 0 and A3 < 0 still hold (for reasons that will be explained
in Chapters 5, 6); however, A\;, A2 € R. The curve satisfying A\; + Ay = 0 extends
from point P to its reflection about the a— axis, point P’, and passes through point
H and its reflection point H’.

This curve is approximately given by the empirical equation
a = —0.045 cos® 7 + 0.29 cos® 7 + 0.33932 (2.53)
which gives a maximum relative error of 0.35% while the equation
o = —0.045266 cos® 7 + 0.286920 cos® T + 0.3393455 (2.54)
gives a maximum relative error of only 0.025% where
0.238095 < cos® 7 < 0.5. (2.55)

As mentioned above, numerical simulation has shown the resulting limit cycles

to be stable. Recall these periodic slow-flow motions correspond to quasiperiodic
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0.49 --subcritical Hopf bifurcation (2.46) b

<-supercritical pitchfork bifurcation (2.38)

~-supercritical pitchfork bifurcation (2.38)
045

supercritical Hopf bifurcation (cf.(2.54))--->
of unsymmetrical equilibria

0.433r §
5
0.4071 4
saddle node bifurcation (2.49)---~x--------
of unsymmetrical equilibria
0.37F subcritical pitchfork bifurcation (2.38)---> .
| | |
-0.8 -0.7071 -0.5774 -0.4899

CoST

Figure 2.4: Partial bifurcation set of the in-phase and unsymmetrical modes.
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motions in the original equations (2.1)-(2.2). Thus the stable limit cycles may
be of some practical importance; however, these stable limit cycles only exist in
a very narrow strip in parameter space. It should also be noted that although
the unsymmetrical Hopf bifurcation curve (cf. equation (2.54)) crosses the in-phase
mode pitchfork bifurcation curve (2.38) in the parameter plane, the intersection does
not correspond to the same point in phase space; however, when the bifurcation
curves of the unsymmetrical equilibria join at points P, QQ, and H, the Ry, Ry, ¢
values are identical. In any case, we define the parameter plane intersection of the

unsymmetrical Hopf and the in-phase mode pitchfork bifurcation curves as “point

T.77

2.4.3 A Brief Overview

Let us now pause to examine what we have so far. We are looking for periodic
stable motions of the original system of equations (2.1)-(2.2) which are seen as
stable equilibria in our slow-flow equations (2.24)-(2.26). We have found a number
of bifurcation curves in the parameter plane which separate the various regions of
stability for particular equilibria. There are two questions we now ask:

1. Are these the only bifurcation curves which occur?

2. What happens to the stable limit cycles born from the unsymmetrical Hopf
bifurcation?

A possible approach to the first question would be to numerically check the
parameter plane in order to look for any other equilibria not already found. A

second possibility is to examine the degenerate points— Q, P and H—to see if any
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other bifurcation curves might actually join at those points. The latter approach
will also allow us to answer the second question about the fate of the limit cycles
which were created. Both are done through a combination of center manifold theory
and an unfolding of the points in question.

One might ask at this point for an explanation on physical grounds for exam-
ining such a narrow region (cf. Figure 2.4), especially given that the method of
averaging, combined with our reduction of the infinite-dimensional problem to a
finite-dimensional one already leaves us two steps removed from the original prob-
lem. Recall that we hope to find all stable periodic solutions of the original equa-
tions. In our case, stable quasiperiodicity might be equally valid and it would not do
justice to the analysis to just ignore or avoid this region in parameter space because
it is too small. Also our goal is to be able to describe the behavior of the system
given any set of parameter values. Although it may or may not be desirable to
be restricted to such a small range of parameter values, it may indeed be the case
that our system will be affected in some way and we will be thrust either into or
out of this region of space. Knowing each and every bifurcation curve is thus very

important to understanding the global picture.



Chapter 3

Point Q

3.1 Introduction

Recall that point Q is defined as the point where the double saddle-node bifurcation

curve (2.49) joins with the in-phase mode pitchfork bifurcation curve (2.38), which

occurs at
~1 V3
COST = —, @ = —. 3.1
Since cos™! is multivalued, there are actually two 7 values which satisfy this con-

dition. We will pick 0 < 7 < 7. Thus as 7 increases, cos7 will decrease. When
comparing our 7 — « parameter plane picture with the cos7 — o parameter plane
picture, we must remember that the bifurcation curves will be reflections of each
other about the line 7 = 7.

We expect a pitchfork bifurcation to switch from supercritical to subcritical at

point Q. In particular, we know that we must have one eigenvalue satisfying A\ = 0.

29



30

We state the following theorem which tells us that our analysis can be carried out

at point Q on a one-dimensional manifold, the center manifold:

Theorem 3.1.1 (Center Manifold Theorem [12],[27]) Let f be a C" wvector
field on R™ which satisfies f(0) = 0 and suppose that A = Df(0) has k eigen-
values satisfying Re(\) < 0, j eigenvalues satisfying Re(\) > 0, and the remaining
m = n — k — j eigenvalues satisfying Re(\) = 0. Let E*, E°, E" denote the
generalized stable, center, and unstable eigenspaces, respectively. Then there exists
an m-dimensional C™™1 center manifold W¢ tangent to E¢ at 0 and C" stable and
unstable invariant manifolds W* and W*" tangent to E° and E“. The manifolds

We, We, W are all invariant for the flow f.

We note that we cannot simply project our original system onto the linear sub-
space spanned by E° if we want to capture the correct qualitative behavior [12]. To
show how the above theorem comes into play, consider the following system already

in eigencoordinates

T = Al’—f-gl(fL‘,y,Z)

where z € RX, y € R™, A is a k-by-k matrix whose eigenvalues have negative real
part, B is an m-by-m matrix whose eigenvalues have zero real part, and ¢;(0) =
g2(0) = Dg1(0) = Dgo(0) = 0. From Theorem 3.1.1, we know the center manifold
is tangent to the center eigenspace, £ and so we can represent it locally as a graph
41,112]:

W =A{(z,y)l = h(y)}, h(0) = Dh(0) =0, (3.3)
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where h : R™ +— RX is defined on some neighborhood of the origin. If we now

consider the projection of the vector field on x = h(y) onto E°, we obtain

y = By + g2(h(y), v). (3.4)

The remarkable conclusion is that all the essential behavior of the system (3.2) in
the neighborhood of the origin, will be captured by (3.4). In particular, we have the

following theorem:

Theorem 3.1.2 ([4],[12]) If the origin of (3.4) is stable (unstable), then the origin

of (3.2) is also stable (unstable).

These theorems will be used in our analysis of point Q, but we take one more
detour and examine exactly what behavior we expect at point Q, where our pitch-
fork bifurcation switches from supercritical to subcritical. The normal form for a

supercritical pitchfork bifurcation is

t=rz—2° (3.5)
and the normal form for a subcritical pitchfork bifurcation is

P=rz+ 25 (3.6)

Since these equations model a physical system and because the symmetry associated
with (2.27) will take the form z — —z on the one-dimensional center manifold, we
expect the instability of the subcritical pitchfork to be countered by some stabilizing
force of O(2°) or higher [41]. That is, we expect the normal form for the subcritical
pitchfork to actually be

=12+ 20 (3.7)
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We expect very degenerate behavior at this point since the cubic term in the normal
form switches from negative to positive as the bifurcation switches from supercritical
to subcritical. We can see this better by inserting another parameter p into the
system. Thus in order for the bifurcation to go from a supercritical pitchfork to a

subcritical pitchfork, the parameter p in the normal form
t=rz+p2 (3.8)

must switch from negative to positive. And in order for us to see this switch, we

will need to keep terms of O(2°) and thus we will expect the normal form
F=rz+p2’ -2~ (3.9)

This will be useful to remember as we examine point QQ in more detail.

3.2 Linearization

From the previous discussion of the in-phase mode, we can calculate the eigenvalues
at point Q. It is important to note that one of the eigenvalues is zero while the
other two are negative. As stated in Section 3.1, the Center Manifold Theorem tells
us that we can expect a one-dimensional center manifold to capture the essential
behavior of the system. We begin with the three slow-flow equations (2.24)-(2.26)

and linearize about the in-phase mode equilibrium at point Q
Ri=Ry,=2+V1+a cost=+vV3, ¢=0. (3.10)

To make this explicit, we let

R = V3+u, (3.11)
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Ry = V3+y, (3.12)

o = =z (3.13)

We can do the center manifold analysis in any coordinates but the calculations are
easier if we switch to eigencoordinates. We can easily obtain the eigenvalues from
(2.41) but since we also need the eigenvectors, we proceed with the linearization.
The coordinates x, y, z are physical coordinates which are local about point Q. Sub-
stituting equations (3.11)-(3.13) into the slow-flow equations (2.24)-(2.26), setting

1= v =0 and ignoring higher order terms, we find that

T x
d
Z z
where
=5 =1 =6
8 8 3
A=| =t == L |, (3.15)
8 8 8
V6 =6 1
12 12 1

with corresponding eigenvectors vy, va, v3. Let A = (v1 vy wv3) be the matrix with
the eigenvectors as its columns.

We could proceed with the analysis of point Q in the physical x, y, 2 coordinates
but since we have one zero eigenvalue, it will be useful to rotate to eigencoordinates

before using center manifold theory to examine the behavior of the system.



34

Thus we seek expressions for the eigencoordinates, (x1,y, 21), which are defined

by the equation

X T
z 21
where
/e
1 - -1
A=11 ¥ 4 (3.17)
2v/6
o 1 =

We substitute these values of z,y, z into (3.14). We solve for &1, 9, 2; and Taylor
expand the expressions, keeping quadratic terms in y, v and quintic terms in x1, ¥, 21
(cf.(3.7)). This will allow us to obtain the flow in terms of the eigencoordinates.

Since we want to unfold point Q, we will also make the substitution

T = cos ! _—1 + v
V3

a = ?—i—,u (3.18)

into the previous result. As mentioned above, we take 0 < 7 < 7 so that an increase
in 7 implies a decrease in cos7. This will allow for a local analysis about point Q
in the parameter plane.

Before continuing, we note that the expressions of the two curves coming into

point QQ are
—COST
a = —,
1+ cos?T
1 1
2 2
af = ——— costT < =
8(1 — cos?7) 3
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where the first of these equations is the in-phase mode bifurcation curve (2.38) and
the second is from the double saddle-node bifurcation curve (2.49). Thus we can
examine the corresponding expressions in terms of the local parameter coordinates,
i and v. Since the slope of each curve is the same at point Q, when we substitute

(3.18), we need to keep quadratic terms in u, v in our Taylor expansion. We obtain

<V 167 +O0@?) (3.19)
po= ?u—i—?uz—l—O(zﬁ) (3.20)

for the in-phase and double saddle-node local bifurcation curves, respectively. Know-
ing these expressions will provide a check on our unfolding calculation, which will

in addition permit us to see if there are any other bifurcations at point Q.

3.3 Unfolding Q

To begin the unfolding, we start with the three differential equations in terms of
the eigencoordinates xy, %1, z;. We substitute in equations (3.18) and obtain three

equations:

o1 = Gi(x1,9, 21, 1, V) (3.21)
n = Galxr,y1,21,1,7) (3.22)
2'51 - G3(l'1ay1azlnua V)a (323)

where x1,11 € W?*, 21 € W€ at the bifurcation point (cf. Theorem 3.1.1). We know

the center manifold, W€, is tangent to £ and thus can locally be represented as a



36

graph. Recall that the flow on the center manifold is going to be given by a one-
dimensional equation. In our case, this equation involves only z; and will be given
by equation (3.23) once we have expressions for the center manifold, i.e., once we
have z1,y; in terms of z;. We need to assume an appropriate form for the center
manifold in order to express x; and y; in terms of z;. The fact that we want to
keep quintic terms in the eigencoordinates and quadratic terms in p, v leads us to

assume a center manifold of the form

Tiem = @y 2i+(aa+azg p+asv+as pv+ag p’+ar v*)z
+ (ag+ag p+apv+an pv+ap M2+a13 Vz)Z%
+ (a5 p+a v+arr pv+ag fB° +arg V)2

+ (a1 p+ ax v+ ags v+ agy pF + ags V) (3.24)

for z; and a similar form for y; .. Comparing with (3.3), we see that the center

manifold will be given by

W ={x1,y1,21)| 71 = hi(21), 51 = ha(21)} (3.25)

where h; : R — R with hy(0) = ho(0) = Dhy(0) = Dhy(0). (Here hi(z) =
T1em, ha(21) = Y1.em and a1y = ago = 0 in (3.24) to avoid any O(1) translation in
the linear or constant terms.) We substitute these equations into the differential
equations (3.21)-(3.22). This will introduce Z; terms after the differentiation is
carried out. We then substitute in equation (3.23) which reintroduces x1, y; into the
equations but rids the equations of any 2,9, 21 terms. One more substitution of
equation (3.24) and the corresponding ¥ ., equation into the new versions of (3.21)-

(3.22) gives two equations which only have z; terms. For each equation, we move
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all terms to one side and Taylor expand the expressions, keeping quadratic terms
in p,v and quintic terms in z;. We then have two equations, él(zl, w,v) = 0 and
ég(zl, w,v) =0, and we compare G1 with the assumed form of the center manifold,
equation (3.24), since we want an expression for 1y e, y1.em Which is valid at the
equilibrium point. We then do a similar comparison for G. This allows us to obtain

the coefficients of 1 ¢, Y1.cm. We find that

Tiem = _7 21_721
—311 616 1195v/2 13639v/3 413
o+ \/_I/-i- \/_,uu— \/_u2+—\/_u2 zf
9 36 18 27 9
13
yl,cm 9 1
11294f  54TV2 178954+/6 3252502 , 2083 ,\ 5
V— ————— W+ no— Ve 2y
27 243 243 81
92\f 44/2 11216 7684 , 55
— — — - : 3.26
<9“3” T N B (3:26)

Now that we have expressions for the center manifold, we substitute (3.26) into
(3.23). The resulting equation describes the flow on the center manifold. We obtain

the following expression:

21 = — 22%
27881233 94267+/2 356041216 N 360207083 , 47251 2\ s
— vV — 1% ya
10440 "7 T 5184 38880 M 10440 " " 10807 )&
—400/3 23v/2 1154+/6 45520 15
+ \/_u—i- \/_I/-i- \/_,uu——/f——yQ zf
27 9 9 27 2
—4 10 128 1
+< 3‘[ \QF +—f V—TMMZ%)@. (3.27)

We now want to examine the bifurcations of equation (3.27). We note that the

first O(1) term in u,v appears in the 2} term (cf. equation (3.9)). We can factor
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out the root z; = 0 (which corresponds to the in-phase mode) and we are left with a
fourth order polynomial on z;. We will have bifurcations associated with this. If we
consider equation (3.27) as a quadratic on 2%, the first bifurcation will correspond
to the condition for the existence of four real roots of this equation and so we need
both roots of 22 to be nonnegative. Thus this bifurcation will occur when 2z} = 0.
From this we recover (3.19) and no new equations. We note that the saddle-node
bifurcation will not occur when 22 < 0. To leading order, we find that 2? = —%I/
and thus we need v < 0. That is, our saddle-node bifurcation curve is a one-sided
curve (which checks with what we expected from equation (2.49)). The second
bifurcation occurs when the discriminant of 27 vanishes. This results in (3.20), see
Figure 3.1.

Since we only want to consider real roots, these are the only bifurcation curves
which result. Thus the unfolding at QQ confirms what we expected from the larger
picture in the parameter plane, see Figure 3.2.

If we rewrite (3.27) as 2, = r 21 +p 2} — 227, we see that p switches sign as we go
through the point Q along the in-phase pitchfork bifurcation curve, given by (3.19).
We thus see that we do indeed switch from a supercritical to a subcritical pitchfork

at point Q.

3.4 Bifurcation Sequence Near Point Q

Note that our unfolding was done locally about point Q). A little below and to the

left of point Q (in the cosT — a parameter plane), DsTool reveals that we have
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Figure 3.1: Bifurcation set in the neighborhood of point Q. Flows are on
the line since we have a one-dimensional center manifold. Note that the
bifurcation curves near point Q are drawn slightly distorted for better
viewing.
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Q

2 @
/3
4

(2.49)

(2.38)

\/% COST——*

Figure 3.2: Phase portraits corresponding to Figure 3.1. Note that the
third eigendirection is contracting and comes into the plane of this page
(nearly normal). Also, the bifurcation curves near point Q are drawn
slightly distorted for better viewing.
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a supercritical Hopf bifurcation and below this curve stable limit cycles surround
the two unsymmetrical equilibria. Examining the phase portraits for fixed 7 while
lowering a shows the existence of a symmetry breaking homoclinic bifuration dur-
ing which the two stable limit cycles both join at the in-phase mode in a double
homoclinic loop and then form a large stable limit cycle, see Figure 3.3.

But throughout this entire bifurcation sequence, the unstable limit cycle created
in the in-phase mode Hopf bifurcation surrounds the in-phase mode and all the
unsymmetrical equilibria, while the out-of-phase mode exists far away from all these
bifurcations. This observation is crucial because for slightly lower values of «, no
limit cycles exist and we deduce the existence of a limit cycle fold along which the
stable and unstable limit cycles coalesce. This bifurcation sequence is given in Figure
3.3. We note that the pictures in Figure 3.3 are drawn as if they are two-dimensional
even though they are in fact three-dimensional. This is because numerical simulation
of the slow-flow equations (2.24)-(2.26) indicates that all trajectories are quickly
drawn onto a somewhat curved two-dimensional surface on which the dynamics
shown in the figure occur. The same situation occurs near points P and H and thus
all of our drawings near those points will also be shown as two-dimensional. We can
also examine a bifurcation diagram by encircling point Q, see Figure 3.4.

The bifurcation sequence occurring to the right of point Q is more intricate and

will be discussed in Chapter 5 during the discussion of point H.
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COST—"—*

Figure 3.3: Bifurcation sequence observed numerically to the left of point
Q in the cos7 — a parameter plane. Note that the out-of-phase mode
exists throughout, but far away from, this sequence. Also, the third
eigendirection is contracting and comes into the plane of this page (nearly
normal).



Figure 3.4: Bifurcation diagram encircling point Q. Note that stable and
unstable limit cycles (SLC and ULC, respectively) are shown. The solid
lines represent stability and the dashed lines instability.
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Chapter 4

Point P

4.1 Introduction

Recall point P is defined as the point where the in-phase Hopf bifurcation curve

(2.46) and the in-phase pitchfork bifurcation curve (2.38) join together:

-1 \/Q

COST = —=, @ = —. (4.1)

V2 3
In examining point P, we will again pick the root which satisfies 0 < 7 < 7.
Because two of the eigenvalues are zero, the Center Manifold Theorem (Theorem
3.1.1) tells us that we will have a two-dimensional center manifold which will capture
the behavior of the full three-dimensional system. The corresponding linear system

at point P has two possibilities

45
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The first of these is the trivial case where there exist two linear independent eigen-

vectors. We will see in the next section that the second case actually occurs at point

P. This case corresponds to the case of only one linearly independent eigenvector.

Thus our linear system is not diagonalizable. We seek the next best thing—the

Jordan canonical form [17],[27]. (We give a brief review of Jordan form in the re-

mainder of this section.) For any n-by-n matrix A, there exists an invertible matrix

R such that R"'AR = J where J is in block diagonal form. The number of blocks

in J correspond to the number of eigenvectors possessed by A. Thus

(4.2)

where A has m linearly independent eigenvectors. The diagonal of each block J;

has the eigenvalue corresponding to that eigenvector and the superdiagonal has the

entry 1. That is,

0

0

A

In the case when A is diagonalizable, we see that each block is of size 1-by-1 and

the matrix J is just the matrix A in eigencoordinates; however, when A does not

possess a full set of eigenvectors, we must construct a set of generalized eigenvectors

from the known ones. In doing so we will construct our matrix R.
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We let v be an eigenvector corresponding to the eigenvalue \. We seek chain
vectors u; that satisfy (A — A)u;1; = w; for i > 1, where u; = v. When we reach
an integer n such that (A — Al)u,41 = u, cannot be solved, we stop. The set of

vectors

S ={v,uz,us, ..., u,} (4.3)

are the generalized eigenvectors corresponding to A. The number of generalized
eigenvectors in S indicate the size of the Jordan block corresponding to A. This
process is repeated with the remaining eigenvalues until a full set of generalized

eigenvectors are found. The vectors in this set S then form the columns of R.

4.2 Linearization

We again begin with the three slow-flow equations (2.24)-(2.26) and linearize about

the in-phase equilibrium point

2
Ri=Ry=2V1+a COST:§\/6, ¢ =0. (4.4)

Thus, we let
R = %x/é+x, (4.5)
Ry, = %\/6+y, (4.6)
o = 0+z. (4.7)

The coordinates x,y, z are now local about point P. Substituting (4.5)-(4.7) into

the slow-flow equations (2.24)-(2.26), setting x = v = 0 and ignoring higher order
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terms, we obtain

x x
d
2l v | =4y
z z
where we now have
=1 =1 =6
2 6 9
A=| =t =1 6
6 2 9
V6 —v6 1
2 12 3
We find the eigenvalues of A are
-2
)\1:?, )\2:0, )\3:0

Recall that the Center Manifold Theorem (Theorem 3.1.1) tells us that study-

ing the flow of equations (2.24)-(2.26) at point P can be reduced to studying the

flow on a two-dimensional center manifold which is tangent to E°¢, while still cap-

turing the essential behavior of the system. We thus need to again rotate to the

appropriate coordinates. A simple calculation shows that A does not have a full set

of eigenvectors and thus is not diagonalizable; however, we know there exists two

distinct eigenvalues and the eigenvalue A = 0 posseses only one eigenvector. Thus

we find the generalized eigenvector by the above process. One possible choice is

us = (3, —3, 0). Then R is of the form

(4.9)
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and thus
-2.00
RM'™MR=J=| o o0 1 |- (4.10)
0 00

Comparing with the previously discussed theory, we see that there are two Jordan

blocks —the 1-by-1 block with eigenvalue A = —% corresponding to the stable eigen-

1
value and the 2-by-2 block corresponding to the double zero eigenvalue.

00
Now possessing a full set of generalized eigenvectors, we can proceed. We let the

generalized eigenvectors be denoted v, v9, v3 and we obtain our R (the same as that
in (4.9)) by defining R = (v; vy wv3). The coordinates corresponding to Jordan

canonical form, (z1,y1, 21), are then defined by the equation

T T
y | =8| wn
z 21

We substitute these values of x,y, z into (4.8). We solve for iy, 7, 2, and Taylor
expand the expressions, keeping quadratic terms in p, v and cubic terms in x1, y1, 21.
This will allow us to obtain the flow on the center manifold in terms of the eigenco-
ordinates.

Since we want to unfold point P, we will also make the substitution

—1

T = cos ! <ﬁ> +v
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into the previous result. We again take 0 < 7 < 7 so that an increase in 7 implies a
decrease in cos 7. Unlike with the unfolding of Q, however, we do not have analytic
expressions for all the bifurcation curves emanating from point P. We are able to

calculate two of the expected curves as

— COST
a =
1+ cos*T
1 9 1
a = — , Ccos“ T < —
3 cosT 2

where the first corresponds to the in-phase pitchfork bifurcation curve (2.38) and
the second to the in-phase Hopf bifurcation curve (2.46). From here we can examine
the corresponding expressions in terms of the local parameter coordinates, p and v.
After substituting in equation (4.11) into (2.38), (2.46) and keeping quadratic terms

in p, v in the Taylor expansion, we obtain

oV Y +O(V*) (4.12)
—?V + ?V2 +O0®W?) (4.13)

for the local bifurcation curves of the in-phase mode pitchfork and in-phase mode
Hopf, respectively. But since we were not able to calculate the unsymmetrical Hopf
bifurcation curve analytically, we do not know what local expression to expect. The
best expression we have is the polynomial approximation given by equation (2.54).
As we will soon see, this approximation is valid locally only up to linear terms.
Since we have both a subcritical Hopf bifurcation (from the in-phase mode) and
a supercritical Hopf bifurcation (from the unsymmetrical mode) joining at point P,
we might also expect some types of global bifurcation curves to also join at P. This

is indeed the case as the subsequent analysis will reveal.
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4.3 Unfolding P

For the unfolding of P, we begin with the three differential equations in terms of
the eigencoordinates x1,y,21. We substitute in equation (4.11) and obtain three

equations:

i‘l = Gl(xlaylazlnua V) (414)
n = Ga(xr,y1,21,1,7) (4.15)
2 = Gs(z1, 01,21, 1, V). (4.16)

We note that although the notation is the same as that used in the analysis of point
Q, the values of the variables G; (and G; mentioned later) are not the same at the
two degenerate points; however, we use the same letters for convenience. Recall that
the flow on the center manifold is going to be given by a two-dimensional system
of equations. In terms of the eigencoordinates, only the x; direction has a nonzero
eigenvalue, A = _72, and so our center manifold will involve both y; and z; terms.
We thus want to express x; in terms of y;,2;. To do this, we need to assume an
appropriate form for the center manifold. Trying to stay as general as possible, we

assume the form

Tiem = 2i(a1+ax p+asv+ag p* +as pv+ ag v°)
+ zlyl(a7+a8u+a9u+a10,u2—|—a11/“/—i—a121/2)
+ yilas + au p+ ais v+ ae f° + arr pov+ ag V?)
+ z1(ag i+ ax v+ asy p° + agy i v+ agy V?)

+ yi(ass p+ asr v+ ass (¥ + ag p v+ agy v?)



52

+ (ass p+ass v+as f° +ass pv+aze V) (4.17)

where we set a9 = ag; = az; = 0 since we do not want any O(1) translation in the
linear or constant terms. Comparing with (3.3), we see that the center manifold at

point P will be given by

W= {(z1,y1,21)| ©1 = h(y1, 1)} (4.18)

with h(0) = Dh(0) = 0 and h(y1,21) = Z1em. We substitute equation (4.17) into
(4.14). This will introduce ¥y, 7, terms after the differentiation is carried out. We
then substitute equations (4.15)-(4.16) which reintroduces z; into the equations but
rids them of any 7, 1, Z; terms. One more substitution of equation (4.17) into the
new version of equation (4.14) gives an equation which only has y, z; terms. We
move all the terms to one side and Taylor expand the expressions, keeping quadratic
terms in u,v and cubic terms in y;, 2. Our resulting equation @1(3/1, 21,1, v) =0
can then be compared to equation (4.17) since we want an expression for x ., which

is valid at the equilibrium point. We thus obtain the center manifold

3V6 ;| 15v6

Tiem = 8 Y1 + 1 21y1—9\/621
N 159v/3 +5\/6 164076 , 115v6 ,
vV — — 14
v 5 32 512 1T 7256
—99/3 21627/6 1125v/3 1476
* Zlyl( g 3V ot e
Lo 2079v/3 +261\/€_3 1149396 , 10827+/3 20616
z VvV — — vV — 14
N\ M6 128 " 32 ! 64
3 6 3 5
_VB VB VG, 53 +£V2 (4.19)
2 6 2T s

Now that we have an expression for the center manifold, we substitute equation
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(4.19) into equations (4.15)-(4.16) and obtain

Y (N 161\/§M+ a 11169M2 B 367\/§W 287,
t\48 128 192 1024 512 1536

21 1575v/2 309 154359 , 96572 771
* Zly1<16 128 M e T o2a T e M s
) 2889\/_ 4T 2673 , 8289+/2 1071
+ oz | - — K = P — ———=v
4 64 327 4 64 64
V2 7 33 , 25V2 3,
T (—?“E”—ﬁzﬂ T TR
135 3969v2 1107 241299 300512 5481
3 =YY o 2 el i
* 1(8 61 T 32 256 T T 1os MV+128V>
15v2 3 99 27v/2 25
T4+ —p— v —p? = S — =02 4.20
* zl( s 4”+64“ 32 M 32”) (4.20)
PR 1 N 1812 P 901\/§W B 17097u2 ML,
6 64 288 768 512 256
4497 339 474957 21843+/2 3521
+ \/_ - —V+ ,u2+7\/_1/,u+—1/2
128 64 1024 512 512
N 171 4905f L 548 271215 20475+/2 3357 ,
Z —V— - - —
1 AT 6 128 * 64 " s’
1 7\/5 1, 23,
" yl(‘?“g EAVERGNET +m”>
63  14445\2 2151 806517 81945+/2 16083
3 (7Y o 2 htabdinhd s SYYYe 2
oA <2 61 M 32V a5 T T M Tins ”)
13v2 5 19 , 23/2
o4+ v — = 4.21
+21< T 32V+64 32 ) (4.21)

as the equations describing the flow on the center manifold. We would like to
examine the bifurcations associated with the above equations. When p = v =0 in

the linear case, we see that these equations reduce to
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As expected, this is the case of the double zero eigenvalue, whose universal unfolding

is discussed in Guckenheimer and Holmes [12].

4.3.1 Normal Form at Point P

Although the in-phase mode pitchfork and Hopf bifurcations are straightforward,
albeit tedious, calculations, the above expressions are too algebraically complicated
to find the unsymmetrical Hopf bifurcation; however, the behavior of this system
can be found more readily when they are in normal form. Our goal is to convert

(4.20)-(4.21) to the form

y = z
i o= ay + asy® + asy® + biyz + bayPz

b3yz® + c12 + co2” + c32° (4.22)

where a; = a;(u, V), b; = bi(i,v). Due to the symmetry in our system, we do expect
as = by = co = 0, i.e., we do not expect any quadratic terms but we will assume
this general form for now. By having the flow on the center manifold in the form
of equation (4.22), we are immediately able to identify z = 0 as a condition for
equilibria. Finding y-values that satisfy Z|,—o = 0 then give the location of the
other equilibria and the subsequent analysis is greatly reduced in difficulty.

A brief explanation of the normal form calculation will be given using equations
(4.20)-(4.21) with p = v = 0. The other five transformations are then performed in

a similar manner. Setting p = 0, = 0, equations (4.20)-(4.21) reduce to

, 135 , 45 , 21, 5 4
Y1 = ?Zl_zylzl+1_6ylzl+zl+4_8yl
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_ 63 . 171 67 %
7z = ?zl S — 2+ 16y121 — El (4.23)

The key to converting the equations to normal form is the use of the near-identity

transformation [30]. In our case, we posit a near-identity transformation of the form:

Y1 = Yo+ a12s + asyozs + azyszo + asys

21 = 29+ 0125 4 byyazs + bsyize + byys. (4.24)

The a;, b; coefficients (not the same variables as in equation (4.22)) are to be chosen
such that the y equation of (4.23) is of a simpler form, even at the expense of making
the 2 equation of (4.23) more complicated. We plug equation (4.24) into equation

(4.23) and obtain new equations on y, and zs:

. 5 21
Yo = 2o (54 + 48) (53 3ay + 16) 20Y5

45 135
+ (b2—2a3—z)zgy2—|—(bl—a2—|——) :23

8
) 1 67 171
2= = g () uin (- )
63
(5 _ 52> 3 (4.25)

Then we choose the a;’s and b;’s to clean up these equations on y, and z;. The
beauty of the near identity transformation is that we are free to choose any values
we want for the coefficients a;, b;, and so we naturally assign them values which will
zero out as many terms as possible in the g, equation of (4.25). Appropriate choices

for the a;, b; coefficients leads us to choose the near-identity transformation as

135 , 81, 25

e Ry Ty v
63 , 171, 5o,
_ 03 4.2
Z1 Zo + 5 Yozy — 16 —— Y322 — 4819 (4.26)



o6

Substitution of equation (4.26) into equation (4.23) yields

Yo = 2
. 9 1
Zy = éyng — éyg’ (4.27)

Since our goal is to obtain equations of the form given in equation (4.22) with u, v
not zero, we must perform successive transformations to convert equations (4.20)-
(4.21) to the correct form. The above example took care of the terms when p = v =

0. Now we posit a transformation of the form

Yo = ys+ pu(a1z5 + asysz; + asyizs + asys)

29 = z3-+ u(blzg + bgygz§ + bgy:?Zg + b4y§) (428)

which will allow us to clean up the O(u) terms when v = 0. We then do similar
transformations to clean up the O(u?) terms when v = 0, the O(v) terms when
p =0, the O(v*) terms when p = 0, and finally the O(uv) terms. After renaming

the variables, the result is that equations (4.20)-(4.21) are now in normal form:

y = z
P 1 175V2 367 1523 , 317 , 1945f

- 6 192 " 288" 256" T 1287 T 3w

211/2 11763 , 729 , 1029v/2
* y"‘(ﬁ 1 “7“‘?*”1—6”‘ 6 M
V2 1 3, 1., 2
" y(‘?“@”‘é*‘ IR
3v/2 3
+ z(%m —51/ +iu> (4.29)

These are the equations that we will examine for the remainder of our analysis at

point P, since they too describe the flow on the center manifold at point P.
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4.3.2 Bifurcation Curves

We immediately observe that z = 0 is a condition for equilibria in equation (4.29)

and the other condition, z = 0, gives

o 1 175v/2 367 1523 , 317 , 19452
0 = —— = W——=V——U — —=V — v
6 192 288 256 128 384
V2 1 3, 1, V2
S ey R ey L /L S 4.30
+y< 2,u+91/ SH — g? g (4.30)

which is an expression with only y, y® terms. Thus y = 0 is an equilibrium and we
know this corresponds to the in-phase mode.

To see the bifurcation curves associated with the equilibrium y = 0,z = 0,
we first perform the linearization by calculating the Jacobian of equation (4.29)
evaluated at the equilibrium point and then finding the characteristic equation. For
a pitchfork bifurcation, we set A = 0 in the characteristic equation. Requiring our

solution to be of the form p = a;v + asv?, we find

Vio13ve,
- —V

3
91/ w1 +O0(°)

which is the in-phase mode pitchfork bifurcation curve (4.12) that we expected. If
instead we substitute A = iw into the characteristic equation, we find the conditions
describing the in-phase mode Hopf bifurcation. Equating real and imaginary parts
to zero gives us two equations. Since we need w € R i.e., w? > 0, one equation gives
the condition for existence while the other gives the actual equation for the curve.

Again, requiring our solution to be of the form p = a;v + as?, we find

V2 V2
3 2

v’ 4+ 0(1?)
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to be the equation of the Hopf bifurcation curve and it exists as long as

2 13v/2

which corresponds to the condition w? > 0. We see that the equation of the Hopf
bifurcation is equation (4.13), as expected, while the condition for its existence states
that equation (4.13) must lie above the in-phase pitchfork bifurcation curve in the
cos T — « plane.

Calculating the unsymmetrical Hopf bifurcation curve is more algebraically in-
volved. We first find the roots of equation (4.30). We then evaluate the Jacobian
of equation (4.29) at one of these roots and calculate the characteristic equation.
Setting A = 0 gives equation (4.13). Thus we see there are no new saddle-node
or pitchfork bifurcation curves coming into point P; however, setting A = iw and
equating real and imaginary parts to zero, we obtain conditions on the unsymmet-
rical Hopf bifurcation curve. Taylor expanding and again requiring our solution to

be of the form p = a;v + ayr?, we find

2 47+/2
LR A

G ST Ov?) (4.31)

as the equation of the unsymmetrical Hopf bifurcation. It will exist as long as

V2 13\/52
<__—
PsgV T VT

o@?) (4.32)
which says that it must lie below the in-phase pitchfork bifurcation curve in the
(—v) — p plane, see Figure 4.1. Thus our analysis has allowed us to obtain an

analytic expression which locally describes the unsymmetrical Hopf bifurcation curve

for which we previously only had numerical confirmation of its existence.



(4.13) P —Q

Figure 4.1: Partial bifurcation set and phase portraits near point P via
center manifold theory.
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We should note at this point that the polynomial approximation for the unsym-

metrical Hopf bifurcation curve (2.54) yields the local curve
= 0.00008 4 0.24165v — 0.0452661° + O(1°) (4.33)

which we see is only a “good” approximation for the linear term to the actual curve

(4.31), given numerically as g = 0.23570v + 0.1298212 + O(v?).

4.4 Global Results

When we examine Figure 4.1, we see that the phase portraits to the left of point P
in the (—v) — u plane above and below equation (4.12) are not homeomorphic since
there exists a limit cycle below but not above the curve. We thus expect some type
of global bifurcations to occur. From the phase portraits obtained from our analysis
of the flow on the center manifold at point P, we see that we have two stable limit
cycles born as the supercritical unsymmetrical Hopf bifurcation curve is crossed from
above in the cos T — « plane (oriented as the (—v) — p plane in the above analysis,
cf. Figure 4.1). Just above and just below the curve, the unstable limit cycle from
the in-phase Hopf bifurcation encircles (i) the in-phase mode equilibrium, (ii) the
two points born in the supercritical pitchfork bifurcation off of it, and (iii) the two
stable limit cycles born off these two new equilibria. In the unfolding of P, we are
able to see these results locally—even though they are global results. Our local
analysis was performed on a two-dimensional center manifold, which is guaranteed
to capture the full behavior of the system. Thus, when we say “encircle” in the full

system, we can picture it as a limit cycle lying on some two-dimensional surface (the
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center manifold) which also contains the other points in question.

Numerical integration of the equations describing the flow on the center mani-
fold, (4.29), indicates that shortly after the unsymmetrical Hopf bifurcation curve
is crossed, a symmetry-breaking double homoclinic bifurcation occurs where both
stable limit cycles join to the in-phase saddle point separating them and then both
join together to form a single stable limit cycle. For slightly lower a values, a coales-
cence of the newly created stable limit cycle and the unstable limit cycle (from the
in-phase mode) is observed. Due to the narrow strip of parameter values for which
these events occur, it is important that we try and obtain analytical expressions for

these global bifurcation curves in the neighborhood of P, if possible.

4.4.1 Symmetry-breaking Homoclinic Bifurcation

In order to obtain a closed form expression for the homoclinic bifurcation in (4.29),

we perturb off the homoclinic orbit. This works in systems of the form

y = z

Z = ay— N(y) +eg(y, zt) (4.34)

where a is a non-zero constant, N(y) is a nonlinear function of y with N(0) = 0,
and the e = 0 system possesses a homoclinic loop through the origin [30]. This last
condition gives motivation to the idea that for small €, the homoclinic orbit might
still persist. For € # 0, we want the contour integral around the closed saddle loop
to vanish. That is, we want M = ¢ gdy to vanish. This condition will result in the

desired homoclinic curve. Our goal is thus to transform (4.29) to the form (4.34)
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and then examine parameter values p, v to see when the saddle connection remains
for e > 0.
The flow on the center manifold at point P is given by equation (4.29) which we
now write as
y = z (4.35)
3 = —Awy— Ay — Asz — A’z (4.36)
where we have merely renamed coefficients. We follow a calculation similar to that
of Guckenheimer and Holmes, who studied the unfolding of systems which preserve
symmetry under rotation through 7 [12]. We first recall that the derivatives in
(4.35)-(4.36) are given with respect to T where T = 1t was used to eliminate € from

(2.21)-(2.23). As mentioned before, we need to convert equations (4.35)-(4.36) to

the form of equation (4.34). To do so we let
y=eu, z=¢ev, T=¢l (4.37)
Then (4.35) becomes u' = v and (4.36) becomes
e = —Ajeu — Ayu® — Aze’v — Agetuo, (4.38)
where ’ denotes differentiation with respect to 7. If we then set
A =€*By, Ay =DB,, As;=¢€B;, Ay= B, (4.39)
we obtain

u = v

v = —Byu— Byu® — eBsv — eByu*v. (4.40)
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We see that equation (4.40) for e = 0 is of Hamiltonian form with Hamiltonian

2 U2 U4

v

Thus equation (4.41) can be rewritten as

W = H,

v\ = —Hy+ e(—Bsv — Byu®v). (4.42)
where the subscript denotes partial differentiation.

We know from the discussion at the beginning of this section that the condition

for a homoclinic bifurcation in our case is
}{(Bgv + Byuv)du = 0, (4.43)

since this is the condition for the saddle loop becoming the separatrix when € = 0.

Back substitution shows this to be
7{(1432 + Ayy*2)dy = 0, (4.44)
or equivalently
Mpv) = [ (Ag+ Awi)ide =0, (4.45)
where we have used y = % to convert the contour integral over the closed orbit to

a time integral. For the homoclinic solution, equations (4.35)-(4.36) become
ij+ Ay + Ay’ =0, (4.46)

where

1
Ay = g—i—O(u,y). (4.47)
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(0]
y—

Figure 4.2: Homoclinic solution, y = plotted in the y — y plane.

o
cosh (Bt

Equation (4.46) has a solution of the form y = =z, where § = /=4, and

a =,/ _i’jl, representing the flow along the separatrix (see Figure 4.2). Calculating

the parts in equation (4.45), we find

o 2 o 4
/_Oo gt = 5&26, /_Oo yiPdt = 1—50445, (4.48)

and thus we have
2 4
gAgO[QB + 1—5A4Oé4ﬁ =0

ie.,

2 /—24; 4 =24\’

—A \V—A +—A \/—A; =0. 4.4

33(A2) 1+154(A2) 1=0 (449)
Solutions of equation (4.49) are A; = 0 and 44, A4, = 5A2A;3. Since we required A; <

0 for the homoclinic solution, only the second solution is of concern. Substituting
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the known expressions for Aj, Ay, (4.47), noting that

2
9 19 21V2

2

and assuming a solution of the form p = ayv + asv”, we obtain the homoclinic

bifurcation curve

_17V2 N 38173v2

3
03 VT Trerag ¥ + O(v°). (4.51)

I

Numerically, this is given as p ~ 0.2585v + 0.30200% + O(v?), see Figure 4.3.

4.4.2 Coalescence of Limit Cycles

In order to find the bifurcation curve along which the limit cycles coalesce, we will
need to perturb using Jacobian elliptic functions. These functions can be thought of
as generalizations of the well-known trigonometric functions. Unlike trig functions
that are functions of only one variable (the argument), elliptic functions depend on
two variables—the argument u and the modulus £ [3],[30]. There are three main

elliptic functions:

sn(u, k), cen(u, k), dn(u,k). (4.52)

When k = 0, we have
sn(u,0) =sin(u), cn(u,0) =cos(u), dn(u,0) =1, (4.53)

which illustrates why these can be thought of as generalizations of the trig func-

tions. (Note, however, that there is no trigonometric function which is analagous
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to dn(u,k).) In addition, for & = 1, we have sn(u,1) = tanh(u), cn(u,l) =
sech(u), dn(u,1) = sech(u). The modulus %k, which normally ranges between 0
and 1, is thus seen to affect the period of the function. For notational purposes,
we write cn(u, k) = en and similarly sn(u, k) = sn, dn(u, k) = dn. Each of these
elliptic functions is periodic—the first two having period 4K (k) while the last has

period 2K (k) where K (k) is the complete elliptic integral of the first kind. Defining

den(u, k) ,
— = 4.54
5 cn (4.54)

and similarly for sn and dn, we note the identities

en' = —sndn, sn' = endn, dn' = —k’sn cn,

sn® +cn® = 1, dn®* =1— k*sn®. (4.55)

One final note: we adopt the notation used by Byrd and Friedman, as opposed to
Abramowitz and Stegun. The latter use m = k? instead of k [1], [3], [30].

As discussed in the previous sections, numerical integration suggests that the
symmetry-breaking homoclinic bifurcation creates one stable limit cycle which even-
tually coalesces with the unstable limit cycles created from the in-phase mode Hopf
bifurcation. Alternatively, we recall

Bendixon’s Criterion ([12]) Consider the system y = fi(y,z), 2 = fa(y,2) on a

of  of1
simply connected region D C R? and denote it’s Jacobian matriz A = % 0=
Of2 Of2
dy 0z

Iftr A is not identically zero and does not change sign, then the system has no closed
orbits lying entirely in D.

The coalescence of limit cycles is suggested by observing that for our system the
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trace of the Jacobian matrix of equation (4.29)

tr(Df) =¢° <2 - % S ) + (%ﬂujt u) + O v ) (4.56)

_ V2

together with Bendixon’s criterion imply that no closed orbits exist for p > —%

v.
This condition corresponds to the in-phase mode Hopf bifurcation curve which only
exists above the in-phase pitchfork bifurcation curve (in the parameter plane) but
now gives a bound on the existence of this limit cycle and the one created in the
symmetry-breaking homoclinic bifurcation when both are below the in-phase mode
pitchfork bifurcation curve. We therefore expect a bifurcation curve corresponding

17xf

to the coalescence of limit cycles to occur somewhere between p = v in the

third quadrant and pu = —il/ in the fourth quadrant of the v — u plane. We will
see it is far closer to the first of these curves and we will show this analytically by

perturbation using Jacobian elliptic funtions (cf. [3],[8],[12]).

As with the homoclinic bifurcation, we consider the integrable system
j+ Ay + Ayy® =0, (4.57)

where Aj, Ay are defined by equation (4.47). Whereas we previously considered
perturbations of the homoclinic orbit, we now must consider perturbations of the
closed level curves of the Hamiltonian lying inside and outside of this homoclinic

orbit. We again consider the Melnikov function

M, v) = As /_Oo g2t + A, /_Oo it (4.58)

and note that the condition M (u, ) = 0 must be satisfied in order for a given closed
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orbit to remain after perturbation. We assume a solution of the form

y=Cen(u, k), u=At+B

(4.59)

for M (u,v) = 0, where en(u, k) is a Jacobian elliptic function, A and C' are positive

constants and B is the phase angle.

Substituting equation (4.59) into equation (4.57), we find

[CA%(2Kk* — 1) + A Cen + [C* Ay — 2k* A*Clen?®

We seek nontrivial solutions, i.e., C'# 0 and thus obtain
A%(1 -2k = Ay,
C? A, = 2k A%
Solving equations (4.61)-(4.62), we find

A2 = A+ A, 0P

Ay C?

.
2(A; + A, C?)

—0. (4.60)

(4.61)

(4.62)

(4.63)

(4.64)

Recall our purpose for performing these calculations is to evaluate the Melnikov

function M (u, v) given by (4.58). The first term can be written

o0 dt
Ag/ At = AngQAQ(cn')zdud—
—0o0 u

= AgCQAfSTLanZdU

A3C?A {j{ sn’du — k* ?{ 3n4du} . (4.65)

Because both integrals are evaluated over a closed path, equation (4.65) becomes

x%ﬁﬂ{iﬂK—E}%?LL(@+k%K—%1+Wﬂﬂ” (4.66)

k? 3k
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where FE is the complete elliptic integral of the second kind and the dependence of

E and K on k has been supressed. Equation (4.66) further simplifies to

A5C° A {K {# (1- kZ)} L E [# (-1+ 21&)] } . (4.67)

The second term of the Melnikov function can also be evaluated. We have
Ay /Oo yrPdt = A4C4A7{cn2(cn')2du
= A4C4A7{cn2(sn2(1 — k%*sn?))du
— A,CA }{ [(1— k2)en? + (2k2 — Den? — K2enS]du. (4.68)

Evaluating each term of the contour integral and simplifying, we find equation (4.68)

becomes

4 —
Al A{ 15k4

(KK — 3K% + 2] + E[-2K* + 2k — 2])} . (4.69)

Our Melnikov function M (u,v) now has a dependence on C' and so we write

1 1
_ 2 2 2 2
M(C,p,v) = AsC A{E[K—E]—k {%((2+k)K—2(1+k)E>]}
1
4 4 2 4 2
+ A A{—15k4 (K" — 3Kk* + 2] + E[-2k" + 2k —2])}(4.70)
where k2:2(1414j73202)

We know that the existence of a limit cycle corresponds to M(C, u,v) = 0. Just
after the symmetry-breaking homoclinic bifurcation, M (C, i, v) = 0 has two roots,
corresponding to the unstable limit cycle and the stable limit cycle created from
the in-phase mode Hopf and symmetry-breaking homoclinic bifurcations, respec-

tively. The coalescence of these two limit cycles implies a second condition, namely
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%M (C, u,v) = 0. Thus our task is to simultaneously solve

oM
M = — = 4.71
(Conr) =0, “Z =0, (4.71)

by eliminating C' and examining the remaining equation in u, v.
Using equation (4.64) and the identities

K E-(1-k)K dE E—k
Ak _E-{ K dE_B-k (4.72)
dk k(1 — k2) dk k

we can calculate %—]g = %_z\]jg_g Equation (4.64) can then be used to eliminate C

from (4.71), leaving equations involving k£ and not C; however, only even powers

of k appear. Thus we make the substitution m = k? and proceed to solve f =

OM (m,p,v)

M(m,p,v), g = 5 for the value of m that satisfies both equations. Since

w, v are assumed to be small, we make the substitutions

m = mg-+mip -+ mev, (4.73)
K(m) = K(mo)+ (E<m°>27n((11 :g”m@) (g o), (4.74)
Blm) = E(mo)+ (E<m°>2;f<m0>) (s + mow) (175)

into f and g and Taylor expand, keeping only up to linear terms in u,v. We now
have two homogeneous linear algebraic equations in u,r. For a nontrivial solution,

we must have

of
o = 0. (4.76)
99 g
o Ov
Equation (4.76) is given by
(—4K*m? + TK*m — 3K*> + 8Km*E — 18KmFE + 8KE

+10mE? — 5E*)(m — 1)(2m — 1)m® = 0. (4.77)
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At this point we pause to consider the roots of this equation. The root m = 0
can immediately be discarded as it corresponds to the trivial solution y = 0, since

m = 0 = C = 0. Likewise, the root m =1 can be discarded because it corresponds

to the condition A; = 0, i.e., u = ?1/ which is the equation for the in-phase mode

pitchfork bifurcation and we know limit cycles exist on both sides of this curve in
the parameter plane. The root m = % might be considered valid but if we consider
the case n = v = 0 (which implies A3 = A; = 0), we find the limit cycle has zero
size. Thus the value of m corresponding to the condition for coalescence of the two

limit cycles is given by
(—4K*m* + TK*m —3K? +8Km*E — 18KmE +8KE +10mE? —5E*) = 0. (4.78)

We denote the root of this equation by mg and note my =~ 0.92939. (Note that

my = % is also a root of equation (4.78) but we ignore it for the reasons mentioned

above.) Solving M (mg, u,v) = 0 for p then gives

V2 [32m2E — 17K + 33Kmg — 16m2K + 17E — 32Emq (4.79)
= — v *
=73 | 231K — 8m2K + 31E + 39Kmy + 16m2E — 16Emy

where £ = E(k) = E(\/mo), K = K(k) = K(y/myp) are known quantities. Thus,

numerically, the curve along which the limit cycles coalesce is
p =~ 0.26606v + O(v?). (4.80)

Figure 4.3 shows the completed bifurcation set and phase portraits at point P. We
can also examine the bifurcation diagram by encircling point P, as seen in Figure

4.4.
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Figure 4.3: Bifurcation set at point P, with curves drawn distorted for
better viewing. Note that the out-of-phase mode exists throughout, but
far away from, this sequence. Also, the third eigendirection comes into
the plane of this page (nearly normal).



encircling
point P

Figure 4.4: Bifurcation diagram encircling point P. Note that stable and
unstable limit cycles are shown.
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Chapter 5

Point H

5.1 Introduction

We have finished the analysis of point Q which had a one-dimensional center man-
ifold and of point P which had a two-dimensional center manifold. Recall that we
defined point H as the one point along the double saddle-node bifurcation curve in
cos T — « parameter space which has two eigenvalues satisfying A = 0 (where we
pick cosT < 0 as we did with points Q and P since all have a mirror image for
cosT — —cosT). But unlike points Q and P, we have no analytic expression for
the parameter values corresponding to point H. We can only hope to proceed in
the same manner as with our analysis of point P, since both have two-dimensional
center manifolds; however, we must be extra careful in interpreting our (numeri-
cal) results. We will also see that some of the straightfoward calculations used in

the analysis of points Q and P will be altered because of problems caused by not

75
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having the values of Ry, Ry, ¢, 7, « in closed form. Before proceeding, we note that
point H—although defined uniquely in the parameter plane—has two different sets
of (Ry, Ry, ¢) values in the phase plane, since it is the unsymmetrical equilibria

which undergo bifurcations. These values are related by (2.27):

(Rl, Ry, 45) = (R27 Ry, —45)-

Without loss of generality, we pick the equilibrium point

R, =20151, Ry =1.3926, ¢ = 0.56394 (5.1)

for the values about which we linearize. For points Q and P, we chose 0 < 7 < 7. Our
unfolding resulted in a picture that needed to be reflected about cos 7 = 0 to compare
with the expected incoming curves. Since we expect many other difficulties here, we

avoid this situation by taking 7 < 7 < 27. Thus point H is given approximately by

7 = 4.2026, a = 0.40506, (5.2)

where we are able to find these values to as many significant figures as desired, even
though we cannot obtain a closed form answer. That is, we can obtain values for
Ry, Ry, ¢, 7, which are as accurate as we want but they are no more accurate than
specified. Thus, we cannot require arbitrarily small errors but we can require them
to be less than, say, 1075,

We note that point H can be written in an exact, implicit representation. We
solve the three equations which give the condition for the existence of slow-flow

equilibria, f(Ry, Re, ¢, T,a) = 0, together with the equations ¢; = ¢y = 0 where ¢



77

and ¢y are the coefficients of the linear and the constant terms in the characteris-

tic polynomial of the Jacobian of the system given by f. Explicity, we have the

characteristic equation for f as A3 4+ co\ + ¢1 A + ¢ where ¢y and ¢; are

Co

C1

Ria
128R2
12aRS — 12aRS cos?(¢ + 7) — 160 Ry R cos(¢ + 7) — 16a R} + 12RSa

(160[11%‘11 cos?(¢ — 7) — 12R%a cos? (¢ — 7) 4 16aR; cos* (¢ + 7)

16aR; — 16 R Ria* cos(¢p — 7) — 12R3R; cos(¢p — 7) + 16 Ry R} cos(¢ — 7)
32aRIR;sin(¢ — 7)sin(¢ + 7) — 12R3 R3 cos(¢ + 7) — 12R5 Ry cos(¢ — 7)
IRRS cos(¢p+ 7) + IR Ry cos(¢ — 7) — 12R{ Raasin(¢ — 7) sin(¢ + 7)
12R R} cos(¢p + 7) + 16a° Ry Ry sin(¢ + 7) cos(¢ + 7) sin(¢ — 7)

16 R R; cos(¢ + 7) — 12a Ry R3 sin(¢ — 7) sin(¢ + 7)

16 R} Roa® cos(¢ — 7) sin(¢ + 7) sin(¢ — T)) ) (5.3)
—Rf
64 R3
24 R5aR? cos ¢ cos T + 32 RyaR3 cos ¢ cos T + 32 Ry RS sin ¢ sin 7

(—16R5R§ + 3202 R} cos® ¢ cos® T — 160> R} cos® T — 16a*R; cos® T

1602 R; cos® ¢ — 160° RER; + 32a*R; cos® ¢ cos® T

32042R§ cos ¢ cos T sin ¢ sin T + 32R R cos pcos T — 32R Ry sin ¢ sin 7
12R, Roavcos pcos T + 12R Ryarsin ¢ sin 7 — 12R° Ryav cos ¢ cos 7

12R} Ryarsin ¢ sin T — 16a% R} cos?® ¢ 4 320 R} cos ¢ cos T sin ¢ sin 7

ORIR} + 12R{R} + 12R} R} — 160 R R} cos® ¢ + 480° R{ R3 cos’ 7) . (5.4)

The solution of f(Ry, Rs, ¢, 7,a) = 0, together with equations (5.3)-(5.4) both

set equal to zero gives us point H; however, trying to manipulate these equations to

produce an explicit representation has produced little success. We have tried solving
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for the fixed points as a function of the parameters as Ri(T,«), Rao(T, @), (T, ),
and have also tried solving for the parameter values as functions of the phase space
variables as 7 = T(Ry, R2,¢),a = «a(Ry, R2,¢). In both instances, we tried to
solve using 7 as the delay parameter and then separately using cos7 as the delay
parameter. We thus resorted to numerically estimating the values Ry, Ro, ¢, 7, at
point H. Substitution of these values into (2.24)-(2.26) shows the accuracy to be the
same order as the last decimal place kept.

To see how our analysis may be affected since we only have estimates of all
the values, we will at various times consider simple examples which illustrate the
problems we may expect in a given calculation. We will thus bootstrap our way
through the analysis of point H. If we follow the analysis of point P, our first step
would be to linearize about the equilibrium point (5.1). Our system is then in the
form x = Ax; however, the entries of A are not exact. It is known that O(e) changes
in our matrix can result in O(y/€) changes in the eigenvalue [10]. And although the
sensitivity of a numerical estimate is important, the stability of the method chosen

for calculating the desired quantities will be very crucial.

5.2 An Example of Expected Problems

We consider the system

y = —y+a° (5.5)
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We first will analyze this analytically and then contrast what happens when small
errors are introduced.

Linearization of (5.5) gives

y = —y. (5.6)

This has one zero eigenvalue and thus we can examine the corresponding one-

dimensional center manifold. We assume a center manifold of the form
y=az’>+ - (5.7)

so that

y=2axt+---. (5.8)

As in the previous center manifold calculations, we substitute equations (5.7),(5.8)

into the y equation of (5.5) and obtain
20t = —(ax® + - --) + 2% (5.9)

This introduces & terms which we clear from the equation by substitution, using
equation (5.5):

2a(2® + y*)x = —(az® + -+ -) + 2°. (5.10)
This introduces y terms and we then substitute in for y using (5.7) to obtain

2a(2* + (az® + - )z = —az® — ba® + 2°. (5.11)

Taylor expanding and keeping quadratic terms in x gives 0 = —az? + 2. Equating

the coefficient of 2 to zero gives a = 1 and the center manifold is thus y = 2.
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Substitution into equation (5.5) shows that the flow on our one-dimensional center
manifold is then described by

i =a2?+ 2. (5.12)

If we slightly misidentified our eigenvectors in the above analysis (since inaccu-

rate eigenvalues give inaccurate eigenvectors), our system would be given by

1
- T (5.13)

) a 1 Y1
where «a, 3 are small. Here x,y correspond to our physical coordinates x,y, z at
point H, while x1, y; correspond to the approximate eigencoordinates. In our original

example, equation (5.5), we thus have
&= (214 0y)* + (ax + 1)’
§ = —(ax + 1)+ (21 + ). (5.14)

Differentiating (5.13) and substituting into (5.14), we are able to solve for z,y; to

obtain expressions of the form

&1 = f(zr,y1), 9= g9(x1,y1) (5.15)

for some functions f,g. Even though these equations have small error terms in-
cluded, we still hope to be able to perform a one-dimensional center manifold anal-
ysis. Proceeding as before, we assume a center manifold of the form y; = Ax? + - -
so that y; = 2Axqd,. Substituting these expressions into the g; equation of (5.15)

and Taylor expanding (keeping quadratic terms in z;) gives

a 24 a+aP—14 A\ ,
_a5—1x1_<a5—1+ o )xl. (5.16)
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We ignore the x; term since we know it is zero and proceed to set the coefficient of
the 22 term to zero and obtain

1—a—ao?

=\ 5.17
14+2a8+1 (5.17)

Thus the center manifold is known since y = Az?. Ignoring terms of O(5?%, a2, af3)
(since the product is assumed small in each case), the flow on the center manifold

is then described by the equation
i =27 + (20 +26)2% + (1 — 2a)x]. (5.18)

For this example, if we take o = .0001, 3 = .0001, we see that the flow on the

center manifold becomes
& = 22 + 0.00042% 4 0.999827. (5.19)

Stepping back and comparing (5.19) with the exact flow on the center manifold,
equation (5.12), we see that different behavior may occur depending on «, 3.

The above error analysis assumed incorrect eigenvectors. If the equilibrium point
was also off:

r=x2+0, y=1ys+E, (5.20)

equation (5.5) becomes (after ignoring higher order terms in ¢, &):

Ty = 25+ Y5 + 2w + y2)

Again we see that errors in the beginning will propagate throughout. Keeping these

examples in mind, we proceed with the analysis of point H.
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Recall that point H is defined to be the point along the double saddle-node bi-
furcation curve (in the cos7 — a plane) which has two zero eigenvalues; however,
numerical roundoff error prevents us from finding point H exactly, no matter how
many significant figures are kept. The analysis performed at point H will be, in
theory, the same as that performed at point P since both have a two-dimensional
center manifold. The standard calculation at point P is to use chain vectors to find
the second generalized eigenvector for A = 0. But we take a simple example to show

our current case will require a more stable algorithm.

5.3.1 Double Zero Eigenvalue

Consider the matrix

A= (5.22)
1 -1

which has repeated eigenvalue zero with eigenvector (1, 1). If we pick the chain

vector u = 1(1, — 1), this gives
1
I
1
L =3
Since R~'AR = J, we find
01
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We recall that this was the case at point P. In the present case, we consider a slight
change in A:

A=A+eM, e<<l. (5.23)

It turns out that A has approximate eigenvalues A, —\ with eigenvectors v = (1, 1—
A), (1, 1+ X) where A ~ /e (cf. [10]). With point P, we computed a chain vector via
Au = v and obtained two linearly independent equations. But A is now invertible
(with probability one since the set of singular n-by-n matrices has measure zero [40])

and thus we have u = A~lv. But

- 1 -
At~ ﬁA (5.24)
so that
1 - 1
U~ ﬁAU ~ Y (5.25)

which is parallel to v, whereas for exact A, we know u L v. Thus an alternative
method for computing the chain vector is sought.

Since Av = 0 and Au = v, we consider A?u = 0 as a more stable method
of finding the companion matrix for the Jordan form. Using A from before, we

calculate

A% = A% 4+ ¢(AM + MA) + O(é%). (5.26)

Since A has eigenvalues A, —\ with eigenvectors v = (1, 1 — A), (1, 1+ \), we see

that A2 has eigenvalues A2, 2 + - - - with eigenvectors v = (1, —1+---),(1, 1+--).
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We now consider this type of example in a three-dimensional problem by considering

> 0 =3
A=13 0 -1,
P2 -
which has eigenvalues A = 0,0, 1 with
010 111
J=lo0oo0o0 |, BR=[100][,
0 01 3 11

where A = RJR™!. If we again assume A = A+cM, € << 1, the cigenvalues satisfy
A ~ /€, —/€, 1. Taking € ~ O(107%), the eigenvector for A = 1is (1, .9994, 1.0003)
whereas it is exactly (1, 1, 1) for A. One of the eigenvectors for A = 0 is calculated
to be (1, 1.004, 2.9982) whereas it is exactly (1, 1, 3) for A. For the chain vector
u, we want (A — X)u = v, i.e., Au = v (since A = 0). and so we assume u =
(u1, ug, uz). We need to find 3 equations in our three unknowns wuy, ug, uz. From
the previous discussion we know that A2u = 0 gives one equation and Au = v gives
one equation (whereas with point P, the latter gave two equations). We can always

use an orthogonal projection to make u unique:

ﬁ:u—(££>u (5.27)

V-

The third equation is thus obtained by subtracting off the v component. In our
current example, we find v = (uy, ug, 2us + uy) from the A2y =0 equation. From

the Au = v equation, we find u = (uy, —1+u;, — 2+ 3uy). To make this unique,
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we put

a:u—(ﬂ)v: - | (5.28)
Vv 11
-1
11
Numerically, we find
636 — 0007w,
U= | —.363—.0014u; |- (5.29)

—.0911 4 .0007u,

The terms with u; will always appear at the significant figure that we have rounded
to and in practice, we take care of this by setting u; = 0 to obtain @ = (.636, .363, —
.0911). The important point in these calculations is that the error introduced al-
ways appears near the order of the number of decimal places kept. To see this
mathematically, we consider the system of equations to be solved as F(a.) = 0,
where a, is the exact answer (and is a row of the matrix A in the present case). For
a =~ a., we have F'(a) = F(a.) + DF,_ (a — a.) + - --. Then the error w is given by
w = DF, (a — a.), ignoring higher order terms. If DF,, is invertible, the error will
then propagate linearly and the system we are solving is said to be regular. In the
above calculations and the analogous ones at point H, this is always the case.

In dealing with point H, we know A = 0, —1 are the eigenvalues with A = 0 being
a double zero eigenvalue, by definition. The second eigenvalue is seen to approach
A = —1 as more significant figures are kept. We calculate the first eigenvector
of A = 0 by assuming v = (1, vy, v9) (since eigenvectors can always be scaled in
magnitude) and solving for vy, v in the two linearly independent equations generated

by Av = 0. We then proceed to find the chain vector by the above algorithm.
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5.4 Unfolding H

We begin by linearizing about point H by using

Ry = 2.0151 + =z, (5.30)
Ry =1.3926 + v, (5.31)
¢ =0.56394 + z (5.32)

so that the coordinates x,y, z are physical coordinates which are local about point
H. Substituting (5.30)-(5.32) into the slow-flow equations (2.24)-(2.26), setting 1 =

v = (0 and ignoring higher order terms, we obtain

X I
z Z1

where

—1.0227 0.010972 0.28162
A= _0.17801 —0.22725 —0.19462 | - (5.34)

—0.13871 0.20071  0.25000

We now impose the eigenvalues (by definition of point H) A = 0,0,—1. Center
manifold theory tells us that we can expect a two-dimensional center manifold. As
the exact matrix A is not diagonalizable, we follow the above discussion to obtain

a generalized set of eigenvectors. We find

1 1 1.5826
R=1| 024827 —4.0279 8.8157 (5.35)

0.071101 3.7886  8.9548
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and
—~1.0000 0 0O
R'"AR=J = 0 0 1.0000 |- (5.36)
0 0 0

Now with our full set of generalized eigenvectors, we can rotate to generalized eigen-
coordinates so that we may apply center manifold theory. The eigencoordinates,

x1, 1, 21, are defined by the equation

Xz X1
y | =R wn
z 21

We substitute these values of z,y, z into (5.33), which will allow us to obtain the
flow on the center manifold in terms of the eigencoordinates.

Since we want to unfold point H, we make the substitution

7 =4.2026 + v (5.37)

a = 0.40505 + 4, (5.38)

into the previous result. We note here that the analysis at point H was done keeping
answers to 50 decimal places in all the variables. (By carefully watching the error
propagate, we see that error introduced at each calculation increases linearly since
the systems being solve are regular but we do not run into problems similar to
those that we encountered in finding the chain vector via an unstable method.) We

calculate the expected double saddle-node bifurcation curve

aQ—; cos27'<l
~ 8(1 —cos?7)’ 3



88
to be given, in local coordinates by the equation
p=—.2264v + .32910°. (5.39)

The empirical polynomial expression for the unsymmetrical Hopf bifurcation curve

(2.54) is the other curve we expect to see and is given by
@ =0.000047 — 0.2260v (5.40)

at point H; however, as with point P, we expect this equation to only roughly
approximate the actual curve.

For the unfolding of H, we begin with the three differential equations in terms
of the eigencoordinates x1, ¥y, 21. Proceeding as with point P, we solve for &1, 31, 2
and Taylor expand the equations keeping cubic terms in x1,y1, 21 (cf. point P) and

quadratic terms in u,r. We then have three equations:

i‘l = Gl(xlaylazlnua V) (541)
yl = GQ(xlaylazlnua V) (542)
s = Gi(ry,y1,21, 14, ). (5.43)

We again note that although the notation is the same as that used in the analysis
of point Q and P, the values of the variables G; (and G; which is used later) are not
the same in any of the cases. From center manifold theory, we know the flow on the
center manifold is going to be given by a two-dimensional system of equations. In
terms of the eigencoordinates, only the x; direction has nonzero eigenvalue A = —1

and so our center manifold will involve both y; and z; terms. We thus want to
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express x1 in terms of y1, z;. To do this, we need to assume an appropriate form for

the center manifold. Trying to stay as general as possible, we assume the form

Tlem = Z(ay+ag pp+as v+ ay p? +as v+ ag v?)
+ z1 yilar +as g+ ag v+ ajg p* +an pv+ ap v°)
+ yilas + awg g+ as v+ age p° + arr pv+ ag v?)
+ 2z1(ag pt+ ag v+ as 12+ agy pu v+ ag VQ)
+ y1(age p+ agr v+ agg p¥ + ag p v+ azg v*)

+ (asp p+ ass v+ asg p® 4 ass p v+ asg v?) (5.44)

where we set ay9 = ag; = az; = 0 since we do not want any O(1) translation in the
constant or linear terms. Comparing with (3.3), we see that the center manifold at

point H will be given by

W= {(z1,y1,21)| ©1 = h(y1,21)} (5.45)

with h(0) = Dh(0) = 0 and h(y1,21) = Z1.em- We substitute this equation into
(5.41). This will introduce ¥y, 7, terms after the differentiation is carried out. We
then substitute equations (5.42)-(5.43) which reintroduces x; into the equations
but rids them of any #y,7;,7; terms. One more substitution of equation (5.44)
into the new version of equation (5.41) gives an equation which only has y1, 2
terms. We move all the terms to one side and Taylor expand the expressions,
keeping cubic terms in 1, y1, 21 and quadratic terms in g, v. Our resulting equation

él(yl, 21, i, V) = 0 can then be compared to equation (5.44). We thus obtain the



90
center manifold

Tlem = 2(10.089 — 22.2251 + 24.131v — 227.48° + 221.51 v — 22.4481%)
4+ 2191(6.3626 4 50.924p — 34.518v + 152.32% — 218.23uv + 26.1901%)
+ 92 (—4.7379 — 14.327p + 3.8614v — 8.19544% 4 26.445uv — 4.55011/%)
4+ 21(0.64599u + 3.0357v — 19.987u? + 20.377uv — 2.10650?)
+ y1(3.8299u — 1.4431v + 5.3981p> — 7.9593uv + 0.1518517)

+ 0.34963v — 0.406022 + 1.4019ur — 0.107592, (5.46)

Note that unlike with point P, we now have linear terms (even though none are O(1)
terms). We substitute the above expression for the center manifold into (5.42)-(5.43)

and obtain

y = 3%(0.98661 — 0.60929u + 0.39509v — 0.13803v2 + 1.6947vp — 0.0445782)
4+ y2(—5.2574 + 0.57278 + 1.7861v + 7.5440p% — 1.0240vp + 1.50741%)
+ 2%(1.5616 — 8.1958 + 2.1465v — 8.3280u> + 12.295vu + 1.449717)
4+ y(0.347401 — 0.11105v + 0.17847p2 — 0.36642vp — .001012712)
4+ 2(1 +1.9284p + 0.42867 — 0.13104p% + 1.5027 v — 0.415881/%)
4+ (0.114164 — 0.050703v — 0.11102vp — 0.03112612)
2 = y*(—0.12636 + 1.3503x — 0.27086v + 1.49804% — 1.6311vp — 0.08216417)
4+ y2(3.1092 + 2.10094 + 1.6089r — 4.9572u> + 8.5392vp — 1.16150%)
+ 2%(—2.8774 — 2.2378 — 0.43067v + 2.6039u* — 2.8088vu + 0.825121%)

+ y(—0.16636 — 0.13440r — 0.184694% — 0.18154vp + 0.0004098341/%)
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+ 2(0.19507p — 0.29706v 4 0.015631 4% — 0.91043vp — 0.0310661%)

+ (—0.048298 — 0.010936v — 0.040051v + 0.103170/7) (5.47)

as the equations describing the flow on the center manifold.

5.5 Normal Form at Point H

Recall that in performing the normal form calculation at point P, we used successive
near-identity transformations to convert the y equation of our system to the form
g = z (cf. (4.29)). In our attempt to perfom the same analysis at point H, we
unfortunately run into problems due to error propagation. The problems are seen
because adding cubic terms to the normal form equations, for instance, changes the
bifurcations that we observe while keeping cubic terms in (5.47) doesn’t change the
bifurcation curves we observe. As we know our entire analysis was approximate,
we cannot trust any results which are not stable to small changes such as higher
order corrections. But the flow on the center manifold, given by equation (5.47)
does illustrate the behavior we expect, namely a saddle-node bifurcation and a
supercritical Hopf bifurcation both coming in tangent to each other and the Hopf
terminating at the intersection point H, as is seen using DsTool. In addition, we
observe that the homoclinic bifurcation curve terminates at point H. (See Figure 5.1
and note that the same bifurcation sequence is happening for the partner given by
(Rs, Ry, —¢).) In addition, we graphically estimate the slope of the incoming curves
to be given by

A —0.226v (5.48)
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(1) : Double saddle-node bifurcation
(2) : Hopf bifn of unsymmetrical equilibria
(3) : Homoclinic bifurcation

(1)

>

v — 0

Figure 5.1: Numerical estimates of bifurcation set at point H and corre-
sponding phase portraits. By symmetry, this bifurcation sequence occurs
at its mirror image under (2.27) in the cos 7 — a plane. The bifurcation
curves are drawn slightly distorted for better viewing.
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which agrees with the linear term of the expected incoming curves; however, these
results are only local results and thus we must restrict our variables to a small
neighborhood around the origin. In this case, we need to keep —0.0004 < y1, 21 <
0.0004 and —0.004 < p, v < 0.004 in order to keep extraneous roots from appearing.
A closer examination of equation (5.47) and the corresponding bifurcation sequence
seen at point H reveals that we actually have an unsymmetric Takens-Bogdanov
bifurcation (as opposed to the symmetric Takens-Bogdanov bifurcation which was
seen at point P) and numerical simulation using DsTool—both the full equations
(2.24)-(2.26) and via center manifold theory—confirms the phase portraits are the

ones expected [12].

5.6 Global Results

Recall that we were able to see, through a local analysis, a symmetry-breaking
double homoclinic bifurcation at point P (cf. (4.4)) because the two unsymmetrical
equilibria were bifurcating off the in-phase mode and the in-phase mode formed the
saddle connection for both homoclinic orbits. Now, however, our local behavior is
not in the neighborhood of the in-phase mode but is instead local in the neigh-
borhood of one of the unsymmetrical equilibria. This difference turns out to be
extremely important because we are not able to infer what happens to the in-phase
mode throughout this bifurcation sequence. To be more specific, we observe a sta-
ble limit cycle being born as the unsymmetrical Hopf bifurcation curve is crossed

from above in the v — p (or equivalently, the cos 7 — ) parameter plane. This limit
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cycle grows and eventually becomes a homoclinic orbit for certain values of u, v, see
Figure 5.1.

By symmetry arguments, we know this same bifurcation sequence is also occur-
ring at the other unsymmetrical equilibria given by (R, Ry, —¢) in terms of the
original slow-flow variables. For slightly lower values of v with p fixed, no stable
limit cycle exists. Recall that at point P, one large stable limit cycle resulted from
the double homoclinic connection. Thus it does not appear that we have anything
that can merge with the unstable limit cycle (created from the in-phase mode Hopf
bifurcation) which still surrounds all of the equilibria (excluding the out-of-phase
mode). We must go back to equations (2.24)-(2.26) to examine the fate of the
unstable limit cycle.

Using DsTool, we were able to see that the unstable limit cycle created in the
Hopf bifurcation (2.46) and destroyed near point P in the limit cycle coalescence
(cf. (2.54),(4.79)) disappears for values of a slightly below the homoclinic bifurcation
curve (and thus to the left of point H) which terminates at point H, cf. Figure 5.1.
For example, fixing 7 = 4.15 and varying a we see that

i) two stable limit cycles exist below « ~ 0.4172; unstable limit cycle exists

ii) a homoclinic connection of stable limit cycles occurs at a = 0.4167; unstable
limit cycle exists

iii) no limit cycles exist at or below a ~ 0.4163
The last observation was inferred as curves beginning close to the unsymmetrical
spiral ended up at the out-of-phase mode, since they are no longer restricted by the

unstable limit cycle. We note that the phase portraits for the latter two cases are not
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homeomorphic since in one case we have one unstable and two stable limit cycles and
in the next case we have no limit cycles. Careful numerical exploration reveals an
additional bifurcation curve which creates a stable limit cycle in this region (through
a heteroclinic connection) and occurs near o = 0.41636, see Figure 5.2. (We again
note that the pictures in Figures 5.2-5.3 are drawn as if they are two-dimensional
because numerical simulation of the slow-flow equations (2.24)-(2.26) indicates that
all trajectories are quickly drawn onto a somewhat curved two-dimensional surface
on which the dynamics shown in the figure occur.) Independent numerical checks
reveal that a limit cycle does indeed exist for certain parameter values, including
for instance 7 = 4.15, a = 0.41635. As the homoclinic connection curve emanating
from point P terminated at point H, we now seek to find the beginning point of
this curve of heteroclinic connections which give rise to the large stable limit cycle.
Numerical exploration leads us to conjecture that this curve of heteroclinic connec-
tions begins at the point where the homoclinic curve passes through the pitchfork
bifurcation curve given by equation (2.38) and we label this point S. We also label
the intersection of the limit cycle coalescence curve and the in-phase mode pitch-
fork bifurcation curve as point A. Figure 5.3 shows the bifurcation curves in the
neighborhood of point S, while Figure 5.4 shows the bifurcation diagram found by
encircling point H. From the discussion above, we know the homoclinic bifurcation
curve extends into point H in the cos 7 — a plane but we now must also consider the
fate of the heteroclinic connection curve and the limit cycle fold curve. Although
they appear to approach point H they cannot terminate at point H because the

stable and unstable manifolds of the unsymmetrical equilibria are needed to sepa-



96

(1) : Double saddle-node bifurcation

(2) : Hopf bifn of unsymmetrical equilibria
(3) : Homoclinic bifurcation

(4) : Heteroclinic connection

(5) : Limit cycle coalescence

COS T

Figure 5.2: Bifurcation sequence to the left of point H. The out-of-phase
mode exists (and is stable) throughout. The third eigendirection is con-
tracting and (nearly) normal to the plane of this page.
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1):
(2):
(3):
4):
Ok

In-phase mode pitchfork bifurcation
Hopf bifn. of unsymmetrical equilibria
Homoclinic bifurcation

Heteroclinic connection

Limit cycle coalescence

(0): Double Saddle-Node Bifurcation

(0)
@ —=topt.Q H
(&)
3)

Figure 5.3: Bifurcation set (numerical) near points T, S and A. The out-
of-phase mode exists (and is stable) throughout. The third eigendirection
is (nearly) normal to the page and has negative eigenvalue. Note that

curve (1) is drawn distorted for better viewing.
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en

Figure 5.4: Bifurcation diagram encircling point H. Note that stable and

unstable limit cycles are shown.
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rate the basins of attraction of the stable in-phase mode and the stable limit cycle,
see Figures 5.2-5.3. We can also see this by trying to collapse the unsymmetrical
equilibria together (which occurs at point H) and then realizing that as a result of
the double saddle-node bifurcation, we would have a stable limit cycle surrounding
the stable in-phase mode and this clearly cannot happen. The termination point of

these two curves will be discussed in the next chapter.



100



Chapter 6

The Completed Picture

6.1 Introduction

We are now in a position to piece together most of the bifurcation set for the slow-
flow equations (2.24)-(2.26). Through unfoldings of the degenerate points Q, P and
H, we are able to see the bifurcation sets near these points. Figures 2.4, 3.2, 4.3,
5.1 and 5.3 together with equations (2.37), (2.38), (2.46) and (2.49) give us a nearly
complete picture. We will attempt to complete the bifurcation set by considering

separately what happens above and below the curve H-H’, given by equation (2.49).

6.2 The Unstable Limit Cycle Above H-H’

In determining the termination point of the limit cycle fold and heteroclinic bifurca-
tion curves, we will first examine what happens to the unstable limit cycle created

in the Hopf bifurcation across (2.46) by looking along the line cosT = 0, where

101
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we will take 7 = 37” for the sake of definiteness. (Choosing 7 = 7 simply changes

the directions in which the flow rotates.) At this 7 value, the slow-flow equations

become
: 1 R} .
R, = 5 R, [1-— 1 +a Ry sing|, (6.1)
. 1 R?
R, = 3 le ( —f) —a Ry sin¢], (6.2)
L « RQ Rl
o = 5 |:R1 RQ] oS . (6.3)

Equation (6.3) is zero for ¢ = 7, —7 and thus ¢ = 7, —7 are invariant planes.

Although we are chasing an unstable limit cycle in a three-dimensional system
via numerical integration, we are able to analyze it analytically at cos ™ = 0 because
it lies in the invariant planes ¢ = 7, Ry = 0,¢ = —F, Ry = 0. More specifically, we
are able to do this because the unstable limit cycle is actually a stable limit cycle
in these planes and its only direction of instability is transverse to these invariant
planes.

A key step in how this occurs involves what happens as we cross the midpoint
of the line segment given by equations (6.1)-(6.3) along which cos7 = 0. Recall that
Ry, Ry > 0 and ¢ is 27 periodic. At cos7 = 0 the unstable limit cycle touches
the singular planes Ry = 0, R, = 0. By blowing up the singularity at Ry, = 0 via
the transformation dn = 1% we see that Ry = 0 is an invariant manifold with non-
isolated equilibria occurring at ¢ = 7, —7 [5]. A similar situation occurs in the
Ry = 0 plane. Thus the flow along the unstable limit cycle involves two jumps

along the singular planes Ry = 0 and Ry = 0, see Figure 6.1. Just to the left of the

midpoint, i.e., when cos7 < 0, the jump occurs from ¢ = 7 to ¢ = —7, and then
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PEE——

Figure 6.1: Flow in the R; = 0 and Ry, = 0 planes. The solid lines
represent non-isolated equilibria. The lines with arrows in the Ry = 0
and Ry = 0 planes represent flow along constant Ry and Ry, respectively.

back up, from ¢ = —% to ¢ = 7. The unstable limit cycle has grown from its initial
little circle shape surrounding the in-phase mode to a large closed orbit, which still
may be said to surround the in-phase mode, in the sense that the jumps go past
¢ = 0; however, when we cross the midpoint of the line segment in parameter space

3m (= _ T

(so that now cos 7 > 0), the jump occurs from ¢ = § to ¢ = 5 (= -3

5 since ¢ is 2w

periodic) and then back from ¢ = 37” to ¢ = 5. The unstable limit cycle has grown
from its initial little circle shape surrounding the out-of-phase mode to a large closed
orbit, which still may be said to surround the out-of-phase mode, in the sense that
the jumps go past ¢ = 7.
We now show the unstable limit cycle exists for all coupling values satisfying
3

o> ﬁ along the line 7 = <. We note that when the flow requires that trajectories

leave the first quadrant, we interpret them as having a phase change of 180 degrees,
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i.e. x; = Rycos(t + ¢;) = —R; cos(t + ¢; + m),i = 1,2. This corresponds to a jump

in Ry — Ry — ¢ space from ¢ = 5 to ¢ = —F or vice-versa, as will be shown in the

T

5 18 no longer an invariant

ensuing discussion. (When 7 isn’t quite equal to 37”,

plane, and the orbit in Ry — Ry — ¢ space gets close to the jump, but forms a smooth

curve.) The equations in the ¢ = 7 invariant plane become
. 1 R
R1 = 5 Rl 1-— Z + « R2 s (64)
. 1 R2

We construct a trapping region D in the first quadrant of the ¢ = 7 plane as follows
(see Figure 6.2):

i) cut out a circle of radius € << 1 from the origin (since Ry = Ry = 0 is an
unstable equilibrium point of (6.4)-(6.5).

ii) choose the box 0 < R;, Ry < «y, where

7 if a<2(1+V2)
ap =

a if a>2(1++2).
A simple calculation shows all trajectories are drawn into this region except along
Ry = 0 where Ry < 0 for all @ > 0. But any trajectory touching this line, say at
Ry =k < a3 is immediately taken to the ¢ = —7 plane and is thus at Ry =k, Ry =
0,¢ = —%. By the invariance (2.27) which states (Ry, Rs, ¢)+— (Ry, Ry, —¢), we
can map the current position to the line Ry = 0, Ry = k, ¢ = 7 and we are again in
the situation shown in Figure 6.2. The conclusion is that there exists a stable limit

cycle in region D and hence an unstable limit cycle in the full Ry — Ry — ¢ space

. . 1
and that it exists for all o > T
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RZ
e T
- =
<
\ / a. R,

™

Figure 6.2: Trapping region D in ¢ = 7 plane for 7 = 37”, o > %. Note
that Ry = 0 maps to Ry = 0.

1 .
75 consider

Now that we have shown an unstable limit cycle exists for all o >
what happens as we move along a horizontal straight line in the parameter plane,
above point P, say for @ = 1 (see Figure 6.3). When we cross the in-phase Hopf
curve, given by (2.46), an unstable limit cycle is born which surrounds the in-phase
mode, i.e., it is a little circle enclosing Ry = Ry = 4,¢ = 0, from equation (2.32).
Similarly, when we cross the Hopf curve through point P’ an unstable limit cycle
is born which surrounds the out-of-phase mode, i.e., it is a little circle enclosing
Ry = Ry = 4,¢ = 7, from equation (2.47). As we move along this straight line, the
unstable limit cycle thus transforms from a little circle around ¢ = 0 to a little circle

around ¢ = 7 for Ry = Ry = 4. Thus we now understand the unstable limit cycle

for all parameter values in which only the in-phase and out-of-phase modes exist.
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/
o //
N »I_#-é/)z

(e):0<cost1<1/3

():0<<cost<1/3

Figure 6.3: Unstable limit cycle for increasing values of cos 7 (with 7 <
7 < 2m) for a = 1. Note that (c) and (d) are the same picture since ¢ is

27 periodic. See (a) for labeling of axes.
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6.3 The Unstable Limit Cycle Below H-H’

We begin by defining point V, which lies on H-H’ in the cos T — o parameter plane,
by cosT = 0,0 = %. Examining the phase portrait for o > % (with cosT = 0)
allowed us to complete the picture for large coupling and we will see that this also

happens for a < %. At point V, the double saddle-node bifurcation given by (2.49)

occurs and the two pair of unsymmetrical equilibria are born at

V3+1
R, = 7 (3-V3),Ra=(3-V3),6=

and its partner under (2.27). The eigenvalues at that point are 0

(6.6)

ro |

1

5 .
, 1> —3 With corre-

sponding eigenvectors

—5v2+36 0 5v243V6
2 2
1 ) 0 1| 1 (6.7)
0 1 0

which have approximate values (.1387, 1, 0),(0, 0, 1),(7.210, 1, 0). If we again
consider the first quadrant of the ¢ = 7 plane, we see a saddle-node bifurcation
occurring in the trapping region D defined above.

We now piece together the remainder of the bifurcation set by process of elim-
ination. Recall that we are considering the termination point of the heteroclinic
and limit cycle fold curves, cf. Figures (2.4), (4.3) and (5.4). Numerical simulation
in the reduced system (6.4)-(6.5) at and below point V shows that the saddle-
node bifurcation appears to occur on the limit cycle in an infinite period bifurca-
tion, thereby destroying the limit cycle. Thus the limit cycle does not exist along

cosT = 0 when a < ﬁ. In considering what happens to the heteroclinic and limit
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cycle fold curves, we can discount the case of the curves extending, uninterrupted
from P to P’ (i.e., never touching the double saddle-node curve (2.49)), the reason
being that the pictures at the line cos™ = 0 would then be inconsistent. We can
also discount the case where the curves join point O, defined by cos7 = o = 0 be-
cause the pictures would again be inconsistent. Thus we conclude the curves must
terminate along the double saddle-node (2.49) and to the right of point H in the
cos T — « plane.

We now consider the scenario shown in Figure 6.4. We note that due to the
type of Takens-Bogdanov bifurcation that occurred at point H, there exists a curve
extending to the right of point H satisfying ¥\, = 0 where \; are the two principal
eigenvalues. Since this is just the trace of the matrix corresponding to these eigen-
values, we will refer to the curve as the tr = 0 curve. This curve may be thought of
as an extension of the unsymmetrical Hopf bifurcation curve and indeed, we used
this extension to calculate the empirical equation for the Hopf, given by (2.54). This
extension goes from H to H’ and enters tangent to (2.49) at the respective points.
The significance of this curve is that the heteroclinic and limit cycle fold curves
must intersect it. For values of a below the tr = 0 extension, the limit cycle born
in the heteroclinic bifurcation must be stable; however, for values of @ above the
tr = 0 extension, the limit cycle born in the heteroclinic bifurcation must be unsta-
ble. Thus the limit cycle fold curve and the heteroclinic bifurcation curves must join
together at the tr = 0 extension curve with only the heteroclinic bifurcation curve
continuing on the other side, see Figure 6.5. We label this point along the tr = 0

curve at which the two curves join as point B.
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Double saddle-node bifurcation (2.49)
Hopf bifn of unsymmetrical equilibria
Homoclinic bifurcation
Heteroclinic bifurcation
Limit cycle coalescence
tr=0 extension of (2)

(1):
(2):
(3).
(4).
(5):
(6)-

(1) / COST —

2) ]

Figure 6.4: Scenario under consideration for termination point of hete-
roclinic bifurcation and limit cycle coalescence curves.
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1): Double saddle-node bifurcation (2.49)
2a): Heteroclinic bifurcation (SLC born)

2b): Heteroclinic bifurcation (ULC destroyed)
3) Limit cycle coalescence

4): tr=0 extension of Hopf bifn from point H

Figure 6.5: Intersection of heteroclinic bifurcation and limit cycle coa-
lescence curves at the tr=0 extension of the Hopf bifurcation. Note only
the heteroclinic bifurcation survives above this tr=0 curve.
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Note that when the portion of the heteroclinic bifurcation curve lying above the
tr = 0 extension is crossed from above, the unstable limit cycle created in the Hopf
bifurcation across (2.46) is destroyed.

We are thus left with two possible scenarios which can be consistent with Figure
6.5 and these are shown in Figure 6.6. In the case of (a), we have the heteroclinic
bifurcation curve joining to some point N which lies along H-H’ (equation (2.49)) and
to the left of point V. In the case of (b), we have the heteroclinic bifurcation curve
joining with point V. We now argue that the latter scenario gives an inconsistent
picture.

From Figures 5.2-5.3, we see that the heteroclinic connection, shown there as a
two-dimensional projection, has the structure of that shown in Figure 6.7. But at
point V, we know the saddle-node bifurcations occur in the ¢ = £7 planes and this
situation is shown in Figure 6.8, where we have used the eigenvalues and eigenvectors
from equation (6.7) to draw the picture. Recall that ¢ = £7 are invariant planes.
If scenario (b) of Figure 6.6 is to occur, at point V the heteroclinic orbit must be
able to leave the invariant plane and then cross back through it which clearly cannot
happen. In other words, it is the nature of this particular heteroclinic connection
to have an unstable manifold leaving in a direction different from that along which
the saddle-node bifurcation occurs, even though it joins to the stable manifold of
the other saddle-node along the same direction that the saddle-node occurs, see
Figure 6.7. Thus we conjecture that scenario (a) of Figure 6.6 must occur and that
there exists a point N on H-H’, lying neither close to H nor to V at which point the

heteroclinic bifurcation curve terminates (see Figure 6.9 for the phase portraits).
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(1): Double saddle-node bifurcation (2.49)
(2a): Heteroclinic bifurcation (SLC born)
(2b): Heteroclinic bifurcation (ULC destroyed)
(3): Limit cycle coalescence
(4): tr=0 extension of Hopf bifn from point H
COST
2b
m Py @
(4 (4
(2a) B (2a) B
(3) (3)
(a) (b)

Figure 6.6: Two possible scenarios for the termination point of the het-
eroclinic bifurcation curve.
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-Ty2 mode A A

()

Figure 6.7: Heteroclinic connection close to H-H’. (a) shows the two-
dimensional projection of this connection observed in Figures 5.2, 5.3
while (b) shows the full three-dimensional connection.
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out-of-phase
mode R

Equilibrium point
in @ =1t/ 2 plane. eigenvalue: 1/4
/beigenvector: (0,0,1)

eigenvalue: O

| A\/—\ eigenvector: (.14, 1, 0)

p

eigenvalue: -5/4
eigenvector: (7.2, 1, 0)

(b)

Figure 6.8: Double saddle-node bifurcation on unstable limit cycle at point V.



115

This then implies that along N-V-N’, the saddle-node bifurcation occurs on the
unstable limit cycle, thus destroying it. Although this occurrence may seem highly
unusual, it has been observed in similar systems [12],[18].

The complete bifurcation sets for the slow-flow equations (2.24)-(2.26) are shown

in Figure 6.10. See the previous chapters for the corresponding phase portraits.

6.4 Physical Implications

We now are able to discuss the behavior of the slow-flow equations (2.24)-(2.26)
for all pairs of parameters. The first important point to note is the existence of a
stable mode for all parameter values. Thus we never will have the case of phase
drift (i.e., ¢(t) growing unbounded). We also note that as the coupling continues
to increase, the range of delay values for which the in-phase and out-of-phase mode
exist and are stable approaches zero. Recall that the respective modes gain their
stability in a Hopf bifurcation (cf. Figures 2.2-2.3) and the limit cycle created is
unstable. It is thus of no practical importance except to note whether the in-phase
mode or out-of-phase mode has the larger basin of attraction of initial values. In
the region in which only the in-phase and/or out-of-phase modes exist, we expect
the characteristic hysteresis to occur as we vary the delay [41]. We also expect this
hysteresis to occur as we vary the delay for sufficiently low coupling, where all the
unsymmetrical equilibria are unstable and no periodic motions exist in (2.24)-(2.26).

For moderate coupling strengths, varying the delay and coupling slightly can

lead to drastically different behavior in the system. In the region where it exists,
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, _ (D)
(1): Double saddle-node bifurcation (2.49) () H

(2): Hopf bifn of unsymmetrical equilibria 3

(3): Homoclinic bifurcation (4a)— ™ N

(4a): Heteroclinic bifurcation (SLC born) a (5) %{1)
(4b): Heteroclinic bifurcation (ULC destroyed) \ 6
(5): Limit cycle coalescence (ap) (6
(6): tr=0 extension of Hopf bifn from point H

Figure 6.9: Bifurcation set and phase portraits near point N with curves
drawn distorted for better viewing. Note that the phase portraits above
and below (6) are identical and are thus only drawn once. Also, the third
eigendirection is contracting and in a direction (nearly normal) to the
plane of the page.
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|
a P N v
Q > \'\‘\7 N
(v) —
COST For (v), see Figure 6.9

~
~

(i): See Figure 4.3 (ii): See Figures 3.1- 3.3

“—topt.Q
to pt.HH
-

See
\ Figure 6.9

(iii): See Figure 5.3 (iv): See Figures 5.1 -5.2, 6.9

Figure 6.10: Complete bifurcation set of equations (2.24)-(2.26). For the
top left frame, cf. Figure 2.3 and for the top right frame, cf. Figure 2.4.
Note also that the same bifurcation curves exist under cos7 — — cosT.
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the stable limit cycle is an attractor for the system. For certain parameter values
the stable limit cycle exists along with one or two other attractors. As the stable
limit cycle itself is attracting, it does have physical importance. As we cross PB
(the curve of limit cycle coalescence, see Figure 6.10) from right to left, the stable
limit cycle is destroyed. Oscillations in the neighborhood of this stable limit cycle
(and hence near 1:1 phase entrainment) must then jump to the nearest attractor,
thereby approaching a phase locked state. Along PA the only attractor is the out-
of-phase mode, while along AB both in-phase and out-of-phase modes are stable.
This annhilation of an attractor is known as a strong bifurcation and has physical
importance in control applications as the system exhibits a sudden jump in behavior.
In contrast, weak bifurcations involve the continuous evolution of attractors and
hysteresis, both of which were observed in the case of large and small coupling
discussed above [18].

We also see strong bifurcations along SB and SH as limit cycles are born in
heteroclinic and destroyed in homoclinic bifurcations, respectively. Along SB and
SH, both in-phase and out-of-phase modes are attractors to which trajectories are
now drawn. The limit cycles created in weak bifurcations along PH (the Hopf
bifurcation of the unsymmetrical equilibria) are stable and it is interesting that the
homoclinic bifurcation along PS is not a strong bifurcation (as it was along SH) since
it is a symmetry breaking bifurcation in which the two limit cycles gives rise to a

single large limit cycle in the neighborhood of the two smaller stable limit cycles.



Chapter 7

Numerical Integration

7.1 Introduction

Since our analysis is approximate, it is desirable to compare our analytical results

with direct numerical integration of equations (2.1)-(2.2):

Pt a—e(l—ad)d, = eady (t—1),

f2+$2—€(1—x§)$2 = ea (t_T)a

where « is a coupling parameter, 7 is the delay time, and where ¢ << 1. We
approximated this system twice—first with the method of averaging and then with
a Taylor expansion of the delay terms. Thus our entire analysis can be considered
two steps removed from the original motivating problem, equations (2.1)-(2.2). The
first approximation has well-known results for non-delay cases [5],[32],[37],[38],[43].
In the second approximation, however, we profoundly changed the nature of the

system in question. Even assuming small expansion parameters, i.e., e7 << 1,

119



120

we might suspect problems to arise. Fortunately, this is not the case. For small
values of €, and O(1) values of 7, we find excellent agreement between numerical
integration of equations (2.1),(2.2) and stable periodicity predicted by the analytic
results obtained in this work. We now address the question of the methods used in

the numerical integration of our original equations.

7.2 Modified Runge-Kutta

Our original system is of the form
x(t) = f(x(t),x(t — 7)) (7.1)

where we will consider only the case of strictly positive delays, 7 > 0. Although we
will usually restrict ourselves to discussing our particular system, the results hold
for more general systems of differential delay equations (cf. [14]). If we can find a
solution of the form

x(t) = ®(t), to—7 <t<t (7.2)

then x(t) will be a known function of ¢ for all ¢ satisfying ¢y <t <ty + 7 and (7.1)
becomes an ordinary differential equation. Known existence theories for ordinary
differential equations thus assure us that we know x(t) for to <t < to+7 (e.g. [40]).
We can then use these values to calculate the solution of x(t) for to+7 <t < to+27.
Continuing in a similar manner with this “method of steps” thus gives us existence
and uniqueness of the solution for all time.

Our numerical integration scheme starts the oscillators out as uncoupled at time

t = 0 and lets them run backward in time until ¢ = —7 . This allows us to obtain
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an interval of initial conditions x(t) = ®(t),tp — 7 < t < t5. We then reset the
time to ¢ = 0, and begin numerically integrating the coupled delay equations, taking
into account what happened 7 units ago. Here we use a fourth order Runge-Kutta
scheme with fixed step size, appropriately modified to account for delay [14]. Recall
the numerical integration of the (non-delayed) system & = f(¢,z(t)) involves the

evaluation of

h k
kl = hf(tn,.%'n), k2 == hf(tn + §7xn + é)a (73)

h k
k:3:hf(tn+§,xn+§2),k4:hf(tn+h,xn+k3) (7.4)

in order to calculate the next value, given by ,11 = @, + % + %2 + £ 4 & 4 O (nP),
where h is the fixed step size [28]. For the case of delay, our system is of the form
@ = f(t,x(t),x(t — 7)) and we use the notation ®,_r = z({, — 7) to denote the
value of the system 7 time units ago (and we assume for convenience that hm = 7,

for some integer m). We now must evaluate

ki = hf(ta,zn, ®uz), (7.5)
h ky D,z +Dyyq
ky = hf(tn+= L : .
2 f(n+2axn+ 27 2 )7 (76)
B h ky Pn-z + Ppyi-z
k3 - hf(tn + 57 T + 57 9 )7 (77)
k4 = hf(tn —+ h, X, + kg, q)nJrl,%) (78)

where ®@,,11_z is the system 7 time units before 1. Note that since the evaluation
of ks, k3 requires an evaluation of z(t) at the midpoint between t,, and t,, 11 = t,,+h in
the non-delay case, here the corresponding evaluation is at the average of the known

delayed values @n,%, CDHH,%, which is the function value between oz and bnt1-z.
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Thus at every step of the integration, we see that we must carry the behavior of the
system for the previous 7 time units with us. The only other modification needed is
to update the entries of the delay interval at each step by 1) shifting the entries to
overwrite the value of the system at z(t — 7) and 2) inserting the newly calculated

value of the system in the appropriate position. For example, if ¢[j],7 = 1,---,m

(where m =  is an integer) contains the values of the system for ¢, — 7 <t < ¢,
where . is the current time, ¢[1] = z(t. — 7) and x,e, = x(t.), the update line
would be

forj=1tom

oljl = olj + 1]
end

¢ [m] = Tnew

7.3 Results

So as to avoid unnecessarily long runs, we begin “close” to the equilibrium point
whose stability we are checking. For example, in the case of the in-phase mode
we will have xy = x9, 1 = 5. To check stability, we see if the trajectory in
four-dimensional space is continuing to spiral into the in-phase mode, defined by
T, = X9, 1 = Xo. In this way we were able to confirm that the stability of the in-
phase and out-of-phase modes agreed with the predictions of the analytical method
made in Figure 2.2. (see Figures 7.1-7.2).

In addition, by carefully choosing initial conditions based on the bifurcation

sequence in Figure 3.3, we were able to observe periodic motions other than the in-
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€=0.1, tf=3000, xl(O):l.S, xl'(O):O, X2(0)21.49, xz' (0)=0
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Figure 7.1: In-phase mode stability: solid line is analytic prediction of
stability given by (2.38),(2.46); dots represent stability via numerical
integration of (2.1)-(2.2).



124

¢=0.1, tf=3000, xl(O):1.5, xl’(O):O, X2(0)2-1.49, xz'(O):O
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0.91

0.8

0.71

0.61

5 0.5

0.41

0.31

0.2

01

0.8

COST

Figure 7.2: Out-of-phase mode stability: solid line is analytic prediction
of stability given by (2.38),(2.46); dots represent stability via numerical
integration of (2.1)-(2.2).
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phase and out-of-phase modes in the original delay equations (2.1)-(2.2). It might
be expected that the existence of stable periodic motions in such a small region of
parameter space as seen in Figure 3.3 is simply a construct of our numerous approx-
imations. The fact that we actually do see these periodic motions predicted by the
slow-flow equations is important because it demonstrates that the approximations
made still allow us to capture the behavior of the original equations under certain
assumptions. In the case of Figure 7.3, we chose 7 = 2.26,a = .45, ¢ = 0.01 which
corresponds to a slow-flow equilibrium at R; = 1.5253234, R2 = 1.8161932,¢ =

0.20669649. Using (2.3)-(2.4), we calculate the initial conditions:

21 = Ricos¢p, i1 = —R;sing, (7.9)

To = RQ, i‘g =0.0 (710)

where the value for &5 is found by choosing 6, = ¢,6, = 0.0. As stated previously,
we run the uncoupled system backward for 7 time units to generate the necessary
interval of initial conditions. We then couple the system together and integrate
forward in time, beginning at ¢ = 0, for 30,000 time units and plot the last 2,000
points.

We obtain a similar figure for the unsymmetrical equilibrium’s stable partner
obtained from (Ry, Ry, ¢) — (Rs, R1, —¢). To be more precise, the unsymmetrical
periodic motion in (2.1)-(2.2) which corresponds to the slow-flow equilibria R1 =
1.8161932, Ry = 1.5253234, ¢ = —0.20669649 is obtained from Figure 7.3 by letting
(1, x2) +— (T2, 21).

In terms of the slow-flow equilibria, the periodic motion displayed in Figure 7.3
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Unsymmetrical periodic motions in (2.1)-(2.2): 1=2.26, cos 1=-0.6359, 0:=0.45, €=0.01
2 T T T T T T T

Figure 7.3: Unsymmetrical periodic motions in (2.1)-(2.2) which corre-
spond to unsymmetrical equilibria in (2.24)-(2.26). The initial condition
used to generate the interval of delay values is Ry = 1.5253234, R2 =
1.8161932, ¢ = 0.20669649. Equations (2.3)-(2.4) are also plotted.
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and its partner periodic motion under (xy, z3) — (x2, z1) represent the two stable un-
symmetrical equilibria which occur below the unsymmetrical Hopf bifurcation curve
(cf.(2.54)) and the in-phase pitchfork bifurcation curve (2.38). Since € is small, we
would expect equations (2.3)-(2.4) to give a good approximation to these unsymmet-
rical equilibria for the same R, Ry, ¢ values. This is indeed the case and Figure 7.3
actually has equations (2.3)-(2.4) superimposed, only the respective curves cannot
be distinguished from those of the integrated differential delay equations.

The numerical integration thus confirms that our analysis of the approximate
system (2.24)-(2.26) is an excellent approximation of the differential delay equa-
tions (2.1)-(2.2) under the assumption that er is small. In terms of the physical
implications, perhaps the most important conclusion of this work is the prediction
that both the in-phase and out-of-phase modes are stable for values of cos 7 close
to zero, i.e., for delays of about i of the uncoupled period of the oscillators, see
Figure 2.1, 7.1, 7.2. In addition, with a knowledge of the bifurcations that occur
in the slow-flow equations, we are better able to understand the transition between

periodic motions in the original delay equations.
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Chapter 8

Concluding Remarks

In this work we studied the dynamics of two van der Pol oscillators with delay cou-
pling in the limit in which (i) the oscillators behave sinusoidally, (ii) the coupling
is weak, and (iii) the delay is not too large. We found that the in-phase and out-
of-phase modes coexisted and were both stable in the parameter range for which
the delay is about i of the unperturbed limit cycle period. We also found that the
in-phase mode ceased to exist if the delay was about % of the unperturbed period
and the coupling was strong enough. Similarly the out-of-phase mode ceased to
exist if the delay was approximately the same as that of the unperturbed period.
We also found that if the coupling was sufficiently small, various other motions were
predicted to exist besides the in-phase and out-of-phase modes. These additional
motions were predicted to change their form through a series of elaborate bifurca-
tions. Nevertheless all these motions were predicted to be periodic, and we did not

observe chaos for any parameter values.
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Our analysis was approximate, based on a perturbation theory called averaging.
The original differential delay equations were replaced by the “slow-flow” of ordinary
differential equations given in (2.24)-(2.26), a step expected to be valid for small
values of a parameter e. Our analysis of the slow-flow equations then utilized a
variety of theorems about center manifolds, normal forms, Hopf bifurcations, etc.
Although these theorems are exact, the conclusions drawn from them apply ezactly
only to the slow-flow equations and not to the original differential delay equations
(2.1)-(2.2). Although such theorems exist for differential delay equations, we have
not applied them here due to the approximate nature of our analysis [9],[16],[15].

Our treatment of this problem involves three time scales:

1) the period of the unforced oscillator, 27

2) the delay time, 7

3) the slow time scale, L.

(We note that the slow time scale arises due to the nature of the perturbation
method we used.) In this work, we have restricted attention to cases where e << 1
and where 7 = O(1), that is, we have assumed that time scales 1) and 2) are of the
same order, while time scale 3) is much longer than both 1) and 2). Specifically, we
have assumed e << 1.

The research in this thesis may be extended in a number of directions:

1) In checking the stability results from the numerical integration of the original
equations (2.1)-(2.2) against the slow-flow predictions as the limits of these time
scales are reached, we restricted ourself to the case ¢ << 1. We could also do

comparisons for larger values of e.
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2) The delay appears in our system as cos 7 and our numerical integration only
considered the case 7 = O(1). Thus our results predict that the bifurcation set is
periodic with respect to 7. We expect, however, that for fixed e, taking 7 = O(%)
would give non-periodic dependence on 7 [19],[45].

3) In obtaining the first time scale above, we assumed a sinusoidal solution since
e was small. We could also consider the case where € was not small, i.e. where
the oscillators function in the relaxation range instead of the sinusoidal range. This
would be an extension of previous work which did not include delay [35],[36].

4) After obtaining, (2.15)-(2.18), we immediately approximated the delay terms
without first attempting a stability analysis with the delay terms R;, 6; still present.
Performing a stability check of this kind would help in confirming the validity of our
subsequent approximations.

5) We could also consider some generalizations of the model:

a) We began by assuming in (2.1)-(2.2) that our nonlinear coupling was
symmetrical. One possible extension would involve considering the effects of two

different coupling parameters. The equations that we would analyze would then be

i’l—l-l'l—E (1—.1'%) .I"l = o .I"Q (t—T), (81)
i’z—l-l'g—E (1—.1'%) .I"Q = Q9 .I"l (t—T) (82)
Now there would be two different coupling parameters in our system and the results

could be compared with the symmetrical version.

b) Another possibility of extending this work would be to consider different
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forms of coupling. One could generalize equations (2.1)-(2.2) in the form

it a—e(l—ad) i, = eadg(t—7)+ef xa(t —7), (8.3)

Fotao—e(l—ad)dy = cai(t—1)+eBx(t—71) (8.4)

where «, § are coupling parameters, 7 is the delay time, and where ¢ << 1. Similar
equations without delay have been considered by others [39]. We have considered
only the case f = 0 thus far. One could also consider the case with a = 0 (with
B # 0) and then the general case in which both « and [ are nonzero. Since the
stability of the in-phase and out-of-phase modes is expected to depend on both
parameters, we foresee the possibility of using displacement coupling to stabilize the
system, i.e., to increase the region in parameter space where the in-phase mode is
the only stable attractor. Comparing the analytical work with numerical integration
of the original system would also be of interest.

c¢) Either of the forms of coupling (displacement or velocity) could be used in
considering a system of N oscillators. Thus one could consider an array of oscillators

(assuming nearest neighbor velocity coupling, for example):

fitwir —e(l—23) i = eady (t—71), (8.5)

Fitwlr—e(l—a)d; = ea (i, t—7)+a1 (t—7)), (8.6)

in+whyay—e(l—a%) iy = eainy (t—71), (8.7)

where w; = 14 ¢; represents a slight detuning of the oscillators from its own uncou-
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pled frequency. Then set z; = R; cos(t + 6;) and after averaging obtain

) R?
R, = % R; (1— ZZ) + ozz R;sin(f; — 0, — 1) (8.8)
) € R;
(91' = z —= i - ’ ’
- zj: i 7) (8.9)

where the sum is taken over the nearest neighbors.

d) Although equations (8.5)-(8.7) represent the full generalization of our
original equations, a natural step to simplify the system is to consider phase only
oscillators. Such simplifications in the non-delayed cases have been useful in under-
standing the dynamics of large numbers of coupled oscillators [7],[31]. To be more
specific, one could study the dynamics of larger systems of delay-coupled limit cycle
oscillators by simplifying the model equations in a manner similar to that used in
previous studies of non-delayed systems (e.g., [20],[41]). Non-delayed systems similar
to equations (8.3)-(8.4) have been modeled by considering phase-only, a step which
has been accomplished by assuming that R; = Ry = 2 (the uncoupled, small € limit
cycle amplitude). While sacrificing some of the dynamics, this assumption hopefully
still captures some basic features of the original system. The phase-only simplifica-
tion comes from ignoring the R; equations and setting Ry = Ry = --- = Ry in the

phase-only equations (cf. [45]):
. €« )
0; =€ 6; + - > sin(f; — 6; — 7). (8.10)
J
These equations may be reduced in number by one by setting

¢1:91_927¢2:92_937'”7¢N71:91\771_9]\/7 (811)

2 2 2
O = (61— d2) o= (02 — d3) o= (On-1—dn) o (8.12)
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where the appearance of % is due to the choice of the independent variable as

T = %"t In the case of three oscillators, the system becomes

¢; = Qp —sin(¢y +7) —sin(¢y — 7) + sin(Po + 7), (8.13)
¢y = Qo +sin(¢g; — 1) —sin(ge + 7) — sin(pg — 7). (8.14)

Any number of oscillators could then be studied, with the goal being to understand

the dynamics in the general case of N oscillators.
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