Chapter 7
Coupled Oscillators

This chapter deals with finite amplitude vibrations of coupled oscillators having two
or more degrees of freedom. As a rule, the governing equations are not integrable
and can be solved only by numerical integration. The numerical solutions have to
be visualized by the Poincaré map. For mechanical systems with weak coupling
the variational-asymptotic method is applicable. This enables one to study, among
others, the bifurcation of nonlinear normal modes, KAM-theory for coupled conser-
vative oscillators, and synchronization of the coupled self-excited oscillators.

7.1 Conservative Oscillators

Differential Equations of Motion. To begin with, let us consider some simple non-
linear coupled conservative oscillators.

EXAMPLE 7.1. Nonlinear mass-spring oscillators. Two equal masses m move hor-
izontally under the action of three springs with cubic nonlinearity (see Fig. 7.1).
Derive the equations of motion for these oscillators.
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Fig. 7.1 Coupled oscillators with nonlinear springs

Let x; and x, be the displacements from the equilibrium positions of the point-
masses and let x = (xj,x7). The kinetic energy of the masses is given by

KG) = |

)
oM +263).

We assume that all springs are nonlinear, but the connecting spring differs from the
anchor springs. We write the potential energy of the springs in the form
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Ux) = Zk[xl + 213x] +x5+ 2[3)62—1— 2% (2 —x1)7].
Thus, Lagrange’s equations are
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miy +kxy +k zx? —kﬂz(xz —x1)3 =0,
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miy + kxr + kl2x3 + klg (2 — x )3 =0.
0 0

Dividing these equations by k/y and introducing the dimensionless quantities

f=awt, %=

where @y = \/ k/m, we rewrite them as (the bar is dropped)

X1 +x; +ax?f[3(x27x])3 =0,

(7.1)
X —&—xz—&—ax%—l—ﬁ(xz—xl)S =0.

EXAMPLE 7.2. A spring pendulum. A point mass m is attached to a linear spring
of stiffness k that is swinging in the vertical plane as shown in Fig. 7.2. Derive the
equations of motion for this pendulum.

Denoting the elongation of the spring from the equilib-
rium length / by x, we write the kinetic and potential en-
ergies of the pendulum as

K(g.d) = ~ml + (1-+x¢7),

2
1
U(g)= 2kx2+mg(l+x)(l —CosQ) — mgx,

where g = (x, ¢). Lagrange’s equations read
Fig.7.2 Spring pendulum 5
mi+kx —m(l+x)p~—mgcosp =0,

m(l+x)*§ +mg(1+x) sin@ + 2m(I + x)i¢p = 0.
Dividing the first equation by m and the second one by m(I 4 x)?, we obtain

i+ 03x— (1+x)p> —gcosp =0,
. gsin@+2x¢
=0
ot [+x

)

where @3 = k/m.
Note that the linearization of the above equations leads to uncoupled equations
describing two independent modes of vibrations: a spring mode with a frequency
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a, and a pendulum mode with a frequency @; = \/ g/1. However, when @, ~ 2m,
the two modes are coupled causing the energy transfer between them.

EXAMPLE 7.3. Chain of nonlinear mass-spring oscillators. A chain of points of
equal mass m connected by identical nonlinear springs is constrained to move in
the longitudinal direction (see Fig. 7.3). Derive the equation of motion.

Fig. 7.3 Chain of nonlinear mass-spring oscillators

Denoting the displacement of the point-mass j from the equilibrium position by
u;j(r) we write down the kinetic energy of the chain

N .
K(u) = 2m2u§
J

The potential energy of the chain is the sum of energies of the springs. Considering
the springs with cubic nonlinearity, we take the potential energy in the form

o 4
+ 2% (uj—uj-1)7]

b

V) = Sk Sl —uj 1)
J

where [y is the original length of the spring which is equal to the spacing between
the point-masses in equilibrium. Here we assume that the ends of the chain are fixed:
uy = uy+1 = 0. So, the chain has n degrees of freedom. Lagrange’s equations of this
chain read

) a a
miij+ k[(uj —uj 1)+ 5 (uj—uj1)’] = k[(ujr1 —uj) + 2 (1 —u;)’] =0
0

2
lo
for all j = 1,...,n. Introducing the dimensionless quantities
_ _ uj
r=awot, u;= I’
0

where wy = \/ k/m, we rewrite these equations in the form (the bar is dropped)
i+ (= wjor) + 0y —ujo1)* = (ujpr —uj) = (ujr —uj)* = 0.
Hamilton’s Equations. The equations of motion derived in the previous paragraph

are differential equations of second order. As a rule they are not integrable and can
be solved only by numerical integration. For this purpose it is more convenient to
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transform them from Lagrange’s to the equivalent Hamilton’s form.! This transfor-
mation is quite straightforward. Let us do it in the most general case.

We take the differential of the Lagrange function as function of the generalized
coordinates ¢ = (¢1,-..,qx) and velocities ¢ = (41, ..,qn)

2 JdL JdL
dL= ) (. dqj+ .. dg;).
,-zzl dgq; 9q;
We introduce the generalized impulses as p = (pi,...,p,), where p; = dL/dg;.
Then Lagrange’s equations becomes

)
Pi=dq;

Thus, the above differential can be written as
n
dL= Y (pjdg;+ p;dq;).
j=1

Since the second term in the summand is equal to p;dg; = d(p;q4;) —q;dp;, we
present this equation in the form

n n
d(Y pjgi—L)= Y (—pjdq;+qdpj). (7.2)
j=1 j=1

The expression in parentheses on the left-hand side represents energy of the sys-
tem; cf. (2.28). Expressing it in terms of the coordinates and impulses means doing
Legendre’s transform [5] of L(g,q) with respect to ¢. We call the result Hamilton
function

n
H(q.p)= Y, pjg;—L.
j=1
Equation (7.2) then implies

JH . JH

- R 7.3
q] 8}7]7 p] 8q]7 ( )

for all j = 1,2,...,n. These are the equations of motion in Hamilton’s (or canoni-
cal) form. For any conservative mechanical system with n degrees of freedom this
system of 2n differential equations of first order replaces n differential equations of
second order. If the Hamilton function does not depend explicitly on time, then

I Except the convenience for numerical integration Hamilton’s form of equations of motion
provides a number of advantages just as the representation of motion as a phase curve in
the phase space, the treatment of various theoretical questions of mechanics as well as the
links to physics and thermodynamics [5].
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:g an

so the conservation of the energy H(q, p) = E follows.
For the coupled oscillators in example 7.1 the dimensionless Hamilton’s function
reads

1 1 o o B
H(q,p)= ,(pi+p)+ i+ Jdi+a+ 6+, (@—a)', (74
2 2 2 2 2
where x; = g1 and x, = ¢». Hamilton’s equations become

qG1=p1, p1=—q—0oq+B@—q),

. . (1.5)
G=p2 Pr=-0—0q—PBl@—q).

Phase Curves and Poincaré Map. Just as for single oscillators, the solutions of
Hamilton’s equations (7.3) for coupled oscillators may be drawn as phase curves
in the 2n-dimensional (g, p)-phase space. There is only one phase curve passing
through a given point of the phase space. Therefore, one may think of points in the
phase space as particles of some fluid which move in accordance with Hamilton’s
equations. This motion generates a flow with an interesting property that it conserves
volumes of the phase space (Liouville’s theorem). This means that if we draw all
phase curves that begin from points inside a region of volume V' in the phase space
at time r = 0, then the end points of these phase curves at time 7 fill a region with the
same volume. Indeed, the velocity of this Hamilton’s flow, (¢, p), is divergent-free

n . n 2 2
div(d. p) z(&q] 8p,)_2( J°H  J°H )—O,
j=1

= \dg; dp; dpjdq; 9q;dp,
which implies Liouville’s theorem.

To see what the phase curves look like let us turn to example 7.1. Equations (7.5)
do not permit in general analytical solutions except perhaps, the case § = 0 for
which the oscillators become uncoupled. We analyze first this simple case. Since
now the oscillators are uncoupled, the energy of each of them is conserved

L,

1, oy, .

This leads immediately to the solution in form of elliptic integrals obtained already
in Section 5.1

a; d
tzt()i// o
;0 \/2Ej07x2

Based on this solution we may express g; and p; as periodic functions of # with two
different periods
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qjm dx
T, =2 .
qjm \/2Ej0—x2— G xt

Note that the periods 7} as well as the corresponding frequencies @; =27 /T; depend
on the initial energies of the oscillators. It turns out that for integrable systems there
exist always angle-action variables (¢,1), with ¢ = (@y,...,¢,) and I = (I,...,1,),
in terms of which the Hamilton function becomes independent of ¢: H = H(I)
(see [5]). The solution of Hamilton’s equations

is quite simple in these variables: ¢; = @;t+ @;o and
I; = const. For our uncoupled oscillators the action
variables /; are computed as follows

1
Ij= . ]{deq/',

while the angle variables @; correspond to the angu-
lar times. Topologically, each phase curve can then
be regarded as a curve on a 2-D torus shown in
Fig. 7.4. If the frequency ratio @,/®, is a rational
number, then the phase curves are closed orbits on
the torus corresponding to the periodic motions. If this ratio is irrational, the phase
curves wind around endlessly on the torus and correspond to the quasiperiodic mo-
tions (cf. the Lissajous figures in exercise 2.5). The tori are called invariant because
each phase curve starting on some torus stays there forever. By changing the energy
of one of the oscillators, we get the one-parameter family of invariant tori which fill
the whole three-dimensional energy level surface.

As soon as 3 # 0 we expect that Hamilton’s equations of these coupled oscillators
become non-integrable. KAM theory which will be considered in Section 7.3 pre-
dicts that for sufficiently small B most of invariant tori, corresponding to irrational
frequency ratios and called non-resonant tori, survive this small disturbance: they
are just slightly deformed. The resonant tori and maybe some of the non-resonant
tori are destroyed by the disturbance, resulting in layers of chaotic motion and filling
the space between preserved tori. However, the volume of the chaotic motion and
destroyed tori tends to zero as 3 — 0 (see Section 7.3).

Thus, from what is said above it is clear that, for § # 0, the only way to obtain
the solution is to do numerical integration. Assume that we have found by numerical
integration a particular solution of (7.5) satisfying the initial conditions ¢(0) = gy
and p(0) = po. Then the question arises: how can we visualize the phase curve
in the four-dimensional phase space? One circumstance makes this visualization
easier: due to the energy conservation the phase curve must lie on the 3-D energy
level surface

Fig.7.4 A phase curve on torus

H(q1,492,p1,p2) = Eo, (7.6)
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with E( being the initial energy. However, it is still difficult for us to draw a curve
on a 3-D energy level surface given implicitly in this form. A great help came from
Poincaré, who introduced a fixed 2-D cut plane traverse to the flow. If we plot the
intersection of the phase curve with this plane, the generated map, called Poincaré
map, (cf. Fig. 6.8), enables one to follow the traces of the phase curve on this plane.

The Poincaré map can be constructed numerically
as follows. First, we use the energy conservation to
find the initial velocity p;(0) from the randomly cho-
sen initial data for g, g2, p». Next, the numerical
integration generates trajectories lying on the three-
dimensional energy level surface. Finally, we pick out
points of intersection of trajectories crossing the cut
plane g; = 0 with the positive velocity p; > 0. In this
case the Poincaré section is defined by

2 ={q1=0,p; >0}.

Note that an additional restriction on the sign of the ve-
locities at the intersecting points is posed. The reason
is that we want the Poincaré map to be orientation pre-
serving [20]. In Fig. 7.5 this is realized by counting only points A and C, but not
point B where the trajectory crosses the cut plane with a negative velocity.

Imposing condition (7.6) and ¢q; = O for the specific Hamilton’s function (7.4)
we obtain

Fig. 7.5 Poincaré map

1
i =i\/2Eo— S0+ B)a3— a5 —p3.

Together with (7.6) this defines the Poincaré map for the coupled mass-spring non-
linear oscillators. The points of the Poincaré map fill the interior of a region with
the boundary corresponding to the condition p; =0

1
2By =, (+B)g3 +43+ 3.

Numerical Simulations. Numerical simulations of the Poincaré maps require a
little bit more elaborated commands in Mathematica than those used in previous
Chapters to simulate the phase curves in the 2-D phase plane. We took here the code
originally written by E. Weisstein? and slightly modified it to adapt to our particular
problem.

The Poincaré maps of the dynamical system (7.5) are shown in Fig. 7.6 for the
fixed energy level Ey = 0.4 and for o = 1 in two cases: a) B = 0.1 (left), and b)
B = 0.4 (right). Looking at these Poincaré maps we can recognize the qualitatively

2 This open source code, together with some explanations, can be found on the web-
site http://mathworld.wolfram.com/notebooks/DynamicalSystems/
SurfaceofSection.nb
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D)

a) Vb')

Fig. 7.6 Poincaré maps for E) =0.4and ¢ =1:a) § =0.1,b) B =0.4

different behavior in case a) and b). In case b) there are two fixed points correspond-
ing to the periodic solutions® with ¢» = ¢; and ¢» = —¢q. Such special periodic solu-
tions are called nonlinear normal modes. Both symmetric (g = ¢1) and antisymmet-
ric normal modes (g» = —q1) are orbitally stable as they are surrounded by points of
intersections of trajectories on non-resonant invariant tori with the Poincaré section.
It turns out that the bifurcation occurs for § < 1/4. For these values of 3 the anti-
symmetric mode becomes unstable, whereas the two bifurcating modes are orbitally
stable. Note the closed loop starting and ending at the unstable saddle point and re-
sembling the separatrix in 2-D case (in fact, there are two such loops, but the second
one is difficult to observe as it is very near to the boundary curve of the plot). This
path is called a “homoclinic orbit” [49] and is formed by trajectories that approach
the saddle point after an infinite number of positive and negative iterations. The ho-
moclinic orbits are recognized as a mechanism for generation of chaotic motions in
weakly coupled oscillators.

It is interesting to note that this type of bifurcation for nonlinear coupled oscil-
lators is sensitive only to the ratio B/a = Kk, called a coupling factor, as shown in
Fig. 7.7. In this case o« = 0.1 while B = 0.01 and 0.04 so that the coupling factor
remains the same as in the previous simulations. In the next Section we will use
this fact to provide the asymptotic analysis of the variational problem containing
the small parameters o and f3.

3 The proof of existence of at least n periodic solutions passing through each stable equilib-
rium state for conservative mechanical system having n degrees of freedom at any fixed
level of energy can be found in [34,52].
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a) b)
Fig. 7.7 Poincaré maps for £y = 0.4 and o = 0.1: a) § = 0.01, b) f = 0.04

7.2 Bifurcation of Nonlinear Normal Modes

This Section analyzes the bifurcation of nonlinear normal modes observed by
numerical integration in the previous Section with the help of the variational-
asymptotic method.

Nonlinear Normal Modes and the Modal Equation. Let us turn back to La-
grange’s equations (7.1) for the nonlinear coupled oscillators and rewrite them in
the form

(7.7)

where x = x, y = x5, and U (x,y) is the potential energy. As we know, the energy of
this system is conserved

1 )
2 (X +y ) + U(xay) = Ep.
We seek the nonlinear normal modes as periodic solutions by assuming y as a func-
tion of x, without direct reference to time 7, and try to eliminate ¢ in these equations.
Using the chain rule

y=Vi, §=y"2 4y,
with prime denoting the derivative of y with respect to x, and substituting this into
the second of (7.7) to get
U

ox’

_aU :y//xziy/

X (7.8)
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Next, we substitute y into the energy conservation

1
L (14)?) +U(x,y) = Eo.

Solving this equation with respect to x and substituting into (7.8), we obtain finally

ou U
_ 1" 2 _ —
2(Eo—U)y" +(1+y )(8y y 8x) 0. (7.9)

This is the differential equation to determine the nonlinear normal modes, called a
modal equation.

The system of coupled oscillators in example 7.1, due to its symmetry, admits
quite simple nonlinear normal modes for which y = cx. Such normal modes are
called similar normal modes. Indeed, substituting this form of solution into (7.9)
and keeping in mind that

B

b, o 50y 4
Uy = 4 5 x +y7 v+ (=),
we obtain

U U

V7 =t al P+ B -1 — e+ axd — B (c— 1) =0.
dy ox

A simple algebra reduces this to
K
! (c— D)(c+ e+ K(e—1)% =0,
0af where ¥ = /o is the coupling factor intro-

duced previously. This algebraic equation has

/ four roots
of
ol

I 1
=1,-1,1-_ =+ 1/4—x. (7.10
c=1-L1-, & VI/4-x (710)

8 5 4 2 0 c

The last two roots are real only if k¥ < 1/4.

Fig. 7.8 Bifurcation of normal modes ~ Thus, for k& < 1/4 there are two additional

normal modes bifurcated out of the antisym-

metric mode y = —x (vibrations in counter-

phases) at Kk = 1/4 as shown in Fig. 7.8, where the bold line denotes the stable

modes and the dashed line the unstable one. This confirms also our observation
with the Poincaré maps obtained previously by numerical integration.

Variational-Asymptotic Method. Since the normal symmetric and antisymmetric
modes and the bifurcating modes found above are sensitive only to the coupling
factor x, we will consider the following variational problem: find the extremal of
the functional
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1 . € € €K
1x0)y0) =, | (5% = =t =y =yt = v,
0

2 2

where € is a small parameter and 7y and #; are arbitrary time instants. We put for
short 7o = 0 and #; = T'. This action functional describes the coupled oscillators with
two weakly nonlinear anchor springs and the weak coupling through the connecting
nonlinear spring. It is convenient to change to the normal coordinates

1 1
u:2(x+y), v:z(x—y).
Then the action functional becomes

T € €
I[u(t),v(t)]:/o 2+ =12 = = () = (= vt —dewrldr. (7.1

To apply the variational-asymptotic method we put at the first step € = 0 to obtain

Iolu(t),v(t)] = /OT(L't2—|—\>2 —u?—v?)dr.

This is the action functional describing vibrations of two uncoupled identical har-
monic oscillators. The extremal is

ug =Ajcost+ Bysint, vyg=Ajcost+ Bpsint, (7.12)

for which the frequencies coincide so that the period T is 27 as expected.

As soon as € # 0 the coefficients Ay, By, A, B, are becoming slightly dependent
on time. Besides, taken for granted the bifurcation of modes for k near 1/4, we set
kK = 1/4 — p and look for the extremal at the second step in the two-timing fashion

u=A(n)cost+ Bi(n)sint+u;(t,n),
v =Ay(n)cost+ By(n)sint + v (¢,M),

where 11 = €t is the slow time. We assume that u;(¢,1) and v; (¢,7) are 27-periodic
functions with respect to the fast time # and are much smaller than uy and v in the
asymptotic sense. Note that the asymptotically principal terms of the time deriva-
tives of u and v are

u=uy;+€uon+urs, V=vos+EVon+viy,

where the comma in indices denotes the partial derivatives. Substituting u, v and
their derivatives into functional (7.11) and keeping the principal terms of u;, v; and
the principal cross terms between ug, vo and u;, v; we have
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21
Iy uy (1), v1(2)] :/0 [“%,tJFV%.}+2“0,tul,t+28u0,nul,t+2V0,tVl,t+23VO,nVl,z

— (u% + v% + 2uguy +2vovy) — 8(2u8u1 + 6u0v%u1 + 6u6v0v1

+2v3v1 + 16Kvivy )] dr.

Integrating the third up to sixth terms by parts using the periodicity of u; and v,
with respect to ¢, we see that the underlined terms gives —4&(ugnu1 + vomvi)-
Then, substituting the expressions for ug and v into the functional and reducing the
products of sine and cosine to the sum of harmonic functions,* we get the resonant
terms which should be removed in order to be consistent with the above asymptotic
expansion. The equations obtained for Ay, B, A», B, read

3 3 3
Ain = gBi(AT+B])+  Bi(A3+BY) + | Ba(A1A2 +B1Ba),

3 3 3
By = *SAI(A%+B%)* A1(A3+B3) — " A2(A1A2+ B1By),

8 4
3 3 3
Aoy = (g +3K)Ba(A3+BY) + (Ba(AT+B]) + | Bi(A1As + BiBy),
3 3 3
Ban = —(4 +3K)A2(A3 + B3) — 8A2(A% +B}) - JA1(A1A2 £ B1By).

The above equations can still be simplified in terms of the variables ay, a,, and ¢
defined by

Ay =ajcos¢, By=apsing,
Ay =apcosy, By =assing, (7.13)
©o=0—¢r1.

According to these formulas a; and a; are the amplitudes of u and v, respectively,
while ¢ is the phase difference modulo 7. In terms of these new variables the equa-
tions of slow flow become (see exercise 7.7)

3
ayy = Sa]a%sinZ(p,
3
arn = —Sa%az sin2¢, (7.14)

3 3
Qn = *S(Q%Jra%) +3ua;+ S(ag—a%)cosmp.

The Slow Flow. It follows from the first two equations of (7.14) that

dal [75) 2 2 2
=— =ata=p,
day aj

4 Again, this can be done with the TrigReduce command in Mathematica.
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which means the conservation of the energy at this approximation, since terms of
the order €2 and higher are neglected. This first integral enables one to reduce sys-
tem (7.14) to two differential equations. Indeed, let us introduce a new variable ¥
according to

ay=pcosy, a;=psiny, (7.15)

with p being a constant in the above conservation law. Substituting these formulas
into the first and the last equations of (7.14) we obtain

2
Yy = 731% sin2¢@ sin2y,
- (7.16)
on=— 1p6 [Bu(cos2y — 1) +2+2cos2ycos2g].

The obtained system of equations represents a slow flow on a two-dimensional torus,
since the variables y and ¢ are modulo 7.

Fig. 7.9 Level curves of (7.17) for u = 0.05

In contrast to the original system (7.1), equations (7.16) can be integrated exactly.
Indeed, by the straightforward differentiation we can easily verify that

1
—zsin221//c052(p+(174u)c052q/+ucos4y/:k (7.17)
is the first integral of this slow flow, with k being a constant. The level curves of

equation (7.17) are shown in Fig. 7.9 for u = 0.05. Each curve corresponds to a
fixed value k of the first integral, but all are on the same energy level p2. Due to the
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periodicity in y points lying on the lines y = 0 and y = & have to be identified. The
same is true of @. As a result, this figure represents the flow on the two-dimensional
torus. Observe the symmetry with respect to the dashed lines ¢ = /2 and v =7 /2.

As we know, the nonlinear normal modes (7.10) found from the modal equa-
tion correspond to the fixed points of this flow. Let us first consider the symmetric
normal mode for which x =y and v = 0. In this case A, = B, = 0 and a; = 0,
a) = p. Therefore ¥ = 0 and the second equation of (7.16) implies that ¢ = /2.
Thus, this symmetric mode corresponds to the fixed point (y, @) = (0,7/2) (or
(m,m/2) denoted by S). We see that this mode is orbitally stable as the fixed point
is a center surrounded by closed curves that result as intersections of invariant tori
with the cut plane. For the antisymmetric normal mode we have x = —y and u = 0.
Therefore a; = 0 and consequently v = 7/2. The second equation of (7.16) im-
plies that ¢ = éarccos(l — 8ut). Thus, the antisymmetric normal mode is orbitally
unstable as it is represented by the saddle points (y, ) = (7/2, ; arccos(1 —8u))
(point A) and (y,¢) = (7/2,7 — } arccos(1 — 81)). The homoclinic orbits are the
closed curves starting and ending at these saddle points.> The bifurcating modes sat-
isfy the relations u = ) (14 c)xand v = (1 —c)x, so u and v are proportional and
the phase difference ¢ must be zero. It follows from the second equation of (7.16)
that y = %arccos j“ T or v = 1 — }arccos -1 We see that these bifurcating

u+l1 2 4p+1

modes are orbitally stable (since they appear as centers) and correspond to the fixed

points (v, @) = (é arccos iﬁ;} ,0) (point B) and (y, @) = (7 — éarccos iﬁ;} ,0),

respectively.

Fig. 7.10 Poincaré map according to approximate theory for Eyg = 0.4 and u =0.15

5 See the detailed analysis of the homoclinic motion in [49].
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Comparison with Numerical Simulations. The comparison with the Poincaré map
constructed numerically in the previous Section is possible if we express the results
obtained for u and v in terms of the “old” coordinates x and y

X=u+v, y=u—m
To compute the approximate Poincaré map we must set x =0
x=up+vo+0(g) =0,
so, taking into account (7.12) we have

Ax(n)+Ai(n)

T )+ Bi(n)

Finding from here sinz and cos# and substituting into y = uy — vy we obtain

y= 2(31A2—A132)
(B3+2B1By + A} +241Ay + B2 + A})1/2

where the argument 1] from A, By, A, B; is omitted. The velocity y, to the lowest

order of approximation in €, is

B}+A3— B} —A}

YT (B4 2B1By + A2+ 2A 1Ay + B2+ A2

In terms of the angles ¢ and y introduced in (7.13) and (7.15) the formulas for y
and y read
_ psin@sin2y . pcos2y
YT Jl4cossin2y’ 0 /14 cos@sin2y

To construct the approximate Poincaré map we must use the first integral (7.17)
to find cos2¢ for the given values of u, k, p, and y. Then plugging the obtained
values of ¢ into the above formulas to evaluate y and y and to plot the curve in
the cut plane. The total energy E( of the system is related to p by the expression
Ey = p?. The approximate Poincaré map corresponding to the energy level Ey = 0.4
and to the coupling factor k = 0.1 (4 = 0.15) is shown in Fig. 7.10. It is seen that
both maps in Fig. 7.7 (left) and Fig. 7.10 coincide qualitatively.

To show the quantitative agreement let us compute the Poincaré map for Ey = 0.4,
€ =0.1, and ¢ = 0.15, and for a solution satisfying the following initial conditions

x(0)=0, y(0)=0, y(0)=—0.65.

Then it is easy to find that k = —0.2519. The comparison of Poincaré maps obtained
by the numerical integration (points) and by the approximate theory (bold line) is
shown in Fig. 7.11 (see exercise 7.8). The agreement is really palpable, although
€ =0.1 is not quite small.
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Fig. 7.11 Comparison of Poincaré maps for Eg = 0.4, e = 0.1, and Kk = 0.1

7.3 KAM Theory

The perturbation theory of quasiperiodic motions of conservative mechanical sys-
tems [5,25] proposed by Kolmogorov, Arnold, and Moser, called for short KAM
theory, is perhaps one of the greatest achievements in mathematics and mechanics
of the 20th century. It has a lot of consequences and applications in dynamics and
also in statistical mechanics. Although the ideas upon which the theory is based
seem quite simple, the detailed proofs presented in the mathematical literature have
been for long time serious barriers for people with the engineering background. This
Section aims at explaining KAM theory with the variational-asymptotic method.

Variational Problem. Our starting point is Hamilton’s variational principle, ac-
cording to which motions of any conservative mechanical system correspond to
extremals of the action functional

|

lg(t)] = | L(g,q)dt, (7.18)

T
where g(t) = (q1(2),...,qn(t)). As we know, this implies Lagrange’s equations

d JL JL

— =0 i=1,...,n.
dt&q]' 8q,- _— et

Suppose that the Lagrange function has the form

L(q,4) = Lo(q,9) + €L1(q,9),

where € is a small parameter. Besides, we assume for simplicity that L(g,q) is an
analytic function and that the determinant detL 4, is positive everywhere. The prob-
lem is to study the asymptotic behavior of the extremals depending on this small
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parameter €. Note that the number n of degrees of freedom must be at least 2 since
systems with one degree of freedom are always integrable leading to the periodic
extremals for small energies.

First Step. Since the action functional (7.18) contains a small parameter, it is nat-
ural to use the variational-asymptotic method to analyze it. At the first step of the
variational-asymptotic method we neglect the small term €L (g,¢) and consider in-
stead the variational problem: find the extremal of the functional

1

big®)] = | Lo(g,¢)dr.

fo
This leads to Lagrange’s equations

d dLg _ dLy _

drdq; ~ dq; 0. (7.19)

We assume that Lagrange’s equations (7.19) are integrable so that their solutions
can be found at this step. Such situation is met by the nonlinear coupled mass-
spring oscillators considered in example 7.1 if the coupling parameter f3 is set to be
zero. In this case the system reduces to two uncoupled nonlinear oscillators, each of
which has only one degree of freedom.

As equations (7.19) are integrable, there exist angle-action variables (¢,/) in
terms of which the unperturbed Hamilton function becomes independent of ¢: Hy =
Hy(I) (see Section 7.1 and [5]). The solution of Hamilton’s equations

dH,

which are equivalent to (7.19), is quite simple in these variables: ¢; = @0+ ;t and
I; = const. Coming back to ¢(t), the solution of (7.19) can be presented in the form

q(t) = qo(t) = uo(po + ot),

where uo (@) is the vector-valued function of ¢ = (¢;,...,@,) which is periodic
in each variable @; with the period 27, and @ = (@, ..., ®,) are the constant fre-
quencies. Thus, every solution is now quasi-periodic in 7: its frequency spectrum in
general does not consist of integer multiples of a single frequency as in the case with
periodic solutions, but rather of integer combinations of a finite number of different
frequencies.® For fixed ¢y function uy(¢p + @t) describes a curve winding around
some invariant n-dimensional torus 7" with winding numbers, ® = (@, ..., ®,).
Mention that up(¢) is a differentiable one-to-one map which maps the invariant
torus onto itself. We shall use angle variables ¢ = (@i, ..., @,), each is modulo 27,

6 In this sense, the asymptotic analysis provided here is multi-frequency analysis, which is
much more difficult than all previous asymptotic analyses due to the problem of small
divisors.
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as coordinates on the torus. All solutions with fixed /; belong to one torus, so that
the whole phase space is foliated into an n-parameter family of invariant tori.

The flow on each torus depends on the arithmetical properties of its frequencies
;. There are essentially two cases.

i) The frequencies w; are non-resonant, i.e., k- @ # 0 for all non-zero k =
(ki,...,kn), with k; being integers (we write k € Z"). Then each orbit is dense on
this torus.

ii) The frequencies ®; are resonant, that is, there exist integer relations k- @ =0
for some non-zero k € 7. In this case each orbit is dense on some lower dimensional
torus, but not in 7".

We assume that the unperturbed system is non-degenerate in the sense that

0*H,

det
¢ 81,01,-

£0.

In this case the frequencies ®; depend on the amplitudes, so they vary with the torus.
This nonlinear frequency-amplitude relation is essential for the stability results of
the KAM theory. It follows that the subset of non-resonant tori as well as that of
resonant tori form dense subsets in phase space. Similar to the set of real numbers,
the resonant tori sit among the non-resonant ones like the rational numbers among
the irrational numbers.

Small Perturbations and KAM Theorem. Let us include now the small term
€L(q,q) into the action functional and consider the perturbed variational problem.
The first result, obtained already by Poincaré, showed that the resonant tori are in
general destroyed by an arbitrarily small perturbation. In particular, out of a torus
with an n — 1-parameter family of periodic orbits, usually only finitely many peri-
odic orbits survive a small perturbation, while the others disintegrate and give way
to chaotic behavior. Since a set of resonant tori being destroyed by a small pertur-
bation is dense among all invariant tori, there seems to be no hope for other tori to
survive. In fact, until the middle of the 20th century it was a common belief that
arbitrarily small perturbations can turn an integrable system into an ergodic one on
each energy surface. By the way, it would not help if the non-degeneracy assumption
is dropped. There exists a counter-example showing that if Hy is too degenerate, the
motion may even become ergodic on each energy surface, thus destroying all tori.
Kolmogorov [25] was the first to observe that, for the non-degenerate case, the
converse is true: the majority of tori survives small perturbations. He gave the sketch
of the proof about the persistence of those tori, whose frequencies w; are not only
non-resonant, but are strongly non-resonant in the sense that there exist constants

o > 0 and v > 0 such that o

[K[¥

for all non-zero k € Z", where |k| = |k |+ ...+ |k,|. Condition (7.20) is called a dio-
phantine or small divisor condition. It turns out that the set of strongly non-resonant
frequencies for any fixed v > n — 1 has the full measure, in contrast to the set of re-
maining frequencies having zero measure. But although almost all frequencies are

k- o| > (7.20)
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strongly non-resonant, it is not true that almost all tori survive a given perturbation
€L, no matter how small € is. In its precise formulation, KAM theorem states that
there exists a constant § > 0 such that for the perturbations of size |e| < §a? the
strongly non-resonant tori of the unperturbed system persist, being only slightly de-
formed. Moreover, they depend continuously on @ and fill the phase space up to a
set of measure O(). An immediate consequence of the KAM theorem, important
for the statistical mechanics, is that small perturbations of integrable systems do
not necessarily imply ergodicity, as the invariant tori form a set, which is neither of
full nor of zero measure. It has to be emphasized, however, that this invariant set,
although of large measure, is a Cantor set and thus has no interior points. It is there-
fore impossible to tell with finite precision whether a given initial condition falls
onto an invariant torus or into a gap between such tori. From a physical point of
view the KAM theorem rather makes a probabilistic statement: with overwhelming
probability of order 1 — O(ex) a randomly chosen orbit lies on an invariant torus and
thus stays there forever.

Variational Problem for Invariant Tori. Since for an invariant torus with fixed
frequencies o the solution of Lagrange’s equations has the form ¢ () = u(¢@y + wr),
the generalized velocities may be written as

= d
g= ) w; u=Vu,
Z‘l T dg;

where V denotes the linear first order partial differential operator with constant co-
efficients

d

V= ; .
j:zleﬁq)j

Therefore it is convenient to consider the following variational problem for an in-
variant torus, first mentioned in [39]: find extremals of the functional

2 2w
Tu()] = /.../L(u,Vu)d(p] . d, = / Lw,Vuyde  (121)
0 0 r
among vector-valued functions u(¢@) = (u1 (@), . ..,u,(¢)) which are 2m-periodic in

each variable ¢;. Euler-Lagrange’s equations of this variational problem read
VL 4(u,Vu) — L 4(u, Vu) = 0. (7.22)

Thus, instead of solving the ordinary differential equations, we have to deal now
with the nonlinear partial differential equations (7.22). Conversely, every solution
u(¢@) of (7.22), 2m-periodic in each variable @;, determines the flow on some in-
variant torus which satisfies original Lagrange’s equations. We shall therefore apply
the variational-asymptotic method to the variational problem (7.21). Then it is easy
to see that the first step of the variational-asymptotic procedure leads to the unper-
turbed problem
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VLo 4(u,Vu) — Lo 4(u,Vu) =0,

and, consequently, to the flow on the unperturbed invariant torus induced by the
solution ug (@) of this equation.

Second Step and Sketch of the Proof. In order to justify KAM theorem’ let us
proceed to the second step of the variational-asymptotic method. We fix the solution
of the unperturbed problem on some torus, uy(¢), and look for the extremal of (7.21)
in the form

u(@) =uo(@) +ui (@),

where ) (@) is smaller than uo(¢) in the asymptotic sense. Substituting this into the
action functional (7.21), expanding the Lagrangian in the Taylor series, and keeping
the asymptotically principal terms containing u;, we obtain

B (9)) = [ Lo+ +Lalo-Vau

+ ;(ul ~L_,qq|0u1 +up -qu\OVul +Vu, -L7qq<\0u1 + Vuy 'ng‘()vul)}d(p.
The vertical bar followed by index O means that the derivatives in front of it have
to be evaluated at (uo(¢@), Vug(@)). Thus, these first and second derivatives become
functions of ¢ which are the coordinates on the torus. The obtained functional turns
out to be quadratic with respect to u;. Its Euler-Lagrange’s equation is linear and
can be presented in the form

E(up) +dE (up)u; =0, (7.23)

where
E(u) =VL 4(u,Vu) — L 4(u,Vu), (7.24)

and
dE(ug)ul = V(L_’qqh)vu] ) + (L74q|() 7L7qq|0)vu1 + (Vqu‘() —quq|0)u1 . (7.25)

It is interesting to mention that

d
E(l/l + )‘V)u=0a

dE(u)v = g

so equation (7.23) resembles Newton’s iteration method of finding the root of a tran-
scendental equation or the minimum of a function [41]. According to the variational-
asymptotic method we can also replace L in (7.25) by Ly which makes the error in
determining #; of the order € compared with 1. Since our aim is not computing u,
but just proving the existence of the solution, we keep (7.25) to be exactly as in
Newton’s iteration procedure.

7 See the rigorous and detailed proof in [46].
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One of the difficulties in solving equation (7.23) comes from the linear operator V
in (7.25). Due to the small divisors, entering the representation of this operator with
respect to the Fourier expansion of functions on the torus, its inverse is unbounded.
Indeed, let us consider an equation Vu = g, where functions u and g are 27 periodic
in each variable ¢; and can therefore be presented in terms of the Fourier series

u(@) =Y we®?, glo)=Y ge™?.
kezn kezn

Applying the operator V to u, we get

Vu=Y w; J =y i(k- @)ue™?,
& 7de &

so that the equation Vu = g becomes

Y i(k-0)uge™? = > gke™ .
kezr kezn

Even for non-resonant frequencies the combinations k - @ may become arbitrar-
ily small leading to the unbounded coefficients u; of the series. The diophantine
condition (7.20) has been introduced to remove infinitely small divisors. Now it is
straightforward to show that for @ satisfying condition (7.20) and for every regular
function g(¢) with zero mean value, the equation Vu = g has a unique solution with
zero mean value. Indeed, since the Fourier series for g(¢) converges, the coefficients
g satisfy the following conditions

lgx| < aplk‘

with some positive a and p < 1. Besides, go = 0 as g(¢) has the zero mean value.
Then ug = 0, uy = gx/(ik - ®) and the Fourier series

u _ 8k ok
@=2 i1 )

clearly converges on account of the diophantine condition (7.20). The norm of u(¢)
can be precisely estimated.

But there are still two more obstacles to solving equation (7.23). First, the terms
containing u; and Vu; in equation (7.25) have to be eliminated. Then, the remaining
second order partial differential equation requires a compatibility condition, namely
that the inhomogeneous term E(ug) be of zero mean value. Note that these obsta-
cles disappear in the special case when the identity map up = ¢ is an approximate
solution of E (1) = 0. In this case it is easy to check that the coefficient matrices of
uy and Vu; in (7.25) are small and can be neglected. Indeed, the coefficient matrix
of u; is the Jacobian matrix of E(¢). For the estimation of the coefficient matrix of
Vu; we refer to the subsequent formula (7.29);. Therefore equation (7.23) can be
replaced by
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V(L 44l0Vur) = —E(9)

and, by the above arguments, it can be solved since the right-hand side must always
be of zero mean value. We conclude that, if the identity map uyp = ¢ is an approx-
imate solution of E(ug) = 0, then (7.23) admits an approximate solution u; so that
the first step of the Newton iteration can be performed in this case.

Now the following idea allows us to reduce the general case to the one where 1 is
the identity map on the torus: let us try to change the Lagrangian so that the changed
Euler-Lagrange’s equation admits the identity map as solution. Consider the group
of one-to-one maps u(¢@) of the torus which acts on the space of Lagrangians L
according to the rule

W'L(g,v) = L(u(p),UV),

where U (@) = du/d ¢ denotes the Jacobian matrix of u and is therefore 27-periodic
in each variable ¢;. Here u*L is regarded as a function of the formal arguments ¢
and v, with v playing the role of the velocity. One verifies easily that

(wov)*'L=u"(v*L), id"L=1L,

where (uov)(¢@) = u(v(¢)) corresponds to the composition of two maps and id is
the identity map id = ¢. Functional (7.21) is compatible with this group action in
the sense that

Ie[uov(@)] = Lo [v(9)];

and, moreover, it is invariant under the subgroup of translations. Since the La-
grangian may change, we attach it as the index to the functional. Taking the variation
of the functionals standing on both sides, we find that

(U E(Luov) = E(w'Ly),

with E(L,u) being the expression (7.24) where the Lagrangian is indicated precisely.
Differentiating this equation with respect to v in the direction of a tangent vector w
to the group of maps at v = id, we obtain

UTdE(L,u)\Uw = dE(u*L,id)w — (dU - w)" E(L,u) (7.26)
The previous equation with v = id reduces to
UTE(L,u) = E(u*L,id). (7.27)

It now follows from (7.27) that whenever  is an approximate solution of E(L,u) =0
then also E(u*L,id) is small and hence the above considerations about the case u =
id show that there exists an approximate solution w of the equation dE (u*L,id)w =
—E(u*L,id). Combining this observation with the identities (7.26) and (7.27), we
conclude that equation (7.23) indeed has an approximate solution u; = Uypw in the
sense that errors of quadratic order are ignored.

The precise estimation for the approximate solution of the linearized equation
(7.23) are based on several formulas which are summarized below. First,
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UTdE(L,u)Uw = V(AVw) + BVw + Cw, (7.28)
where A, B, and C are the n x n matrix-valued functions on 7" defined by
A=U"L\WU, B=U"Ly,—L\,U C=U"E,,
and the following abbreviations are used

d d du

8¢L7V(u(¢)’vu((p))’ E.,(p = E(L,M), U= a(p

Lyy= 20

Formula (7.28) follows from equation (7.26) by inserting the expression (7.25) with
L and u; replaced by u*L and w, respectively. Then we have

VB=C-CT,

Bdg =0, (7.29)
Tﬂ

/ UTE(L,u)dp =0.
Tn

Formula (7.29); expresses the fact, well known in variational calculus, that the op-
erator
Mw =V (AVw)+BVw+Cw,

which represents the Hessian of the functional (7.21), is self-adjoint. Indeed, since
AT = A and B” = —B, the adjoint operator of M is given by

M*w =V(ATVw) — V(BTw) +CTw = V(AVw) + BVw + (CT + VB)w

so that M* = M if and only if CT + VB = C.

The last two formulas reflect the fact that the functional I[u(¢)] defined by (7.21)
is invariant under the subgroup of translations of the torus 7" (see exercise 7.9).

It follows from these formulas that if u is a solution of E(L,u) = 0 and the fre-
quency vector @ is rationally independent then C = 0 and B = 0. Indeed, since
VB = 0 the function B(¢) is constant along the dense line ¢ = wr. Hence it is con-
stant on 7" and it follows from (7.29), that B = 0. As a consequence the linearized
operator is given by

UTdE(L,u)Uw = V(AVw)

which is invertible.

Provided u; can be found and the error we make can be estimated, we now replace
uy by up+ u; and repeat the second step of the variational-asymptotic procedure to
find the next correction. This is the crucial idea of Newton’s iteration leading to the
fast convergence. It can simply be shown in the case of finding roots of transcen-
dental equations that if the initial error is €, then the error after n iteration would be
of the order £2". Such fast convergence, valid also for (7.23) as shown in [46], may
remove the errors induced by the small divisors at each iteration and guarantees the
convergence to the solution of variational problem (7.21).
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7.4 Coupled Self-excited Oscillators

As we know, a self-excited oscillator, such as van der Pol’s oscillator, may gen-
erate a limit cycle periodic vibration with a fixed frequency. What happens if two
slightly different self-excited oscillators are coupled? One may imagine for instance
two violins playing near each other and interacting through the sound wave, or two
Froude’s pendulums connected by a weak spring. Another example is two pendulum
clocks which move into the same swinging rhythm when they are hung near each
other on the wall. Although uncoupled oscillators have in general different frequen-
cies, the effect of the coupling may lead to a vibration which is phase and frequency
locked, or in another word, to synchronization.8

Two Weakly Coupled van der Pol’s Oscillators. We will study the synchronization
of two weakly coupled van der Pol’s oscillators, whose Lagrange function is given
by

1 1
2(x2 +y%) — ) ¥+ (1+ea)y? +ex(x—y)F,

where € is a small parameter, parameter o characterizes the difference in uncoupled
frequencies, while x is a coupling factor. Since we are interested in the primary
resonance, we order the amplitude of the coupling to be the same as the damping
and non-linear term [10]. Thus, the dissipation function assumes the form

L(x,y,%,y) =

coy ] . .
D(x,y.%,3) = ,€[(x* = D&+ (* = 1)y
Then x(¢) and y(¢) satisfy the variational equation

z - noD_ aD. .
6 A L(x,y,x,y)dtf/to (ax 5)C+ ay Sy)dtfo

Generalized Lagrange’s equations read [10]

i+ x+ex(x—y)—e(l—x°
J+(1+ea)y—ex(x—y)—e(l—y*

)X
)y
We need to find the asymptotic behavior of solution in the limit € — 0.

When k = 0 the system (7.30) is uncoupled and the two equations exhibit unsyn-
chronized limit cycle vibrations for x(r) and y(¢) with different frequencies 1 and
V/1+ €. When k is small, then we may expect by the continuity reasoning that the
vibrations are still unsynchronized. For finite k¥ we may have three states of a cou-
pled self-organized oscillator: strongly locked, weakly locked, and unlocked. The
vibration is said to be strongly locked (or strongly synchronized) if it is both fre-
quency and phase locked. If the vibration is frequency locked but the relative phase

0,
(7.30)
0.

8 The earliest known observation of synchronization was made by Huygens. He reported
that “two clocks, hanging side by side and separated by one or two feet, keep between
them a consonance so exact that the two pendula always strike together, never varying”.
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changes slowly with time, it is called weakly locked (or weakly synchronized). If the
frequencies of vibration are different, the system is said to be unlocked or drifting.

Numerical Solutions. The system of equations (7.30) does not admit exact analyt-
ical solutions. So, in order to observe the behavior of solutions and to illustrate the

difference between synchronized and unsynchronized vibrations let us first do some
numerical simulations.

Fig. 7.12 Graph x()y(r) of coupled van der Pol’s oscillators for e = 0.1, o« = 1, and k = 1.2

We take for example € = 0.1, ¢ = 1, and ¥ = 1.2 and find the solution to (7.30)
satisfying the initial conditions x(0) = 1, x(0) = 0 and y(0) = 1, y(0) = 0 by the
numerical integration with Mathematica. The plot of the product x(¢)y(¢) shown in
Fig. 7.12 exhibits obviously synchronization in this case. Indeed, since x(¢) and y()
approach periodic (for small € harmonic) functions with the same frequency and
constant phase difference, their product must have a steady-state character after a
short transient period.

xy
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Fig. 7.13 Graph x()y(¢) of coupled van der Pol’s oscillators for e = 0.1, e = 1, and k = 0.5

If we decrease the coupling factor while keeping all other parameters and ini-
tial data, the response may change drastically. For example, the plot of the product
x(r)y(t) for k = 0.5 shown in Fig. 7.13 does not indicate vibrations of x(¢) and y(¢)
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with equal frequency and constant phase difference. Thus, in this case synchroniza-
tion does not occur, and the system is unlocked.

In the next paragraph we will use the variational-asymptotic method to estab-
lish the law of slow change of amplitudes and phases as function of the frequency
difference and the coupling parameter and to predict the synchronization.

Variational-Asymptotic Method. Let us introduce the frequency @ of vibration
precisely into the variational equation by multiplying it with @ and rewriting in
terms of the stretched angular time 7 = @t for one fix period 27

LA P S N T 2 N2
1) {2w (x"*+y7) z[x +(14+eo)y +ex(x—y)7}dr
70

10+2n (7.31)
+/ o[(1 —x*)¥8x+ (1 —y)y'8y|dt =0,

where prime denotes the derivative with respect to T and 7y is an arbitrary time
instant. We write for short 75 = 0.
We put at the first step € = 0 to obtain

o 1 X2 4y L o 2
5/ )=, (¥ +3)]dT=0.
The 2x-periodic extremal is
X0 =A1cosT+B;sint, yyg=Arc08T+ B;sint, (7.32)

for which the frequency w is equal to 1 as expected.

As soon as € # 0 the coefficients Ay, B}, A, B, are becoming slightly dependent
on time and @ deviates from 1. Therefore we look for the extremal and for the
frequency at the second step in the form

x=A;(n)cost+Bi(n)sint+x(1,n),
y=Ax(n)cosT+Ba(n)sint+yi(7,n), ©=1+ao,

where 11 = €7 is the slow time. We assume that x| (7,1) and y; (7, 7n) are 27-periodic
functions with respect to the fast time 7 and are much smaller than xo and yg in
the asymptotic sense, and @; is much smaller than 1. Note that the asymptotically
principal terms of the derivatives of x and y are

/ /
X =Xor+&Xon+X1,0, Y =Yor+EVon+Vir,

where the comma in indices denotes the partial derivatives. Substituting x, y together
with their derivatives into functional (7.31) and keeping the principal terms of xj, y;
and the principal cross terms between xg, yo and x1, y; we have
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4 1 1
5/0 {zx%,rJr 2)’%,1 + X0,7X1,¢ + EXo X1 ¢ + 201X0,7X1.7 + V0,11, T EYo.n Y1,z

1 1
ZX% + 2)’% +xox1 +yoy1) — €[oyoy1 + K(xo — yo) (x1 — y1)

— (1 —xg)x0,x1 — (1= y§)yo,en] }dT = 0.

+2m1y0,7y1,7 — (

Integrating the third up to eighth terms by parts using the periodicity of x; and y;
with respect to 7, we see that the underlined terms gives —2€(xo,rnx1 + yo,eny1) +
2y (xox1 +yoy1)- Then, substituting the expressions for xo and yy into the functional
and reducing the products of sine and cosine to the sum of harmonic functions, we
get the resonant terms which should be removed in order to be consistent with the
above asymptotic expansion. This implies that w; must be of the order &; let us
denote it by @w; = €k;. The equations obtained for Ay, By, As, By read’

A
241y = —2kiB1+A — | (A +B}) + k(B — By),

4
B
231717 =2kiA1+B; — 41 (A%—&-B%) + K'(Az—Al),
_ A2 0 m
2A2-,TI = —2kiBy+aBy+A; — 4 (Az +Bz)+ K(BQ—BI),
B

232717 =2kiAry — Ay + By — (A% —I—B%) =+ K(A] —A2).

4
This system of equations can still be simplified if we introduce the amplitudes and
phases of vibrations in accordance with

A| =ajcos¢;, Bj=a;singy,

Ay =arcosy, By =asin@s.

Thus, a; and a; characterize the amplitudes of x¢ and yy, respectively, while ¢; and
¢, are the corresponding phases.

In terms of the new variables the equations that result from the elimination of the
resonant terms can be written as

2
a .
a1y =ai(1— 41 ) + Kapsin(¢; — ¢),
2
as i
2ar y = ax(1 — 4 ) — Kapsin(¢; — ),
Kaycos() — @)

2¢1-,TI =2k — K+ R
aj

Kaj cos(@; fq)z).

20 = 2k) — 0 — K+
, o

9 One may check this with the TrigReduce command in Mathematica.
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Introducing the phase difference @ = @; — ¢, we reduce this system further to three
differential equations governing the slow change of amplitudes and phase difference

a2
2a17n = al(l — 41 ) + Kagsin(p,
a2
2ay = ax(1 — 42) — Kapsing, (7.33)
az dai
2 = — .
®n +r<c08<p(al az)

After finding the amplitudes and phase difference from (7.33), we can find k; from
the previous equation for ¢; by setting ¢; = 0. This is possible since the original
system is autonomous.

The Slow Flow. Let us seek fixed points of the slow flow (7.33) representing syn-
chronized vibrations of the coupled oscillators. We multiply the first equation of
(7.33) (with the zero left-hand side) by a; and the second by a; and add together to
get

4
=0. (7.34)

Next, multiplying the first equation of (7.33) by a, and the second by a; and sub-
tracting them to obtain

Sing = aa;(at —a3)
4K(a%+a§) '

From the third equation of (7.33) with ¢ ;; = 0 on the left-hand side follows

cosp= R
¢= k(a?—a3)
Using the identity sin® 4 cos? = 1 and setting
p=di+a, gq=di-d,
we get from the two last equations
q°® — pq* + (1602 + 64K p*q* — 160 p* = 0.

In terms of p, g, equation (7.34) becomes

Substituting this equation into the previous one, we obtain finally
P> —20p% 4+ (160% + 322 + 128) p — (640> + 256 K% 4 256) = 0. (7.35)

This cubic equation has either 1 or 3 positive roots for p. At bifurcation, there will
be a double root which appears if the derivative of (7.35) vanishes
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3p? —40p + 160> +32Kk% + 128 = 0. (7.36)

Eliminating p from (7.35) and (7.36) gives the condition for saddle-node bifurca-
tions as

o + (6> +2) o 4 (12k* — 106% + 1) o> +8x° — k* = 0. (7.37)

Equation (7.37) plots as two curves intersecting as a cusp in the (o, K)-plane (see
Fig. 7.14). At the cusp, a further degeneracy occurs and there is a triple root of
equation (7.35). Requiring the derivative of (7.36) to vanish yields p = 20/3 at the
cusp, which gives the location of the cusp as

o= : ~0.1924, k= 2 ~ 0.3849.

V27 V27
K[ ]
SN HOPF ]
i N 1
" % 0 05 a

Fig. 7.14 Saddle-node and Hopf’s bifurcation of coupled van der Pol’s oscillator

Next, we look for Hopf’s bifurcations of the slow flow (7.33). The presence of
a stable limit cycle surrounding an unstable fixed point, as occurs in a supercritical
Hopf’s bifurcation, means a weakly locked quasiperiodic motion of the original
system (7.30). Let (a0, a20,@o) be a fixed point. The behavior of the system (7.33)
linearized in the neighborhood of this point is determined by the eigenvalues of the
Jacobian matrix

3a3,—4 .
- K sin @ K COS Qpdr0
. 3a3,—4
— K sin @ — — KOS Poao

_ Kcos(po(a%o—ka%o) K cos (po(a%o-&-a%()) . Ksin(po(a%()—a%o)
a%Oazo aloa%O ajpazo
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Using the above relations between ay, as, sin @, cos ¢ and p, g, we can express the
elements of this matrix in terms of p. The eigenvalues of this matrix are the roots of
the cubic equation

A+ A? + e 4o =0,

where
_p—4
C = 5
_IpP—112p* 4+ (1602 +512)p — 512
“a= 64p — 512 ’
_ pt—22p3 +160p* — (3202 +384)p
0= 128p — 1024 '

For a Hopf bifurcation to occur, the eigenvalues A must include a pair of imaginary
roots, +if3, and a real eigenvalue, y. This requires the characteristic equation to have
the form

A3 —yA? 4+ B4 — By =0.

Comparing these cubic equations, we see that a necessary condition for Hopf’s bi-
furcation to occur is

co = c1cy = 3p* —59p° + (=80 +400)p” + (480> — 1088) p + 1024 = 0.

Eliminating p between this equation and (7.35) yields the condition for Hopf’s bi-
furcation as

4908 4 (266K% 4 238) o + (88Kk* 4+ 758k + 345) or* + (— 10565
+1099%* 4 892Kk2 + 172) o — 1152K% — 2740%° — 876x* + 16 = 0.

This equation plots as a curve in the (¢, k)-plane, which intersect the lower curve
of saddle node bifurcation at point P and touches the upper curve of saddle-node
bifurcation at point Q with the coordinates (see Fig. 7.15)

P: 2~ 0.1918, k =~ 0.3846, Q: o =~~0.1899, k =~ (0.3837.

We see that the main features of saddle-node and Hopf’s bifurcations of a coupled
van der Pol’s oscillator are quite similar to those of forced van der Pol’s oscilla-
tor discussed in Section 6.3. Strong synchronization occurs everywhere in the first
quadrant of the (o, k)-plane except in that region bounded by i) the lower curve
of saddle node bifurcations from the origin to point P, ii) the curve of Hopf bifur-
cation from point P to infinity, and iii) the o-axis. However, there is an additional
bifurcation here which did not occur in the forced problem. There is a homoclinic
bifurcation which occurs along a curve emanating from point Q. This involves the
destruction of the limit cycle which was born in the Hopf bifurcation. The limit cy-
cle grows in size until it gets so large that it hits a saddle, and disappears in a saddle
connection (see the details and further references in [10, 43]).
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0.3848 7
0‘3846:—
0‘3844:—
0.3842 7
0.3840:—
0.3838 7

0.3836

0
0.189

Fig. 7.15 Blowup of cusp region

In summary, we see that the transition from strongly synchronized vibrations to
drifted vibrations involves an intermediate state in which the system is weakly syn-
chronized. In the three-dimensional slow flow space, we go from a stable fixed point
(strongly locked), to a stable limit cycle (weakly locked), and finally to a periodic
motion which is topologically distinct from the original limit cycle (unlocked). As
in the case of forced van der Pol’s oscillator, in order for the strong synchronization
to occur, we need either a small difference in uncoupled frequencies (small ) or a
strong interaction of oscillators guaranteed by a large coupling factor x.

7.5 Exercises

EXERCISE 7.1. Derive the equations of nonlinear vibration of the double pendulum
considered in exercise 2.1.

Solution. Let us find the exact formula for the kinetic energy of the point-mass m,.
As seen from Fig. 2.14, the cartesian coordinates of this point-mass are

Xy =licos@+hcospy, yr=Isin@;+Lsing,.
Thus, the kinetic energy of m; equals

1 1 , ) .
K = Zmz()% +33) = 2m2[llz(p]2 +B,¢3 + 21 cos(@1 — ¢2) 1 2]
Taking the kinetic energy of m; and the potential energy of the point-masses as in
the solution of the exercise 2.1, we obtain the exact Lagrange function in the form
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1
L=
2(

+ (my + my)gly cos @1 + magly cos ;.

) 1 ) L
my+m)l; ¢f + zmzl§¢>§ +malilp cos(@1 — @2) 1

After some simple transformations we obtain from Lagrange’s equations
@1+ occos(Qr — @2) @ + asin(@y — @2) P37 + I sing; =0,
2+ Beos(gr — @2) 1 — Bsin(gr — )97 + ) sings =0,

where

- mzlz - ll
(my+ma)ly’ L’

EXERCISE 7.2. Hamilton-Jacobi equation. Let the action function S(g,#) be defined
as the integral

Sqo.0(q51) :/Ldt
Y

along the extremal y connecting the points (go,#p) and (g,). Show that S(g,t) sat-
isfies the Hamilton-Jacobi equation

as as

Solution. Let us first fix the time instant ¢ and consider different extremals ending
at different points g. Calculating the variation of S we get

t (0L dJL
- -0gdt =0.
" /lo ( dg dtdq ) 1
The second term vanishes because the variation is taken along the extremals satisfy-

ing Lagrange’s equations. The first term, evaluated at the lower limit # is also zero
because gy is fixed. Replacing dL/dq by p, we obtain

t

T

6S=p-dq,
and, consequently
s
dq b

Now we let also 7 change. Then, it follows from the definition of S that its total time

derivative equals L
ds

=L
dt
Using the chain rule of differentiation we have

ds _9ds as . _ds
dt ot 8qq78t P-4
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Thus,

a8 o
Py =L—-p-qg=—H(q,p).

Substituting p = dS/dq into the Hamilton function and bringing —H to the left-
hand side, we obtain the Hamilton-Jacobi equation.

EXERCISE 7.3. Find the action variable for the Duffing oscillator with

1

11
2(p2+U(61)), U=U(q)= ¢+ ,oq".

H =
(g:p) N

Solution. According to the definition of the action variable

1
I= dqg.
27rqu

We use the exact solution (5.12) of the Duffing equation to evaluate the contour
integral. Since p = ¢ and dg = ¢dt and since the phase curve is symmetric about the

g- and g-axes we have
qm T/4
f.pdq:4/ pdq:4/ g-dt.
0 0

Now we substitute the solution (5.12) into this integral. Since
q(t) =acn(bt,m), ¢= —absn(bt,m)dn(bt,m),

where

oa?

\/+Oca, m 21 + )’

the integral becomes

T/4 T/4
jf pdg =4 / g*dt = 4a’b* / sn*(bt,m)dn? (bt,m)d.
0 0

Changing the variable 7 to u = br and taking into account that bT /4 = K (m), we get

2 (K0 2
pdg =4a"b sn” (u,m)dn”(u,m)du.
0

This integral of Jacobian elliptic functions can be computed analytically.'® The
result is
(=142m)E(m)+ (1 —m)K(m)

3m

9

j{pdq =4a*b

where K (m) and E (m) are the complete elliptic integrals of the first and second kind,
respectively. Thus, the action variable equals

10 Use the formulas given in 5.13 of [3] or the symbolic integration with Mathematica.
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_ 2a*b (—1+2m)E(m) + (1 fm)K(m)

1
T 3m

The total energy of the Duffing oscillator depends on the amplitude a as follows

1 1
H= 2a2+ 4(xa4.

Using the properties of the complete elliptic integrals one can show that

dl  2abK(m)
da  ©

Therefore

dH dH/da a(1+d*)n b 2n

dal = dlfda " 2abK(m) ~ 2K(m) T ~ @)
EXERCISE 7.4. Simulate numerically the Poincaré map for the Hénon-Heiles equa-
tions which can be obtained as Lagrange’s equation of the following Lagrange func-
tion

L= (@437~ (P )+ 28— ),
2 2 3

Choose the cut plane x = 0 and the total energy i) Eg = 0.01 and ii) Ey = 1/8.
Observe the difference in cases i) and ii).

Solution. Let us derive the equations of motion of these coupled oscillators in the
Hamilton’s form. Denoting ¢; = x, g» = y and introducing p; = qi, p» = g2, we
transform the above Lagrange function to the Hamilton function

2
B).

(41 + a3+ 249192 — ;

1 1
H= (pi+p3)+,

Hamilton’s equations are

@1=p1, p1=—(q1+2q192),
@=py Pr=—(Q—B+q)
This dynamical system has one stable fixed point at the origin (0,0) and three un-
stable fixed points given by

P :(0,1), Py:(v3/2,—1/2), P3:(—V3/2,—1/2).

The contour plot of the potential energy U (q) = 5 (@ + @3 +297q2 — %qg) is shown
in Fig. 7.16. The separatrices connecting the unstable fixed points are straight lines
and correspond to the energy level 1/6. All contours with the potential energies less
than 1/6 are inside the triangle PP, Ps.
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Fig. 7.16 Contour plot of the potential energy of Henon-Heiles oscillators

As the dynamical system of Henon-Heiles oscillators is conservative, the energy
conservation reads

H(qap) :EO7

and the phase curves having the initial energy £y must lie on some 3-D energy level
surface. We use this integral to find p;. Then the phase curves must be found in
some 3-D space of parameters g1, ¢, p2. To follow the traces of these phase curves
we choose the cut plane ¢; = 0 and plot the Poincaré map numerically using the code
written by Weinstein. The results are shown in Fig. 7.17 for the case Eg = 1072 (left)
and Ep = 1/8 (right), respectively. For Ey = 102 we see four families of embedded
tories corresponding to ordered motion. For Ey = 1/8 one observes a chaotic see
surrounding small islands of ordered motion.

Fig. 7.17 Poincaré maps of Henon-Heiles oscillators: a) Eg = 0.01, b) Eg = 1/8
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EXERCISE 7.5. Modal equation in a rotating frame. In the frame rotating with the
constant angular velocity ®, the presence of Coriolis and centripetal accelerations
changes the equations of motion (7.7) to

U

J+20i— oy =— 5
y

d
i 20y — 02— — ’
X 'y X ax

For this system, obtain a first integral and use it to derive a modal equation for the
orbits in the (x,y)-plane which does not involve time ¢.

Solution. The first integral can easily be obtained if we know the kinetic and poten-
tial energies. The absolute velocity of the point-mass equals

V=V +Vr,

where v; = ® x r = (— oy, @x) is the instantaneous velocity of the point-mass ro-
tating together with the frame about the z-axis and v, = (%,y) the relative velocity.
Thus,

V= (X—oyy+ ox),

and the kinetic energy for m = 1 becomes
L. .
K=, [(t—wy)’+(y+ox)?).

Together with the potential energy U (x,y), the conservation of the total energy reads

1

) (X — wy)? + (y+ 0x)] + U (x,y) = Eo.

We seek the nonlinear normal modes as periodic solutions by assuming y as a func-
tion of x, without direct reference to time 7, and try to eliminate ¢ in these equations.
Using the chain rule

. /. . .2 /s

Yy=yx, y=yxX+yx
with prime denoting the derivative of y with respect to x, and substituting this into
the Lagrange equation for y to get

oU oU
- ="+ 2oy i+ o*x—

9 e ) —20i — w?y.

Next, we plug y into the energy conservation

|
L (1+3?) +20(07 = )i+ 07 (¢ +3)] + U (x,y) = Eo.

Solving this equation with respect to X, we obtain

—o(xy —y) £ /0 (xy = y)? — (1 +y?)[02(x2 4+ y?) + 2U (x,y) — 2Eo]

X = 1+y/2
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Substituting this formula into the above equation, we derive the nonlinear modal
equation in terms of y(x).

EXERCISE 7.6. A rigid bar, connected with two linear springs of stiffnesses k; and
ko, carries out a translational motion of its center of mass S in the vertical direction
and a rotation in the plane about S (see Fig. 7.18). The supports A and B can freely
move in the horizontal direction to keep the springs in the vertical position. Derive
the equations of motion for finite x and ¢. Obtain a first integral and use it to derive
a modal equation.

Fig. 7.18 Nonlinear model of vehicle

Solution. Let ¢ = (x, @) denote the generalized coordinates. We write down the
kinetic and potential energies of this system as follows

1 1
K(q) = 2mx + Js(p,
1 1 .
Ulg) = 2k (g +x+14 Sln(p) +2k2(xst“v‘X—1251n(p)2—|—mgx
1
2k (x—l—llsm(p) +2k2(x—lgsin(p)2

+ (k1 +ka)xo +mg)x+ (kily —kalo) sin + (k1 +ho)x,
Taking the force and moment equilibrium
(ki +ko)xg +mg =0, (kili —kal2)xy =0

into account and removing the last constant term in the potential energy, we can
represent it in the form

1 . 1 .
Ux,p) = 2k1 (x+ 1 sing)? + 2k2(x — Lsing)?.
It is now straightforward to derive Lagrange’s equations

mi+ (ki +ko)x+ (kily — kolo) sing =0,
1 .
Is¢ + (kily —kalo)xcos @ + (k113 + ky13) sin2¢ = 0.
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The first integral corresponding to the energy conservation follows

1 1
2mx2 + 2J5(p2 +U(x,0)=Ep.

On the other hand, we can represent the equations of motion in the short form

.U U
mx — ox’ SO = 8([)

To derive the modal equation, we assume ¢ as a function of x, without direct refer-
ence to time ¢, and try to eliminate 7 in these equations. That is, we assume @ = @ (x)
and compute its time derivatives according to the chain rule

p=0'(x)x, §=0¢"(x)i+¢ (),

with prime denoting the derivative of ¢ with respect to x. Using the first equation
of motion to compute the acceleration X and substituting it into the second equation,
we get

5 1 U U

! —_
m? (x) 8x] o’
Next, we substitute ¢ into the energy conservation and solve the latter with respect
to X to find
2 2[E0 - U()C, (,0)]
m+Js@'(x)*

The modal equation can finally be obtained by substituting this expression into the
above equation

JS{ ,,(X)Z[EO*U()C,(,O)] 1 QU} U

Js[o" (x)x

m+Js¢' (x)? m? (x) ox

o’

This last equation can be transformed to

10U 1 U

o " ()2 _ ! _
2[E0 U()C, (P)}(P ()C) + [m+J5([) ()C) HJS a(p m(p ()C) ax} Oa
where
U .
P (k1 +ko)x+ (kily — kalp) sin @,
U 1 .
29 = (kily — kalp)xcos @ + 2(k1112+k21%) sin2¢.

EXERCISE 7.7. Derive equations (7.14).

Solution. We shall derive this system of equations from the equations of slow flow
for Ay, B1, Aa, By obtained in Section 7.2 by the variational asymptotic method
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3 3 3
Al = SBI(A%‘FB%) + SBI(A%+B%) + 432(A1A2 +B1B2),

3 3 3
*SAI(A%JFB%) - SAI(A§+B§) - 4A2(A1Az+Ble),

3 3 3
A = (8 +3K)By (A3 + B3) + 832(1‘\%‘5‘3%) + 431(A1A2 +BB»),

3 3
Bon=—(g +3K)Ax(A} +B3) - SAz(A%+B%) _

Bin =

3
4A1(A1A2+3132)-

Multiplying the first equation by Aj, the second by B, and adding them together,
we obtain 3
AjAin+ BBy = 4 (A1A2 + B1B2)(A1By — A2By).

Using the definitions of the amplitudes and the phase difference, it is easy to see that
the following identities

1d 1d ,

= a17
2dn 2dn
A1Ay + BBy = ajazcos(¢r — ¢1) = ajap cos @,
A1By — AyBy = ajaz sin(¢p — ¢1) = ajaz sin@

AlA1n+BiBiy = (A2 +B3)

hold true transforming the above equation to
3 . 3 _
ajayy = 8a%a%sm2(p = aip= 811](1%51112([)-

Thus, the first equation has been proved. The second equation for a; can be derived
similarly. In this case we multiply the third and the fourth equations of the above
system by A; and B;, respectively, and then add them together. The result is

1 d

3
A3 +B3) =
ZdT[( 2 2)

4 (A2B1 —A1B;)(A1A2 + B1By).
With supplement of the following identity
A231 —A132 = —a)ap sin o,

we transform this equation to
a _ 3 22 . _ 3 2 .
202 = g1 sin2¢p = ayn= g% sin2g.
To derive the equation for the phase difference, we multiply the first equation by A,,

the second by Bj, the third by A, and the last by B}, and then add them together.
The latter, after some calculation, can be written as
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d

g A142+ B1B2) = 3K(A By — A2B1) (A5 + B)).
The derivative on the left-hand side of this equation can be expressed in terms of ay,
ap and @ according to

dn (a1a2 cos (p) = (almaz + alagm) CosSQ —aiarPn sin @

3 3
= (Sala%sinZ(pf Sa?az sin2¢)cos @ —ajar @, sin@

[4a1a2(a% —a?)cos’ @ —ajar @ q]sin @,
whereas the right-hand side is simply 3Ka1a§ sin ¢. Plugging these into the above
equation and dividing both sides by aja; sin @, we obtain the evolution equation for
the phase difference
3
0n = - (@ — ) cos? p—3x,
which, by recalling cos? ¢ = (14 cos2¢)/2, can be rewritten as

3
- K)a% +

2 2
8(

3 1
0 =g (at +ad) +3( &~ af) cos26.

4
EXERCISE 7.8. Compute the approximate Poincaré map from the first integral
(7.17) numerically for the energy level Ey = 0.4 and for the parameter € = 0.1,
Kk = 0.1, and compare it with the Poincaré map obtained by the numerical integra-
tion of the exact equations (7.1).

Solution. In order to compute the Poincaré map of the exact equations (7.1) we
adapt the Mathematica code written by Weisstein to them. Such modified code is
shown below. There are two main functions: the first is used to produce surface of
section by condition x = 0 with the given initial conditions x(0) = xp, y(0) = yo
and y(0) = yo, whereas the second plots the result using the ListPlot command. The
initial velocity x(0) should be computed through others by using the first integral

B

Lo 1o, 1o o0 0 4 4 4
_ =FE,
LA HY) () ) 0,
which implies
o 2E— 2 — (2 42) = K n_ B 4
X0 0— Yo (xo+)’0) 2(x0+y0) 2()’0 x0)*.
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SurfaceOfSection[{x0_, {y0_, dy0_}, e_, a_, B_}, tmax_] :=
a a B
Module [{dx0 = sart[2 e - x0? - y0? - — x0¢ - — y0* - = (v0-x0)¢ - ay0*], x, v, t},
2 2 2
If[# == {}, {}, First[#]] &@Last [Reap [NDSolve[ {

' U[e] = -x[t] -ax[t] A3+ (v[t] - x[t])+3,

y''[t] = -y[t] ~ay[t]*3-B (v[t] -x[t])*3,

y[0] =y0, y'[0] == dy0, x[0] == x0, x'[0] == dx0},

{x, ¥}, {t, 0, tmax}, Method » {EventLocator, "Event" - x[t],

"EventCondition" » (x'[t] > 0.), "EventAction" :» Sow[{y[t], ¥y'[t]}]}
111

]

Internal DeactivateMessages[ListPlot[
SurfaceOfSection[{0., {0., -0.65}, 0.4, 0.1, 0.01}, 2000],
PlotStyle » {PointSize[.005], Black},
AspectRatio -» Automatic, AxesLabel -> TraditionalForm /@ {y[t], ¥[t] },
ImageSize » 500]]

The map obtained from the first integral (7.17) can be plotted with the Paramet-
ricPlot command. The comparison of these two maps was shown in Fig. 7.11.

EXERCISE 7.9. Prove the formulas (7.29); 3.
Solution. Let us recall the definitions of matrices A, B, and C
T T T T
A=U"L\U, B=U'Lyy—L,,U, C=U"E,,
where the following abbreviations are used

J d J
Lip = 3, Lou(9).Vul0), Eg= J E(Lu), U=_

Consider first the matrix B with the elements
T T
Bij = Un[Lovolmj = [LyglimUnj,
where the elements of matrices U and L, are given by

du; 9L
= b) [L7V(P]n1] - 8@] avm.

Using these formulas for U and L ., we compute B;; explicitly

COuw 0 L @ IL duy

Bi = 50 9g; v~ 01 dvm d9;
- a( d 8L)7 9> JL
T 009 v " @id@; dvm
0 d JL 22 IJL
(ttm

=90, 31 dvn) T 30,001 v
L9 9L 0 0aL
T 00 "0 v A0 " gr dvm
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where the identity of mixed derivatives
92 92
200 .('):a ) ()
PioQ; Pjo o

has been taken into account. Since u,, and v,, are 2x-periodic in each variable ¢,
so are the expressions in the above parentheses. Thus, it follows immediately that

- B,‘j =0.

Next, we turn to the vector Q = U Tg (L,u), whose components are

du JL d
gy _ 9%k _
Qi = Uy Er(L,u) 90, (Vaqk (u, Vu) aqu(u,Vu))
o 8uk ) J JL _8uk JL
=90, wj@(pj e (u, Vu) 90; du (u, Vu)
o d JL 8uk JdL ) 82uk 31/!]( JL
= wja(pj [avk (u, Vu) a(Pi} ~ ow (u,Vu)a)]a(pja(pi — 90; duy (u,Vu).
Noticing that

82uk d 8uk d(pj 8vk

P 9000~ dg g di gy

the expression for Q; reduces to

d . dL dug, JL
0= ; [ (u, Vu) ] — .
IP;j Ik @i 09
Using the periodicity condition of u# and v with respect to ¢, we see that the integral
of Q; on the torus also vanishes

/ UXEi(L,u) = 0.
Tn

EXERCISE 7.10. Simulate numerically the solutions of equations (7.30) satisfying
the initial conditions x(0) = 1, ¥(0) =0 and y(0) =1, y(0) =0 fore = 0.1, a =1,
and x = 1.2. Plot the curves x(¢), (), and x(¢)y(¢) and compare them with the cor-
responding curves obtained from the slow flow system (7.33). Explain why synchro-
nization leads to the stationary behavior of the amplitude modulation of x(¢)y(¢).

Solution. In order to compare the numerical solutions x(¢), y(¢) of the exact equa-
tions (7.30) and their amplitude modulations obeying the slow flow equations (7.33),
we need to refer (7.33) to the same time variable. Thus, it is necessary to solve the
slow flow equations in T = @t by changing from 1 to T according to

d d dr 1d

dn ()= dr(.)dn € dr(.)'
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The following pieces of code in Mathematica provide the numerical solutions to the
systems (7.30) and (7.33). The curves x(¢) and y(¢) corresponding to the numerical
solution of (7.30) as well as their amplitude modulations are shown in Fig. 7.19.

sol = NDSolve[{x' '[e] +x[t] +ex (x[t] -y[t]) -e (1-x[t]?) x'[t] =0,
y''[E]l+ (1+ea) y[t] -ex (x[t] -¥[t]) -€ (1-¥y[e]?) ¥'[£] =0,
x[0] =1, %' [0] = 0, y[0] =1, ¥'[0] = 0}, {x[t], ¥[t]}, {t, 0, 5x10%}];

al[t]?
1-

2
slow = NDSolve[{— al'[t] == al[t]
€

] +xa2[t] sin[o[t]],

2 [ a2t 2]
—a2'[t] = a2([t] [1- -xal[t] sin[e[t]],
€ 4

2 a2[t] ail[t]
Z'[t] = a+xCos[p[t]] [ - ),a1[o] =1, a2[0] =1, @[0] = o},
€ allt] a2[t]

{allt], a2[t], ¢[t]}, {t, 0, 500}];

Based on the variational-asymptotic analysis we can present the asymptotic so-
lution (in the first approximation) to the equations of coupled oscillators in the form

xo(t,1) = ai(n)cos(wt —¢1(n)), yo(t,n) = az(n)cos(wt — $(n)),

where 11 = €7 = ewt. Using the product rule of trigonometric functions, we compute
their product

20(t,m) =xo(t,M)yo(t,n) = ;al(n)az(n)[cos@wtf o1 (n) — ¢2(n)) +cosp(n)].

In the expression in square brackets the first summand containing the fast variable ¢
describes the fast oscillating contribution to the product with the amplitude éalaz,
while the second summand describes the slow oscillating contribution with the same
amplitude. Thus, the amplitude modulation of x(z)y(¢) at large time can be described
asymptotically as

a(m) = S (M)as () (1 + cosg()).

We see that if strong synchronization occurs, then a(7) must approach a constant
value. The curve x(¢)y(¢) corresponding to the numerical solution of (7.30) as well
as its amplitude modulation, shown in Fig. 7.20, indicates the occurrence of strong
synchronization and confirms the analysis provided in Section 7.4.

EXERCISE 7.11. Recheck the slow flow equations (7.33).

Solution. We recall the equations of slow flow for A;(1) and B;(n) obtained in
Section 7.4

A
2419 = —2kiB1+A — | (A +B}) + k(B — By),

4
By

2B1y =2kiA1 + By — 4 (A2 +B3) + k(A3 —A)),
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A
, A3+ B3) + k(B —By).

B
2By = 2kiAy — Ay + By — 42 (A3 +B3) + k(A1 — Az).

20y = —2kiBy+aBy +Ay —

Multiplying the first equation by Ay, the second by B, and adding them, then per-
forming the similar operations for the third and the fourth equations, we obtain

1
2(A1A1y +BiB1y) = Af +Bi — 4 (AT+B7)* + K(A2B1 — A1 By),
1
4 (A3 +B3)° — k(A1 — A1),
Expressing A; and B; in terms of ai, a, and ¢y, ¢», this system can be rewritten as

2(AyAr + ByBy ) = A3+ B3 —

o
2aya1 = at — 41+K axsin(¢ — ),

4

2ayay y = %*ZZ—K axsin(¢; — ¢),
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which is equivalent to

2aip=ai(1—- )+ Kassing,

aj
4
2
2ar y = ax(1 - 42) —Kapsin g,

where ¢ = ¢; — ¢ is the phase difference.
Returning to the system of slow flow equations, we rewrite them in terms of ay,
ay, ¢1, ¢ as follows

2(ay ncos ¢y —aysin@ ¢y ) = —2kja; sin gy + aj cos @

- ia?cosd}l + x(a; sing; —azsingy),
2(ay psingy +ajcos @191 ) = 2kja; cos ¢y + a; sin @,

— ia% sin@; + K(acos gy — ajcos ),
2(asncos @y —arsin ¢ ) = —2kiaz sin ¢ + aa; sin ¢y + a» cos ¢,

1
4a%cos¢2+ K(azsin ¢y — a;singy),

2(aznsingy +azcos pr ¢ ) = 2kjaz cos ¢ — auaz cos ¢, + a sin ¢y

1
— 4a§ sin, + K(ajcos @y — azcos ).

Multiplying the first equation by sin ¢y, the second by cos ¢;, subtracting the first
equation from the second one, and using the identity sin® ¢ 4 cos? ¢ = 1, we obtain

a
201 =2k — K+ xa? cos(dy — ¢).

In a similar manner, we multiply the third equation by sin ¢, the fourth by cos ¢
and subtract one from another to get

20, =2k — 00— K+ K‘Zl cos(91 — ).
2

The evolution equation for the phase difference ¢ = ¢; — ¢ is easily derived by
subtracting one from another of two equations just obtained yielding

a ap
20 = Oc—l—(a] - az)cosq).

EXERCISE 7.12. Solve the slow flow system (7.33) numerically for & = 1, and x =
1.2, with the initial conditions a;(0) = 1, @2(0) = 1, and ¢(0) = 1. Plot the curves
ay(t), ax(t), and @(z), and observe their behavior as 7 becomes large.
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Fig. 7.22 The phase difference ¢(¢) of the weakly coupled van der Pol’s oscillators

Solution. The numerical solution of the system can be obtained via the NDSolve
command provided in Mathematica. The plotted curves of amplitudes a;(¢) and
ay(t) are shown adjacent to each other in Fig. 7.21, where it can be seen that they
stay constant as time ¢ tends to infinity. The next Figure 7.22 shows the plot of the
phase difference ¢(z). Observe that the phase difference also approaches a constant
value as time goes to infinity. The figures illustrated here are generated using the
numerical solution obtained with the following piece of code.

al[t]?

2
slow = NDSolve[{— alt[t] == al[t] [1 - +xa2[t] Sinfe[t]],

€

—a2'[t] = a2[t]
€
2 a2[t] ail[t]
Z'[t] = a+xCos[p[t]] [ - ),a1[o] =1, a2[0] =1, @[0] = }
€ allt] a2[t]

{allt], a2[t], ¢[t]}, {t, 0, 500}];

2 ( a2[t]2]
1- -xal[t] sin[e[t]],

The behavior of the amplitudes and of the phase difference indicates that, after
a short transient time of unsynchronized oscillations of the amplitudes, the steady-
state synchronized vibrations of the coupled oscillators occur. This is also confirmed
by the analysis of the coupled self-excited oscillators provided in Section 7.4 and
by Fig. 7.14.
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