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We will present some dynamical and geometrical properties of Chen-Lee system from the Poisson
geometry point of view.

1. Introduction

Let us consider the Chen-Lee’s system (see [1, 2]) given by the following differential
equations system on R3:

X =ax-yz,

y=-by+xz (1.1)
o _ Xy
Z= —cz+ 3

where a, b, c are real parameters.

In this paper we consider a special case of the Chen-Lee system, realizing this system
as a Hamiltonian system and then study it from the mechanical geometry point of view. This
means the study of the nonlinear stability, the existence of periodic solutions, and numerical
integration. The paper is structured as follows: Section 2 presents the special case of Chen-Lee
system for which it admits a Hamilton-Poisson structure; in Section 3 we study the nonlinear
stability of the equilibrium states of our dynamics using energy-Casimir method. Periodical
orbits are the subject of Section 4. In Section 5 of the paper we give a Lax formulation of
the system; Section 6 discusses numerical integration of the system using Poisson and non-
Poisson integrators. Numerical simulations using MATHEMATICA 8.0 are presented, too.

For details on Possion geometry and Hamiltonian dynamics, (see [3-5]).
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2. The Poisson Geometry Associated to the Chen-Lee’s System

In this section we will find the parameters values for which Chen-Lee’s system admits a
Poisson structure. In order to do this, we need to find the system’s Hamiltonians. Due to the
existence of a numerous parameters, we are looking for polynomial Hamiltonians.

Proposition 2.1. The following smooth real functions H are two-degree polynomial constants of the
motion defined by the system (1.1).

(i) If a e R*, b =c =0, then the function
H(x,y,z) = a(y*-32) +§, apeR (2.1)

is the Hamiltonian of the system (1.1).
(ii) If b € R*, a = ¢ =0, then the function

H(x,y,z) = a(x2 + 322> +B, aPeR (2.2)

is the Hamiltonian of the system (1.1).
(iii) If c € R*, a = b =0, then the function

H(x,y,z) = a(xz + y2> +p, a,feER (2.3)

is the Hamiltonian of the system (1.1).

Let us focus now on the first case; if a € R*, b = ¢ = 0, the system (1.1) becomes

X =ax-yz,

y=xz (2.4)
. XY
=

and we will consider the Hamiltonian given by
_Llin 2
H(x,y,z) = E(y -3z > (2.5)

In order to find the Poisson structure in this case we will use a method described by Haas
and Goedert (see [6] for details). Let us consider the skew-symmetric matrix given by

0 pi(x,y,z) p2(x,y,2)
IT:= [-pi(x,y,2) 0 pa(x,y,2)|. (2.6)
-p2(x,y,2) -p3(x,y,2) 0



Journal of Applied Mathematics

In the beginning, let us denote

U] = ax - yz,

Uy =Xz,
Xy

U3 == —.
3

where

“ox oy oz 0H/z

! (0v2/0z) — v2(0v1/0z)
- O0H/oz ’

_0v  0vy Ovz (0v1/0z)(0H/0x) + (0v,/8z) (0H/dy) + (dv3/0z)(0H/0z)

B

the Equation (2.8) becomes

op op xyodp xy) ax?
(ax—yz)$+xz@+?$—<—a+§ P-3s

If a = 0 then (2.10) has the solution p(x,y, z) = —z.
If a # 0 then finding the solution of (2.10) remains an open problem.
If a = 0 then the system (2.4) becomes

X=-vyz
¥ = xz,
=Y
=7

Now, one can reach the following result.

Proposition 2.2. The system (2.11) has the Hamilton-Poisson realization:

(w0 ] 1),

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
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where
0 -z O
z 0 i
H = X 3 y
03 0 (2.13)
H(x,y,z) == <y2 - 3zz>
Proof. Indeed, we have
x
I1-VH = |y], (2.14)
Z
and the matrix I'Tis a Poisson matrix, see [7]. O

It is easy to see that the Poisson structure is degenerate, so we can proceed to find the
Casimir functions of our configuration.

Proposition 2.3. The real smooth function C : R — R,

C(x,y,z) = % <x2 + 322>, (2.15)

is the only one functionally independent Casimir of the Hamilton-Poisson realization given by
Proposition 2.2.

Proof. Indeed, we have (VC)'TT = 0 and rank IT = 2, as required. O

The phase curves of the dynamics (2.11) are the intersections of the surfaces:

H(x,y,z) = const.,
(2.16)
C(x,y,z) = const.,

see the Figure 1.
The next proposition gives other Hamilton-Poisson realizations of the system (2.11).

Proposition 2.4. The system (2.11) may be modeled as a Hamilton-Poisson system in an infinite
number of different ways, that is, there exist infinitely more different (in general nonisomorphic)
Poisson structures on R3 such that the system (2.11) is induced by an appropriate Hamiltonian.

Proof. The triplets

(R Jap, Hiys ), (217)
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(a) (b)

Figure 1: The phase curves of the system (2.11).

where
{f,8)}ap=-VCap- (VfxVg), VfgeC* <R3,R>,
1
Cap =aC + fH, HY5 =yC+6H, a,fB,y,6€R, ad-py= 3 (2.18)
H=1< 2—322> C=1<x2+3zz>
2\Y ! 2 ¢
define Hamilton-Poisson realizations of the dynamics (2.11). 0

3. The Stability Problem

Let us pass now to discuss the stability problem of the system (2.11). It is not difficult to see
that the equilibrium states of our dynamics are

eM=(M,0,0, eM=(0M0), eY=(,0,M), MeR (3.1)

Let A be the matrix of the linear part of our system, that is,

N

-y
X
0 (3.2)

hbS

Il
wikn ©
WIRO
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Then the characteristic roots of A(e{w ) (resp., A(eéw ), resp. A(eé”) )are given by,

A =0, Aojg = :EM

N (3.3)

(resp., A1 = 0,1p3 = (FiM/ V3), resp., A1 = 0, 1,3 = £iM), so one gets that the following.
Proposition 3.1. The equilibrium states e, e}, e}, M € R, have the following behavior:

(i) eM are unstable for any M € R;
(ii) e are spectrally stable for any M € R;
(iii) 3" are spectrally stable for any M € R.

Let us begin the nonlinear stability analysis using the energy-Casimir method for the
equilibrium state )’ and el

Proposition 3.2. The equilibrium states e)!, M € R, are nonlinearly stable for any M € R.

Proof. To study the nonlinear stability of the equilibrium state e we are using energy-
Casimir method ([8]). To do that, let H, € C* (R3,R) be defined by

H, := C+¢(H), (3.4)

where ¢ : R — R is a smooth real valued function defined on R.
Now, the first variation of H,, at the equilibrium of interest equals zero if and only if

¢<MT2> =0. (3.5)

Using (3.5), the second variation of H,, at the equilibrium of interest is given by
. 2
62Hq,(e§4) = (6x)2 +3(62)> + M2 ¢ <MT> (6y)°. (3.6)
If we choose now the function ¢ such that

2 2
(P<M7> =0, ¢ <M7> >0 (3.7)

we can conclude that the second variation of H,, at the equilibrium of interest is positively
defined for any M € R and thus e} are nonlinear stable for any M € R. O

Proposition 3.3. The equilibrium states e}, M € R, are nonlinearly stable for any M € R.
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Proof. To study the nonlinear stability of the equilibrium state e we are using energy-
Casimir method ([8]). To do that, let H, € C*(R?, R) be defined by

H, := C+¢(H), (3.8)

where ¢ : R — R is a smooth real valued function defined on R.
Now, the first variation of H, at the equilibrium of interest equals zero if and only if

2
<p<—%> =1. (3.9)

Using (3.9), the second variation of H,, at the equilibrium of interest is given by
. [ =3M?
62H¢<e§”) = (6%)% + (6y)” +9IM* § <3T> (62)°. (3.10)
If we choose now the function ¢ such that

<p<_3éwz> =1, ¢ <_3§42> >0 (3.11)

we can conclude that the second variation of H,, at the equilibrium of interest is positively
defined for any M € R and thus e}! are nonlinear stable for any M € R. O

4, Periodical Orbits

As we have proved in the previous section, the equilibrium states e} are nonlinear stable so
we can try to find the periodic orbits around them. As we know, the dynamics described by
a Hamilton-Poisson system take place on the symplectic leaves of the Poisson configuration.
In order to do this we consider the system restricted to a regular coadjoint orbit of (R®)* that
contains e}?; we will obtain the existence of periodic solutions for the restricted system; these
are, also, the periodic solutions for the unrestricted system.

Proposition 4.1. Near to e} the reduced dynamics has for each sufficiently small value of the reduced
energy at least 1-periodic solution whose period is close to (2rv/3/M).

Proof. Indeed, we have successively the following.

(i) The reduction of the system (2.11) to the regular coadjoint orbit:
Qu = {(x, y,z) ER y*-32" = Mz} 4.1)

gives rise to a classical Hamiltonian system.
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(ii) The matrix of the linear part of the reduced dynamics has purely imaginary roots.

More exactly,

.)Lz,3 = :I:l.M .

V3

(iii) One has span (VC(e )) = Vp, where
Vo= ker(A(eé\/I)).

(iv) The equilibrium state e} are nonlinear stable for any M € R.

(4.2)

(4.3)

Then our assertion follows via the Moser-Weinstein theorem with zero eigenvalue, see [9] for

details.

Similar arguments lead us to the following result.

O

Proposition 4.2. Near to e}! the reduced dynamics has for each sufficiently small value of the reduced

energy at least 1-periodic solution whose period is close to 2or / M.

5. Lax Formulation of the Dynamics (2.11)

Proposition 5.1. The dynamics (2.11) allows a formulation in terms of Lax pairs.

Proof. Let us take the following.

- l 2 -
0 2ix — —y -3z —x—1y+iV3z
BT R
- —21x+7y+3z 0 -2x - 2iz
2
——x+y-iV3z 2x + 2iz
/3 y
- 0 -
0 —ix+ = —i X+
l_ N R
B=|ix-— 0 x
1 \@y
o -X 0
/3 y

(5.1)

Then, using MATHEMATICA 8.0, we can put the system (2.11) in the equivalent form:

L=[L B],

as desired.

(5.2)

O
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6. Numerical Integration of the Dynamics (2.11)

We will discuss now the numerical integration of the dynamics (2.11) via the Lie-Trotter
integrator [7]. For the beginning, let us observe that the Hamiltonian vector field Xy splits in

Xy = Xu, + Xu,, where

1 1
H1 = Eyz, H2 = —EZZ.

Their corresponding integral curves are, respectively, given by
[x1(t) x2(t) x3(t)] = Ai[x1(0) x2(0) x3(0)], i=1,2, where

t t
cos a2 0 —\/gsina—

V3 V3 100
A1: 0 1 0 , A2= bt 10 ,
. at at 001
—sin— 0 cos—
V3 3 V3

and a = x(0),b = z(0).
Then the Lie-Trotter integrator is given by

[yt aptt xn]' = A Aq[xg xp x]

that is,

at at
™ = cos —x™ — V/3sin —2z",

V3 V3

yn+1 = btx" + yn,

n+1 : a n at n
= —sin —x" + cos —z",

V3 V3 V3

The following proposition sketches the Lie-Trotter integrator properties.

Proposition 6.1. The Lie-Trotter integrator (6.4) has the following properties.

(i) It preserves the Poisson structure I'l.

(ii) It preserves the Casimir C of our Poisson configuration (R3,TT).
(iii) It does not preserve the Hamiltonian H of our system (2.11).
)

(iv) Its restriction to the coadjoint orbit (O, wy), where

Oc={(xy,2) e R y*-32* = k|

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

and wy is the Kirilov-Kostant-Souriau symplectic structure on Oy, gives rise to a symplectic

integrator.
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Figure 2: Runge-Kutta 4 steps, Lie-Trotter, and Kahan integrator, respectively (x(0) = y(0) = z(0) = 1).

We will discuss now the numerical integration of the dynamics (2.11) via the Kahan
integrator and also via Runge-Kutta 4th steps integrator and we will point out some
properties of Kahan integrator. The Kahan integrator [10] of the system (2.11) is given by

xn+1zn + Zn+lxn>’ (66)

Using MATHEMATICA 8.0, we can prove the following proposition which shows the
incompatibility of the Kahan integrator with the Poisson structure of the system (2.11).

Proposition 6.2. The Kahan integrator (6.6) does not preserve the Poisson structure and does not
preserve the Hamiltonian and the Casimir of our configuration.

Remark 6.3. As we can see from Figure 2 the three integrators give us almost the same results.
However, Lie-Trotter and Kahan integrators have the advantage of being easily implemented.
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7. Conclusion

The Chen-Lee system is a system arisen from engineering field. Its chaotic behavior makes
it good to applied in secure communications, complete synchronization, or optimization of
nonlinear system performance. The geometric overview gives it a different perspective and
points out new properties. It is easy to see that, like other chaotic systems studied before—the
Rikitake system [11], the Lii system [12], the Lorenz system [13]—finding the corresponding
Poisson structure implies the study of particular values for its parameters. Unlike the other
studied systems, the Chen-Lee one needs to vanish all its parameters to admit a Hamilton-
Poisson realization. The connexion between the existence of a Hamilton-Poisson realization
and the number of the parameters which should be vanished of a chaotic system remains an
open problem.

Acknowledgments

This paper was supported by the project “Development and support of multidisciplinary
postdoctoral programmes in major technical areas of national strategy for research-
development-innovation” 4D-POSTDOC, Contract no. POSDRU/89/1.5/5/52603, project
cofunded by the European Social Fund through Sectorial Operational Programme Human
Resources Development 2007-2013.

References

[1] H.-K. Chen and C.-I. Lee, “Anti-control of chaos in rigid body motion,” Chaos, Solitons & Fractals, vol.
21, no. 4, pp. 957-965, 2004.
[2] T. Wang, K. Wang, and N. Jia, “Chaos control and hybrid projective synchronization of a novel chaotic
system,” Mathematical Problems in Engineering, vol. 2011, Article ID 452671, 13 pages, 2011.
[3] J-M. Ginoux and B. Rossetto, “Differential geometry and mechanics: applications to chaotic
dynamical systems,” International Journal of Bifurcation and Chaos in Applied Sciences and Engineering,
vol. 16, no. 4, pp. 887-910, 2006.
[4] M. W. Hirsch, S. Smale, and R. L. Devaney, Differential Equations, Dynamical Systems and an
Introduction to Chaos, Pure and Applied Mathematics (Amsterdam), Academic Press, Amsterdam,
The Netherlands, 2003.
[5] G.-M. Marle, “Symplectic manifolds, dynamical groups, and Hamiltonian mechanics,” in Differential
Geometry and Relativity, M. Cahen and M. Flato, Eds., Reidel, Dordrecht, The Netherlands, 1976.
[6] F.Haas and J. Goedert, “On the generalized Hamiltonian structure of 3D dynamical systems,” Physics
Letters A, vol. 199, no. 3-4, pp. 173-179, 1995.
[7] M. Puta, “Lie-Trotter formula and Poisson dynamics,” International Journal of Bifurcation and Chaos in
Applied Sciences and Engineering, vol. 9, no. 3, pp. 555-559, 1999.
[8] M. Puta, Hamiltonian Systems and Geometric Quantization, Mathematics and Its Applications, vol. 260,
Springer, Berlin, Germany, 1993.
[9] P. Birtea, M. Puta, and R. M. Tudoran, “Periodic orbits in the case of a zero eigenvalue,” Comptes
rendus de I’ Académie des sciences. Série 1, Mathématique, vol. 344, no. 12, pp. 779-784, 2007.
[10] W. Kahan, Unconventional Numerical Methods for Trajectory Calculation, Unpublished Lecture Notes,
1993.
[11] R. M. Tudoran, A. Aron, and S. Nicoard, “On a Hamiltonian version of the Rikitake system,” SIAM
Journal on Applied Dynamical Systems, vol. 8, no. 1, pp. 454—479, 2009.
[12] C. Pop, C. Petrisor, and D. Bild, “Hamilton-Poisson realizations for the Lii system,” Mathematical
Problems in Engineering, vol. 2011, Article ID 842325, 13 pages, 2011.
[13] C.Pop Ariesanu, “Numerical integration and stability problems in the study of Lorenz system,” Acta
Technica Napocensis, vol. 2, no. 54, pp. 333-339, 2011.



