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ZERO-HOPF PERIODIC ORBITS FOR A ROSSLER
DIFFERENTIAL SYSTEM

JAUME LLIBRE! AND AMMAR MAKHLOUF 2

ABSTRACT. We study the zero-Hopf bifurcation of the Rossler differential sys-
tem

t=x—xy—2z ¢§=x>—ay, 2=blcx—2z).
where the dot denotes derivative with respect to the independent variable ¢
and a, b, c are real parameters.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

Rossler, using the geometry of the 3-dimensional flows, introduced several dif-
ferential systems as prototypes of the simplest autonomous differential equations
exhibiting chaos. The simplicity of his systems is in the sense of minimal dimension,
minimal number of parameters and minimal nonlinearities. Nowadays in Math-
SciNet appear more than 114 articles with the words Rossler system in the title.
In 2006 Letellier, Roulin and Réssler [2] did a classification of chaotic attractors in
R3 in their classification they go back to the differential system

T=x—xY— %2,
(1) y = $2 - ay,

Z2=0b(cx — z),
already considered by Réssler [2, 5, 6] in 1977, showing that this system exhibits
a pure cut chaos in their terminology. As usual the dot denotes derivative with

the time t. This differential system has three families of zero-Hopf equilibria. Our
objective is to study if from these equilibria it bifurcate some periodic orbits.

Our interest in system (1) is motivated due to the fact that frequently the com-
plex dynamics of some chaotic nonlinear systems started in their equilibria. More
precisely, Candido and Llibre in [1] studied the existence of zero-Hopf bifurcations
in 3-dimensional systems, and numerically they show that such bifurcations some-
times are the starting bifurcation of a route to the chaotic motion.

Note that system (1) is invariant under the symmetry (z,y,2) — (—z,y, —2).
A zero-Hopf equilibrium is an equilibrium point of a 3-dimensional autonomous
differential system, which has a zero eigenvalue and a pair of purely imaginary
eigenvalue.

Proposition 1. There are two one-parameter families of systems (1) for which this
system has a zero-Hopf equilibrium point namely the origin when a = 0,b=1,c =
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1+32 with 8 > 0, and the two equilibria (z,y, z) = (£+1/a(l — ¢), 1—c, £cv/a(1l — ¢))

when ¢ =a,b =0, and (2 — 3a)a > 0.

A zero-Hopf bifurcation is a two-parameter unfolding (or family) of a 3-dimensional
autonomous differential system with a zero-Hopf equilibrium. Here we are mainly
interested in the periodic solutions which can bifurcate from a zero-Hopf equilibrium
point of system (1). Our main results on the periodic solutions of the differential
system (1) are the following.

Theorem 2. Let (a,b,c) = (ca1, 1 +¢eb1, 1+ % +ec1) where € is a small parameter.
Then the Rossler system (1) has a zero-Hopf bifurcation at the zero-Hopf equilib-
rium point localized at the origin of coordinates, and a periodic orbit borns at this
equilibrium when € = 0 and it exists for € > 0 sufficiently small.

Theorem 3. Let (b,c) = (eb1,a+ecy1) where € is a sufficiently small parameter. By
using the averaging theory we cannot detect periodic orbits bifurcating from the zero-

Hopf equilibria localized at the points (z,y,z) = (£+/a(l —¢),1—c, £ey/—alc —1)).

Theorems 2 and 3 are proved in section 2 and in section 3, respectively. Their
proofs are based in the averaging theory for computing periodic orbits, see the
appendix. For others applications of the averaging theory for studying limit cycles,
see for instance [1, 3, 4].

2. PROOF OF PROPOSITION 1 AND THEOREM 2

Proof of Proposition 1. System (1) possesses the equilibrium points (0,0,0) and
(£v/a(l —¢),1—c,£c/a(l — ¢)), i.e. system (1) has three equilibria if a(1—c) > 0,
two equilibria if « = 0 and ¢ # 1, and one equilibria otherwise. The Jacobian matrix
of system (1) is

The characteristic polynomial which correspond to the equilibrium point (0, 0, 0)
is p(A) = =X+ (1 —a—bA+ (a+b—ab—bc)\ — ab(c — 1). In order to study
the zero-Hopf bifurcation we impose that p(A)=—A(\? + 3?) with 8 > 0, and we
obtain one family of zero-Hopf equilibrium points when a = 0,b=1,¢ = 1+ 82.

The characteristic polynomial which correspond to the equilibria (£4/a(1 — ¢), 1—
¢, £cy/a(l —¢))is g(A) = = X3+ (—a—b+c)A2 —a(2+b—3c)A+2ab(c—1). In order
to study the zero-Hopf bifurcation we impose that g(A\)=—X(\? + 32) with 3 > 0,
we obtain one family of zero-Hopf equilibria when ¢ = a,b =0 and 8 = /(2 — 3a)a
if (2 —3a)a > 0. O

We shall see that from the zero-Hopf equilibrium (0,0,0) one periodic orbit
bifurcate in a zero-Hopf bifurcation.
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Proof of Theorem 2. If (a,b,c) = (a1, 1+¢by, 1+ 5% +ec1) with € # 0 a sufficiently
small parameter, then system (1) becomes

T=x—xy— 2,
(2) j=a® —eary,
2= (1+eb)((1+ B2 +ec1)z — 2).

We need to write the linear part of system (2) at the equilibrium point (0,0,0) in
its real Jordan normal form, i.e. into the form

0 -8 0
B 0 0
0 0 0

In the new variables (X,Y, Z) defined by (z,y,2) = (X, Z, X + fY) we obtain the
differential system

X =-8Y -XZ,

. 1 1
(3) Y = ﬁX + —-XZ+¢ ((ﬂbl + %)X — blY) + 52—b161X7

, B B
7z =—ca1 Z + X2

Consider the change to cylindrical coordinates (r, 6, Z) defined by X = rcos6,Y =
rsin § we obtain the differential system

(4)
7= %( Z cosf(sin@ — Bcos b)) + 5%7’ sin0((ey + b18%) cos § — by Bsinh),
0= %(Qﬁz + (14 cos20 + Bsin20)7Z) + 5c059((%1 +b13) cos ) — by sin 6),

Z =r2cos?0 —eca1 Z.

We take 0 as the new independent variable of the differential system and we get
(5)
2 4
r= 2(27"2 cosf(sinf — B cosb)) + Ep(rﬂ(ZCOSH + Bsinf)(cy + b13%) cos O — by Bsin ),

1 2
7 = 2267“2 cos? ) — sﬁﬁ(Qrz(cl + b18%) cos* 0 — 28b; cos® OsinOr2 + a; ZA),

where A = 2% + (1 + cos 20 + Bsin 26)Z.

Here the prime denotes the derivative with respect to the variable 6. Since we
want to study the zero-Hopf bifurcation we scale the variables (r, Z) with the small
parameter € and we shall study the periodic solutions of the scaled differential
system. These periodic solutions, if they exist, will tend to the origin when ¢ tends
to zero and consequently there will be periodic solutions in a zero-Hopf bifurcation
at the origin. Hence by putting (r, Z) = (¢R,eU), we obtain the following system.
(6) 5

R = 5@((01 +b18% 4+ U)cosfsinf — Bby sin? @ — BU cos? @) = eF1 (6, R, U),

1

U = =¢eF»(0,R,U).

6,3(R2c0s29—a1U) eFa( )

We shall apply the averaging theory described in the appendix to the differential
system (6). Using the notation of the appendix, we have t = 0, T = 27,z = (R, U)T
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RO smo= (BED,

27
ARU) = / Fu(0, R, U)o,
27T 0

and

where

1 2m
f2(R,U) = —/ Fy(0,R,U)db.
2 0
It is immediate to check that differential system (6) satisfies all the assumptions of

Theorem 4 of the appendix. So we will apply it to system (6). Now we compute
the integrals (15), i.e. We obtain

R(b1 + U)

R? — 201U
23 '

A(RU) = - e

L(RU) =~
The system f1(R,U) = 0, fo(R,U) = 0 has a unique solution (R*,U*) with
R* > 0, namely (R*,U*) = (\/—2a1b17—b1) if ajby < 0. The corresponding

—a1b
Jacobian (16) at (R*,U*) takes the value a12 !

> 0. Theorem 4 guarantees for

sufficiently small the existence of a periodic solution (R(8,¢),U(6,¢)) of system (6)
such that (R(0,¢),U(0,e)) — (R*,U*) when ¢ — 0. That is system (6) has the
periodic solution

(R(6,¢),U(0,¢)) = (R* 4+ O(e), U + O(¢)).
So system (5) has a periodic solution
(r(0,€),Z(0,¢)) = (eR* + O(e?),eU* + O(£%)),
and consequently system (4) has a periodic solution
(r(t,e),0(t,e), Z(t,€)) = (eR" + O(e®), Bt + O(e),eU* + O(€?)).
Therefore system (3) has a periodic solution
(X(t,€),Y(t,e), Z(t,e)) = (eR* cos(Bt) + O(?),eR* sin(ft) + O(e?), O(?)).
Finally system (2) has a periodic solution
(z(t,e),y(t,e), 2(t,€)) = (eR* cos(Bt)+O(e?), 0(e?), e R* (cos(Bt)+ B sin(Bt)+0(e%)).
This completes the proof of the theorem. ([

3. PROOF OF THEOREM 3

Proof of Theorem 3. Consider the second equilibrium point (z,y, z) = (—y/a(l — ¢),1—
¢, —cy/a(l = ¢)) with a(1 —c) > 0. We assume that a(1 —c) > 0 and (2 — 3a)a > 0.
The corresponding second family of perturbed parameters is (b, c¢) = (eb1,a + €cq).

We translate this equilibrium point to the origin (z,y, z) — (z —/a(l —¢),y+1—

¢,z — cy/a(l —¢)), and we obtain the differential system

t=—z+(a—y+ae)r+all —a—ea)y,
(7) y=-2v/a(l —a—ccy)x — ay + 22,
z=cbi(a+ecr)x+ebz.
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The Jacobian matrix at the origin and for € =0 is

a (1—-a)a -1
—-24/(1—a)a —a 0
0 0 0

Its eigenvalues are (0,++/(2 — 3a)ai). We need to write the linear part of system
(2) at the equilibrium point (0,0,0) in its real Jordan normal form, i.e. into the
form

0 —+v/(2—3a)a O
V(2 —3a)a 0 0
0 0 0
In the new variables (X,Y, Z) defined by
(8) p
r= X+ 302’
3a —
~ 3a%V/2 —3aX — 4/aY +12a%?Y — 9a°/?Y + 2/2 = 3a(aX + (1 + a)Z)
Y (2—-3a)3/2y/(1 —a)a
z= Z,

we obtain the differential system

9)
aX? n 2v/1—aZ? Ly Z _\/(2—3a)a(1—a—615)
Ji-aa  (2-30)%/a 2—=3a)(1—a) Vi—a
\/ — 3aY (2—-a)Z av/a(l —a—cie)  be(a+ecy)
o Vica | JO-aaBa-2 T Ji-aa  3a-2 )
+ﬁ(4\/(1 —a)a®(l —a —ec) +a(—6a® — (24 €by)(2 + ecq)
—64/(1 —a)a2(1 —a —ecy) + a(10 + 2eby + 3ec1))),
v X2 B 3\/1—arZ2 Y(-a+t VvaZz N a2(1faf€cl)>
(2—3a){1—a) (2 —3a)®/2 V(2 —=3a)(1—a) vi—a
+(2 3T —a)a Z(—4a*y1 —a —ebiv/1 —a(2 +ecy) —4y/a?(1 —a —ecy)
aY 4—3a)Z
+4y/a* (1 —a —ecr)y + av/1 —a(d+ 2eby +ec1)) + X( - \/\% + e _(3a)3§2\)/m
! (—2a2y/1 —a+eay/1 —a(by — c1) + €?bre1vV/1 — a+2y/a?2(1 —a — ecy)
(2—-3a)(1—a)a
—a’/?\/a(1 —a—ecﬂ)),
P 011 Z(2—-2a+¢cr) + by (a+ c16) X,

3a — 2

Consider the cylindrical coordinates (r,0, Z) defined by X = rcosf,Y = rsin6
after we take 6 as the new independent variable and doing the scaling (r, Z) =
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(eR,eU) we obtain the following system.

, v1—a l i _
0 . 22— 3a)3\/a(l —a) <A+B) ==h6.RD),
U — —eh, V1—a(2(1 —a)U + a(3a —2)Rcos0) Ry (0, R,U),
(2 —3a)3/2\/a(l — a)
where
(11)

A= a(l —a)({U+ (3a — 2)Rcos0)(—2(2 — 3a)*/2aR cos(20) + 6(a — 1)y/al sin 0
—2co0s0(2v/2 — 3a(a — 1)U + y/a(9a® — 9a + 2) Rsin 0)),

B= (a-1)va(4v2—3a(a—1)y/ala—1)by + (3a — 2)c1)U cos
+(2 — 3a)3/2/a(—4c; + a(2(a — 1)by + (8 — 3a)c1))Rcos? 0 + (3a — 2) sin
(2(1 —a)(2(a — 1)by + 3ac1)U +a(3a —2)R(2((a — 1)by + ¢1) cos b
++v/a(2 — 3a)ey sinh))).
As usual the prime denotes derivative with respect to §. We shall apply the av-
eraging theory described in the appendix to the differential system (10). Using
the notation of the appendix, it is immediate to check that differential system (10)
satisfies all the assumptions of Theorem 4 of the appendix. So we will apply it to
system (10). Now we compute the integrals (15), and we obtain

R(a?(by — 3c1) + 2acy) — 2y/a(l — a)U)

(12) hife)= 2a3/2(2 — 3a)3/? ’
2(a —1)b1U
f(R,U) = m-

The system f1(R,U) = 0, f2(R,U) = 0 has the unique solution (R*,U*) = (0,0). In
order to go to averaging of second order, we need that a = 1, but then (2—3a)a < 0,
and this is not possible. So with the averaging theory we cannot detect periodic
orbits bifurcating from the equilibrium point (—\/a(l —¢),1 — ¢, —c\/a(1l — ¢)).
This completes the proof of the theorem. |

APPENDIX:AVERAGING THEORY OF FIRST ORDER

We work with the two initial value problems

(13) x = eF|(t,x) + 2 Fy(t,x,¢), x(0) = x,
and
(14) y=c¢f(y), y(0)=xo,

with x , y and %o in some open Q of R", t € [0,00), € € (0,&0]. Let F1 and F2 be
periodic functions of period T in the variable t, and we define

(15) fly) = %/0 Fi(t,y)dt.

Theorem 4. By hypotheses the functions Fy, DyxFy ,DxxF| and DyxF5 are con-
tinuous, bounded by a constant independent of £ in [0,00) x £ x (0,e0], and that
y(t) € Q fort € 0,1/¢]. Then the next statements are satisfied.
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(1) Fort €[0,1/e] it follows that x(t) —y(t) = O(e) as € — 0.
(2) If p # 0 is an equilibrium point of system (14) and

(16) det Dy f(p) # 0,

then there is a periodic solution ¢(t,e) of period T for system (13) such
that $(0,e) —p = O(e) as e — 0.

The notation Dyg means the Jacobian matrix of g with respect to the compo-
nents of x, and Dxxg means the Hessian matrix of g.

For a proof of Theorem 4 see [7].
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