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A FAMILY OF PERIODIC ORBITS
FOR THE EXTENDED HAMILTONIAN SYSTEM
OF THE VAN DER POL OSCILLATOR

JEAN-MARC GINOUX! AND JAUME LLIBRE?

ABSTRACT. In this paper we show a new way of using the averag-
ing theory for studying families of periodic orbits of a Hamiltonian
system. We do this study computing a new family of periodic or-
bits of the extension of the Van der Pol oscillator to a Hamiltonian
system of two degrees of freedom.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The classical Van der Pol oscillator is modeled by the second-order
differential equation

(1) i—p(l—2?)i+z=0,

where = = x(t) is the position coordinate at time ¢, p is a parameter,
and the dot denotes derivative with respect to the time ¢, see [9, 10, 11].

Initially the differential equation (1) allowed to Van der Pol to ex-
plain the stable oscillations observed in electrical circuits employing
vacuum tubes. Later on this differential equation has been used for
explaining different phenomena in biology, physics, ... Thus in biology
was utilised as a model for studying the action potentials of neurons,
see for instance [3, 4, 7]. While in physics equation (1) was also used
in phonation to model the right and left vocal fold oscillators (see [6]),
and in seismology to model two plates in a geological fault (see [1]), ...

More recently in 2015, see equations (9) of [8], the Van der Pol
oscillator was written in the Hamiltonian formalism by extending it to
a four-dimensional autonomous differential as follows

) i—p(l—2?)i+x=0,
j+n(l—a?)j+y=0.
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Observe that the motion of the Van der Pol oscillator (1) is not affected
because the evolution of the variable () is independent of the variable

y(t).

Defining p, = & and p, = ¢+ (1 —2?)y from (2) we obtain that this
differential system of two differential equations of second order admits
the following Hamiltonian formalism

T = Dy,
Y =Dz — M(l - mQ)y,
Pz = =Y — H22YDy,

Py = —% =+ M(l - x2>py7

(3)

with the Hamiltonian

(4) H = ppy + vy — p(1 — 2*)yp,.

Of course p, and p, are the conjugate momenta of the variables z and
y, respectively. In [2] it is shown that the Hamiltonian system (3)
establishes a connection between the phase of the limit cycle of the
Van der Pol system with the Hannay angle of the Hamiltonian system.

In this paper our objective is to study analytically the periodic orbits
of the Hamiltonian system (3) using the averaging theory. In general
the periodic orbits of the Hamiltonian systems are studied numerically
because its analytical study is in general difficult and sometimes im-
possible. Here the technique used with the averaging theory can be
extended to many other Hamiltonian systems.

Our main result is the following.

Theorem 1. For i sufficiently small the following statements hold for
the Hamiltonian system (3).

(a) For each h € R there exists a periodic orbit

W (t) = (x(t; p, h), y(t; p, B), pa(ts 11, h), py (t; 1, b))
such that when the parameter u — 0 satisfies that v,(t) tend to
the periodic orbit

V4 — p? h V4 — p?
(2603 (—Mt) ,ucos <<p*+—ut>,

2 2 2

h VA —p? 4 — p?
—% sin (cp* + Tut) ,—2sin (%t))

of the Hamiltonian system (3) with = 0.
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(b) The periodic orbit v,(t) live on the energy level H = h, and
when h varies in R we get a family of periodic orbits.

Theorem 1 is proved in the section 3.

In section 2 we present the algorithm that we follow for studying the
families of periodic orbits of the Hamiltonian systems.

Since the differential system formed by the equations @ and p, is the
first order differential system associated to the Van der Pol oscillator
(1), and this differential system does not depend on the variables y and
Py, it follows immediately from Theorem 1 the following corollary.

Corollary 2. For p sufficiently small and for each h € R the Van der
Pol oscillator has a periodic orbit

m(t) = (x(t; p, h), py(t; 1, )

such that when the parameter p — 0 satisfies that vy,(t) tend to the
periodic orbit

(V) o (4552

solution of the Van der Pol oscillator with p = 0.

Of course, for a fixed value of p sufficiently small the periodic orbit
~r(t) of Corollary 2 is the classical limit cycle of the Van der Pol oscil-
lator, because it is known that such a limit cycle is unique for a given
value of p.

2. THE ALGORITHM

The algorithm that we will follow for studying the families of periodic
orbits of a Hamiltonian system has the following steps.

1. We select an equilibrium point of the Hamiltonian system having at
least one pair of complex conjugate eigenvalues and translate it to the
origin of coordinates.

2. We do a change of variables which writes the matrix of the linear
part of the Hamiltonian system at the origin of coordinates in its real
Jordan normal form. Then, in general the obtained differential system
have lost its Hamiltonian structure.

3. The coordinates of the differential system whose linear part at the
origin of coordinates produce complex eigenvalues are changed to polar
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coordinates. More precisely, if the real Jordan normal form of the linear
part at the origin of coordinates has the block

(50).

associated to the coordinates x and y with a non identically zero.
Then we do the change of variables (z,y) — (r,0), where z = rcosf
and y = rsinf. We shall take o as the small parameter u necessary
for applying the averaging theory, see the appendix.

But if there are more than one block associated to complex eigenval-
ues, for all the other blocks different from the first we do the following
change of variables. Take one of these blocks, for instance

a —b
(3%)
associated to the coordinates v and v and do the change of variables
(u,v) = (R,p), where + = Rcos(p + k), y = Rsin(yp + k), and
the constant k is chosen in such a way that the differential system in
the new coordinates must satisfy ¢ = O(a), with « sufficiently small.

This step will become more clear when we apply the algorithm to the
Hamiltonian system (3) in the next section.

4. Now we take the angle variable 6 as the new independent variable.

5. Since generically the periodic orbits in the Hamiltonian systems
appear in families of periodic orbits parametrized by h, being h the
different values of the energy levels H = h of the Hamiltonian H, and
the averaging theory only detects isolated orbits, we must apply the
averaging theory in the energy levels H = h, eliminating one variable
using the relation H = h. If the Hamiltonian H is the unique inde-
pendent first integral of the Hamiltonian system the differential system
obtained on the energy level H = h is into the normal form (14) of the
appendix, ready for applying to it the averaging theory for studying its
periodic orbits.

6. In case that the Hamiltonian system has additional independent
first integrals Fj, also independent with the Hamiltonian H of the
Hamiltonian system, we need to fix them, i.e. Fy, = f; and work on
these invariant subspaces in order that we can apply the averaging
theory and to study the periodic orbits of the Hamiltonian system.



3. PrROOF OF THEOREM 1

Now we apply the algorithm described in section 2 to the Hamilton-
ian system (3) for proving Theorem 1. We will indicate all the steps of
the algortihm using its numbers.

1. Tt is easy to verify that the Hamiltonian system (3) has a unique
equilibrium point localized at the origin of coordinates, and that its

four eigenvalues are (+u + /p? —4)/2.

2. Now we write the matrix

0 0 01
0 —p 1 0
0 -1 0 0
-1 0 0 p

of linear part of the Hamiltonian system (3) into its real Jordan normal
form

1
g VA= 0 0
4—p It
® 0 0
2 2 1
//L )
0 0 IO
2 2 a
4—p? 10
0 0 v R _E
2 2

doing the change of variables (z,y,ps, py) — (X,Y, Z, V), where

1 — 1
(xvyvpx7py): (X7275<MZ_ 4_/1/2V 7§<MX_ 4—M2Y)>

Then the Hamiltonian system (3) becomes

. —_ 42
Xxobx_viA-my
2 2
YZ—MX+HY+M—2X3—MX2Y
@ Co Ve
) 4 —
Z:—T'MV—gZ+,uXQZ,

_ /4 — 2 2
v=-Lyq Wy 3 Xy ouxvz,

2 2 /4 — 12
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and the Hamiltonian (4) becomes the first integral

o H= i(,ﬂ—ﬂv) (MX— 4—M2Y)—
%u (1- X2 (ux — MY) v XZ.

of the differential system (5).
3. We do the change of variables (X,Y, Z, V) — (r,0, R, ) where

(X,Y,Z,V) = (rcosf,rsinb, Rcos(p + kb), Rsin(p + kb)),

and the differential system (5) writes in the new variables as

1 0
7= | =r+sinfcos?f HEBT g | :
2 4— 2

4 — p? L cos 6
0 = + pcos® ) | — —sind | r?,
2 g (v4—u2 )
: 1 1 6 cos O sin(p + 0)
R= ——R+ —cosfcos(p+ 6
(7) “( 22 (¢ >( e
3cos(p + 260) — cos ) r*R),
, pcos(p+6) .
= pcosf | cosfcos(p+0)| —————— —sin(p+0
= p ( (o +0) < Jie (v +0)

jcos® 0

Va4 — p?

where we have take k = 1 in order that ¢ = O(u). The first integral
H given in (6) in the variables (r,0, R, ¢) writes

— 2sin 6 cos?(p + 0) + sin 0 cos? «9) r?,

1
H = rRcosfcos(p+0)— §uRCOS(g0 +0) (1 —r%cos? )

) (MTCOSG—\/4—M2TSin9>+MTCOS€_ V4~ prsing

4
(uR cos(p 4 60) — /4 — p2Rsin(p + 9)> .
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4. We take now the variable 6 as the new independent variable and
the differential system (7) becomes

(9)
r = % (r — 2r3sin? @ cos? 0) + O(p?),

R = —g (1 + r?cosfcos(p + 0)(cosp — 3cos(p + 20))) R+ O(u?),

2
¢ = % cos f(sin(2p + 0) — 3sin(2¢ + 30) — 3sin 6 + sin(30)) + O(u?),

where the prime denotes derivative with respect to the variable 6.

5. From (8) and H = h we obtain that

" o s (1) 400

Substituting this ¢ given in (10) we obtain the following expression for
the differential system (9) restricted to the energy level H = h

(11)
;o T 3.2 2 2
r = u<2 r° sin” 0 cos 9)+O(u)

= [,LF11<9, T, R) + O(,LL2>,

R = o ( hr cos 0 cos (arccos ( ) ) )
2 rR
) h
3r°“R cos 0 cos | arccos cos | arccos R + 260

+0(p?)
= MF12<0, T, R) + O(/L2>

The differential system (11) is already written in the normal form
(14) of the appendix for applying the averaging theory. Here us-
ing the notation of the appendix we have that F = (Fy, Fi2), © =
(r,R) and T = 27 then we compute the averaged function f(z) =
(fi1(r, R), f12(r, R)) defined in (16) of the appendix, and we get

f11(7’7 R) = % (7" - g) )
h2

Fio(r, R) = % (32— a) R 1

The real solutions of the system f1;(r, R) = 0 and fi2(r, R) = 0 with
r and R positive are r = 2 and R = |h|/2. Moreover, on this solution

(12)
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the Jacobian (17) for our differential system (12) is
(13)

1
—(4—3r?% 0

3
det 3R 1 (2h2

= 8712 #£0.
— +3r?— 4>

2
R (rR)=(2./]/2)

From Theorem 3 of the appendix we get for u sufficiently small that
for each h € R we have the periodic solution

Y (0; 1, B) = (r(0; 11, h), R(0; 1, )

of the differential system (12) such that ~;(6; u, h) — (2, |h|/2), when
w—0.

4 8

The periodic orbit 7; (6; u, h) provides the following periodic orbit of
the differential system (9)

V(05 1, h) = (7(0; 41, B), R(0; 1, h), (6; p, ),

such that v2(0; u, h) — (2,|h]/2,¢*), when p — 0, where p* = 0 if
h >0 and p* =mif h <O0.

The periodic orbit v2(6; u, h) provides the following periodic orbit of
the differential system (7)

Vit h) = (r(t; p, h), 008, h), R(t; p, B), ot 1, b)),
such that v (t; u, h) — <2, V4 — p?t/2,|h|/2, go*), when p — 0.

The periodic orbit 73 (¢; i, h) provides the following periodic orbit of
the differential system (5)

YValts p, b)) = (X (8, h), Y (5, B), Z(t; p, B), V(5 1, h)),
such that

4 — 2 /4 — 2
Yi(t; p, h) — (2 cos <—Mt> ,2sin (Tut) ,
h Va4 — p? h 4 — p?
ucos (go* + —Mt> ,usin <<p* + —Mt>> ,

2 2

when p — 0.

The periodic orbit v} (¢; i, h) provides the following periodic orbit of
the differential system (3)

Y (t; o, h) = (z(t; p, h), y(t; gy h), pa(t B, py(t; 1, ),



such that
V4= p? h 4 — 2
(i) = (2c0s [ Y2} Lo (o VAZ Y
2 2 9
h 4 — 2 —
—% sin (w* + gg ,—2sin <T“t>> ,

when 1 — 0. This completes the proof of Theorem 1.

APPENDIX

Here we summarize the basic results from averaging theory for com-
puting periodic orbits that we shall use for proving Theorem 1, for a
proof see Theorem 11.5 of [12], or Theorem 1.2.1 of [5].

First we consider the initial value problem
(14) & = pF(0,2) + p*R(0, 2, p), x(0) = o,

with # € U where U is an open subset of R", and 6 > 0. We assume
that F'(0,x) and R(0,x, ) are periodic functions in 6 of period T'. Of
course the dot in (14) denotes derivative with respect to the variable

6.

Second we consider in the open set U the following initial value
problem for the averaged differential system

(15) g =nf(y), y(0) = =,
where f(z) is the averaged function of the function F'(0,x), i.e.
T
(16) Fl) = = / F (6, 2)d6.
T Jo

Theorem 3. For the two initial value problems (14) and (15) we as-
sume:

(i) the function F is C* and bounded by a constant which does not
depend on p in [0, co) x U for all p € (0, po).
(ii) the functions F' and R are periodic in 0 of period T, and T is
independent of .
(iii) the solution y(0) of (15) belongs to U for all 6 € [0,1/p].

Then for each equilibrium point p of the averaged system (15) satisfying

of

Yy=p
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there is a periodic solution z(0,u) of period T for the system (14)
verifying (0, ) — p as p — 0.
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