INTEGRABILITY AND LIMIT CYCLES OF THE MOON-RAND
SYSTEM

LUIS BARREIRA!, JAUME LLIBRE? AND CLAUDIA VALLS?

ABSTRACT. We study the Darboux integrability of the Moon-Rand polynomial
differential system. Moreover we study the limit cycles of the perturbed Moon—
Rand system bifurcating from the equilibrium point located at the origin, when it
is perturbed inside the class of all quadratic polynomial differential systems in R
and we prove that at first order in the perturbation parameter £ the perturbed
system can exhibit one limit cycle, and that at second order it can exhibit four
limit cycles bifurcating from the origin. We provide explicit expressions of these
limit cycles up to order O(e?).

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The Moon—Rand system (introduced by Moon and Rand) was developed to model
the control of flexible space structures (see [11, 5, 6, 10]). It is a differential system
in R3 of the form

T =y,
Yy =—T— T2,
(1) 2
Z=—-Xz+ Z ety
i=0

where (z,y,z) € R? are the variables, A > 0, ¢; are real parameters and the dot
indicates derivative with respect to the time ¢. In [10] Mahdi, Romanovski and
Shafer studied the Hopf bifurcation of the equilibrium point located at the origin
of system (1) using the reduction to the center manifold and studying the Hopf
bifurcation on this surface. They found that 2 limit cycles can bifurcate from the
origin of system (1). In this paper we study the case when A\ =0, i.e.

r=1Y,
(2) y=—x—xz,
2 =ax’+ Bxy + 'yy2,

where (z,y,2) € R3 are the state variables and (a, 3,7v) are real parameters. We
emphasize that the center manifold is now R3.

We note that system (2) is a family of quadratic systems in a three-dimensional
space. Quadratic systems in R? are the simplest systems after the linear ones. Ex-
amples of such systems are the well-known Lorenz system, Rossler system and Rik-
itake system, among others. These have been investigated in the last decades from
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different dynamical points of view. Despite their simplicity, quadratic polynomial
differential systems are far from being completely understood from the viewpoints
of their integrability and of their limit cycles.

The first aim of this paper is to study the existence of Darboux first integrals of
system (2), using the Darboux theory of integrability (originated in paper [3]). For
the present state of this theory see Chapter 8 of [4], the paper [7], and the references
quoted in them. We recall that a first integral of Darboux type is a first integral H
which is a function of Darboux type (see below (4) for a precise definition).

The vector field associated to system (2) is

0 0 0
X=y——z(1 — 2 2y —.
Yo x( +Z)8y + (ox” + Bay + vy )82
Let U C R? be an open set. We say that a nonconstant function H: U — R is a
first integral of the polynomial vector field X on U if H(x(t),y(t), 2(t)) is constant
for all values of ¢ for which a solution (z(t),y(¢),2(t)) of X is defined on U. Clearly
H is a first integral of X on U if and only if

OH OH OH
3 XH=y— —a(1+2)— 2 )—— =0
3) Vg —a(l+2) + (o + oy + %) 5
on U. We say that system (2) is completely integrable if there exists two functionally
independent first integrals H; and Hs. We recall that two first integrals H; and
Hy are functionally independent if their gradients are linearly independents except
maybe on a set of zero Lebesgue measure.

We emphasize that the study of the existence of first integrals is a classical problem
in the theory of differential systems, because the knowledge of first integrals of a
differential system can be very useful in order to understand and simplify the study
of the dynamics of the system. Thus their existence or nonexistence can also be
viewed as a measure of the complexity of a differential system.

We recall that a first integral is of Darboux type if it is of the form
(4) RN AR

where f1, ..., f, are Darboux polynomials (see section 2 for the definition), Fi, ..., F,
are exponential factors (see section 2 for the definition), and \;, puy € C for all j
and k.

The functions of the form (4) are called Darboux functions, and they are the base
of the Darboux theory of integrability, which studies when these functions are first
integrals or integrating factors. In this last case the first integrals associated to
integrating factors given by Darboux functions are the Liouvillian first integrals, for
more details see [4, 7].

The Darboux theory of integrability is essentially an algebraic theory of inte-
grability based on the invariant algebraic hypersurfaces of a polynomial differential
system. In fact to every Darboux polynomial there is associated some invariant al-
gebraic hypersurface (see again section 2), and the exponential factors appear when
an invariant algebraic surface has multiplicity larger than 1, for more details see
2, 4, 7).

Our main result related to the integrability of system (2) is summarized in the
next theorem.
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Theorem 1. The following statements hold for the Moon—Rand polynomial differ-
ential system (2).

(a) When a = v = 0, it is completely integrable with the polynomial first inte-

(b)

grals:
2 2 2
x Y z
HlZB?—Z, H2:5?+Z+?
When a # 0 or v # 0 it does not have Darbouz first integrals.

The proof of Theorem 1 is given in section 3.

The second aim of this paper is to study the limit cycles bifurcating from the
origin (0,0,0) of the Moon-Rand system (2) when we perturbed it inside the class
of all quadratic polynomial differential systems in R3. We will use the averaging
theory of first and second order. More precisely we consider the system

()

T =

y +e(a1x + agy + azz + agx? + asyr + agzx + ary? + agyz + agz?)
+52(a10 + a1z + a12y + a132 + a1a®? + a5y + ar62x + a17y® + aigyz
+a1922),

—2(z 4+ 1) + e(brx + boy + b3z + byx? + bsyx + bgzx + byy? + bgyz + byz?)

+€2(b10 + b11x 4+ bioy + b1z + b14x2 + bisyx + bigzx + b17y2 + bi1gyz
+619Z2)7

ax? + Bxy + yy? + e(crx + coy + 3z + cax? + ey + cozx + cry? + cgyz

+eg2?) + e%(cro + cnix + cray + 132 + cuax? + cisyx + ez + crry?
+c18Yz + 61922).

Assuming that ag + bg # 0 we introduce the notation

(6)
and
(7)
A=

B:

S13 = (bser + c13 — azea)? + 2co(aroca — bioer),

(20,6 + 2b8 + 09)a2
8(ag +bs)?

1
_2(0«6 + bg)2

—(3bscr + c13 — 3agea)a + 4bs(cs + o7 + (ag + b)) — a18) ) ag+

<2(C4 +c7 + (ag + bl)a — alﬁ)a% + (2(041 + 1)12)04

b8(2a11 + 2b1y — 3b3zc; — c13 + 3a302)a + 2(a11 + b1g — b3cg + Q302)Cga

+262(cs + c7 + (ag + by)a — alﬁ)),

1
(ag + bg)?
—c1(biobs + b3(bsc1 + c13)) + a1 (bscr + c13 — azca)+

bm(bgcl + c13 — a302))a6 + bg( — 2a§c§ + (a10b8 + 2a3(2b361 + 013)>CQ

—c1(b1obs + 2b3(bsc1 + c13)) + 2a11(bscr + c13 — aszca)

+2b12(bse1 4 c13 — azcz)) — 2(a11 + bia — bzer + a302)209>.

((a1002 — brocr)ag + 2( — a3c3 + (a10bs + as(2bscr + c13))c2
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Theorem 2. The following statements hold for system (5).

(a) Using the averaging theory of first order, for € # 0 sufficiently small sys-
tem (5) has a limit cycle bifurcating from the equilibrium point at the ori-
gin when € = 0 and cscip(ar + az) # 0. This limit cycle is of the form
(2(t,€), y(t,), 2(t,)) where

2(t,e) = O(?), y(t.e) = 0(?), (te) = —e=22+O(?).
c3

(b) Using the averaging theory of second order, for e # 0 sufficiently small system
(5) has four limit cycles bifurcating from the equilibrium point at the origin
when € =0, bo = —ay, cs =c10=0,v=—a, ag+bg #0 and A # 0. Two
limit cycles are of the form (z(t,e),y(t,¢), z(t,€)) where

—bsc1 — c13 + agco £/ S13
209

z(t,e) = 0(E?), y(t,e) =0(?), z(te)=¢ z+ 0(e%),

whenever Sz > 0 and cody 2 # 0 (see the proof of Theorem 2 for the defini-
tion of di2).

The other two limit cycles are of the form (z(t,e),y(t,€), 2(t,€)) where

B  VB?—-4AC
z(te) =e\| —— £ —————

cost + O(e?),

2A 2A

B VB2 -4AC | 9
y(t,e) = E\/_2A + i sint + O(g?),

(B TVB?2 - 4AC> a— 8A(a11 + b1o — b3 + agcg) )
z(t,e) =¢ SA(ag + ba) z 4 0(e?),
whenever
VBT =1
C#0, —%ﬂ:BTAC>0, d3,47£0

(see the proof of Theorem 2 for the definition of d34).

The proof of Theorem 2 is given in section 4. It uses the averaging theory described
in Theorem 11 of the appendix.

2. BASIC RESULTS

Let h = h(x,y,z) € Clx,y,2] \ C. As usual C[z,y, 2] denotes the ring of all
complex polynomials in the variables z,y, z. We say that h is a Darbouz polynomial
of system (2) if it satisfies

Xh = Kh

for some polynomial K = K(x,y, z) € Clz,y, z], called the cofactor of h, of degree at
most 1. Every Darboux polynomial h defines an invariant algebraic surface h = 0,
i.e., if a trajectory of system (2) has a point in A = 0, then the whole trajectory is
contained in h = 0, see [4] for more details. When K = 0 the Darboux polynomial
h is a polynomial first integral.

We note that we will look for Darboux polynomials in C instead of R. This is due
to the fact that real first integrals can come from complex Darboux polynomials.
The reason for this is the following: if there exists a complex Darboux polynomial of
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a real polynomial differential system then its conjugate is also a Darboux polynomial
and their product is a real Darboux polynomial.

We recall the following auxiliary result that was proved in [4].

S
Lemma 3. Let f be a polynomial and let f = Hf;lj be its decomposition into
j=1
irreducible factors in Clx,y, z]. Then f is a Darbouz polynomial if and only if each
fj is a Darbouz polynomial. Moreover, if K and K; are the cofactors of f and f;,
S

then K = ZajKj.
j=1
An exponential factor E of system (2) is a function of the form E = exp(g/h) ¢ C
with g, h € C[z,y, 2] satisfying (g, h) = 1 and
XE =LEFE,
for some polynomial L = L(z,y, z) of degree at most one, called the cofactor of E.
A geometrical meaning of the notion of exponential factor is given by the next

result.

Proposition 4. If E = exp(g/h) is an exponential factor of the polynomial differ-
ential system (2) and h is a nonconstant polynomial, then h = 0 is an invariant
algebraic surface, and eventually €9 can be an exponential factor, coming from the
multiplicity of the infinite invariant plane.

The proof of Proposition 4 can be found in [2, 8]. We explain a little the last
part of the statement of Proposition 4. If we extend to the projective space PR? the
polynomial differential system (2) defined in the affine space R3, then the plane at
infinity is always invariant by the flow of the extended differential system. Moreover,
if this invariant plane has multiplicity higher than 1, then it creates exponential
factors of the form e?, see [8] for more details.

We shall use the following result.

Theorem 5. Suppose that the polynomial vector field X of degree m defined in C3
admits p invariant algebraic surfaces f; = 0 with cofactors K;, fori=1,...,p and q
exponential factors Ej = exp(g;/h;) with cofactors Lj, for j =1,...,q. Then there
exist Ai, jt; € C not all zero such that

P q
D NiKit Y uLi =0
i=1 j=1

if and only if the function of Darboux type

A
1/\1 o fyPEI . Eh
is a first integral of X.
Theorem 5 is proved in [4, 8].

Lemma 6. Assume that exp(gi/hi),...,exp(gr/h,) are exponential factors of a
polynomial differential system

(8) ' =P(z,y,2), ¥ = Q(z,y,2), 2 = R(z,y,2),
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for some P,Q, R € Clz,y, z|, with cofactors L; for j=1,...,r. Then
exp(G) = exp(g1/h1 + -+ + g/ hs)

is also an exponential factor of system (8), with cofactor L = Z;Zl L;.

Proof. Using that for j =1,...,r, By = exp(g1/h1),..., Er = exp(g,/h,) are expo-
nential factors of system (8) with cofactors L; we have

9(g;/h;) d(g;/h;) A(g;/hj)
75:0 12 P(z,y, 2)E; + 7(2)(7; J Qz,y,2)Ej + 732 J R(z,y,z)E; = LjEj,
or equivalently
9(g;/h;j) 9(g;/h;j) A(g;/hj)
P —~2JL = L.
81} (xaya Z>+ ay Q(x7yv Z)+ 82’ R(x,y,z) J
Therefore if we set G = >_"_, g;/h; we get that
oG oG oG "
P gl - = E L;=1
ax (xayaz)+ ay Q($7yaz)+ az R(w,y,z) pat J )

and thus if £ = exp(G) we obtain
gP(x, y,2)E + %j@(x, y,2)E + %SR(w,y, 2)E = LE.

This concludes the proof of the lemma. O

3. PROOF OF THEOREM 1.
When v = a = 0 the result follows directly checking condition (3). This proves
statement (a).
Now we shall prove statement (b). We assume that v # 0 or a # 0.
We consider the automorphism 7: C3[z,y, 2] — C3[x, y, 2] defined by
T(z,y,2) = 7(—2, —Y, 2).
Proposition 7. If g is an irreducible Darboux polynomial of system (2) with cofactor
K =qap+ a1z + asy + aszz,
then f = g-7g is a Darboux polynomial invariant by T with a cofactor of the form

9) K¢ =2ap+ 2a3z.

Proof. Since system (2) is invariant by 7, the function 7¢g is a Darboux polynomial
of system (2) with cofactor 7(K). Moreover, by Lemma 3, g - 7¢g is also a Darboux
polynomial of system (2) with cofactor K + 7(K). Therefore again by Lemma 3,
the cofactor of f is Ky = K + 7(K) which is given in (9). O

Proposition 8. Let f be a Darboux polynomial of system (2) invariant by T with
nonzero cofactor Ky. Then K; = 2ayq.

Proof. Let f = f(x,y,z) be a Darboux polynomial of system (2) with nonzero
cofactor K. Then it satisfies
of of

10 ygl - a4 )50+ (a4 oy +wA) G =20+ aa)s.
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We decompose f into its homogeneous parts as
n
F=> fizy,2),
§j=0

where each f; is a homogeneous polynomial of degree j. Computing the terms of
degree n + 1 in (10), we get

8fn 2 2 8fn _
xza—y + (az” + Bay + vy )E = 2032 fp.

Solving it we get

203y
fo = Gu(w,32(8y* + %) + 29302 + 9% )e @,

where G, is any function in the variables x and 3z(By?+ 22) +2y(3az? ++y?). Since
fn must be a polynomial we must have ag = 0. U

The following result characterizes the Darboux polynomials of system (2) that
are invariant by 7 and have nonzero cofactor.

Proposition 9. There are no Darbouz polynomial of system (2) invariant by 7 and
with nonzero cofactor.

Proof. Let f = f(z,y, z) be a Darboux polynomial of system (2) invariant by 7 with
nonzero cofactor K = 2qy.

In order to simplify the computations we do the rescaling
v=pX, y=p?Y, z=p'Z, t=p’T,

with € R\ {0}. Then system (2) becomes

X' =12y,
(11) Y' = —p* X7 — 1i*X,

7' =aX?+ XY +4Y?,
where the prime denotes the derivative with respect to the variable 7. Now we
define

F(u, XY, Z) = p" f(u > X, n=2Y, p " 2)

where m is the largest integer such that p~™ appears in f(u=2X,u~2Y,u=12). We

write

F(u,X,Y,2) =Y WF(X,)Y,Z),
1=0
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where Fj is the coefficient of 4 in the polynomial F(u, X,Y, Z). Since F(u, X,Y, Z)
is a Darboux polynomial of system (11), equation (2) can be written as

3Y£<ZMFXYZ)> (X2 4 pX) 5 0 (ZMFXYZ))
(12)  +(aX?+ BXY + 7Y2)8—Z ( Z WF(X,Y, Z))
=0

m
=0
Computing the coefficient of x° in (12) we get

OF,
(aX?+BXY +9Y?)—— 57 = 200F, thatis Fy=Go(X, Y)e2002/(aX?+AXY +7Y2)

where G is any function in the variables X,Y. Since Fy must be a polynomial we
must have ag = 0. This concludes the proof. O

Proposition 10. There are no polynomial first integrals of system (2) invariant
by T.
Proof. Let f = f(x,y,2) be a polynomial first integral of system (2) invariant by 7.
In order to simplify the computations we do the rescaling
r=upuX, y=upY, z=27, t=1T,
with 1 € R\ {0}. Then system (2) becomes
X' =Y,
(13) Y =-X-XZ,
7' = 2 (aX? + BXY + Y2,
where the prime denotes the derivative with respect to the variable 7. Now we
define

F(M7X7Y7 Z) = f(MX’MK Z)
and we write
m
F<M7X7Y7Z) = ZMZF1<X7Y7Z>7
i=0
where F} is the coefficient of ;¢ in the polynomial F'(u, X,Y, Z). Since F(u, X,Y, Z)
is a Darboux polynomial of system (13) with zero cofactor, we have

Ya% ( i;ﬁFi(X, Y, Z)) (X + XZ)— (Z WF(X,Y, Z))
(14) =0
WA (aX? + BXY +7Y?) 0 (Z,ﬁF (XY, Z)) ~0.

Computing the coefficient of x° in (14) we get

F{
YZ‘X[,) - (X +XZ)88Y(,) = 0 that is F() = GO(Z, HQ)’ where H2 — X2(1 + Z) +Y27
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where G is any function in the variables Z, Hy. Since Fj is the coefficient of u? in
(14), Fy = Fo(2).

Computing the coefficient of p in (14) we get again that Fy = Fy(Z, Ha), where
(51 is any function in the variables Z, Hs. Since F; must be linear in the variables

X and Y, it follows that F; = 0.

Computing the coefficient of 2 in (14) we obtain

OF, _ or, 2 2\ 1t

Solving this linear partial differential equation we get

X(Ya+ (Z+1)(XB—-Y7))

FQZGQ(ZﬂHQ)_ 2(_Z_1)
N (Z+1D)X?*+Y?) (a+ Zy+7)log (YV-Z —1-X(Z+1)) F}(Z)
2(—Z —1)3/2 ’

where G is any function in the variables Z, Hy. Since F3 must be a polynomial we
must have (a + v +vZ)F{(Z) = 0. If o = 0 then v # 0 and Fj(Z) = 0, and if
v = 0 then a # 0 and again F(Z) = 0. In short Fj(Z) = 0, and we can assume
that Fo =0.

Now we proceed by induction. Assume that Fp, =0for k=0,...,/—1with ¢ >1
and we shall prove it for & = .

By induction hypothesis, the coefficient of ;i in (14) satisfies

OFy 0F, )
Y— —(X+XZ)— =0thatis F;, = Z, H

X ( + ) oY 0 at 1s Iy Gf( ) 2)7
where Gy is any function in the variables Z, Ho. Since F; must be a homogeneous
polynomial of degree ¢ in the variables X and Y, thinking of Z as a constant, we get
that if £ is odd then F; = 0 because Hs is of even degree in the variables X and Y,

and we are done. If / is even then F) = Mg(Z)H§/2, where M) is a polynomial in
the variable Z.

Now proceeding as in the case F; we obtain that Fyy; = 0. Computing the

coefficient of pf*2 in (14) we get

= (aX? + BXY +~Y?)F)(Z)

¢ .
= (aX? + BXY +4Y?) (Hﬁ/QM,f(Z) + Xy 1MZ(Z)).
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Solving this linear partial differential equation we obtain

P 1

27160z + 12 ((2 + D22 + 42)
+y3(3a+zv+’y))M( )((z+1)x2+y2)€/2+8(z+1)( ((z+1)
—yz+ 1) (—a+ 2y + )2 + y*(z + 1)z + (a—(2+1)7)) '(2)

(€x(2(z +1)282° — y(z + 1)(=ba + 2y + ’y)a;Q

((z + Da? + )2 + 2(z + 1)Goya(z, Ha)((z + 1)x? + )

1
C16(—z — 1)5/2

(UBa+ 2y +7)M(2) +8(z + 1)(a + 27+ 7)M'(2))),

(((z+ )2 + y2) @D 2 10g(yv/ =2 =1~ (2 +1))

where Gyo is any function in the variables Z, Hy. Since Fp, 9 must be a polynomial
we must have

14
8(1+ Z)(y+a+aZ)M)(Z)+ 35 Ba +7+92)My(2) = 0.
Solving this linear differential equation in M,(Z) we get
M(Z) = Co(1+ Z2)*Plat+y+12)", CreC.

Since My must be a polynomial, £ > 0 and either a # 0 or v # 0 we get that Cp = 0,
ie. My(Z) = 0. Then since F; = Mg(Z)Hg/z, we obtain that Fy = 0 and this
concludes the proof of the lemma. O

In summary, from Propositions 7, 9 and 10 it follows that system (2) has no
Darboux polynomials.

Now it follows from Proposition 4 that in order to have a first integral of Darboux
type we must have ¢ exponential factors E; = exp(g;) with cofactors L; such that
> miLly = 0. Let H = >7%_, pjgj, then by Lemma 6 E = exp(H) is an expo-
nential factor of system (2) with cofactor L = 23‘21 pjL; = 0. Therefore exp(H)
is a first integral because its cofactor is zero. So H is a polynomial first integral
of system (2), but by the argument used in the proof of Proposition 10 this is not
possible. This completes the proof of statement (b) of Theorem 1.

4. PROOF OF THEOREM 2

First in order to write the differential system (5) into the normal form for applying
the averaging theory described in the appendix we do the change of variables

xr=eRcosl, y=cRsinl, z=c¢eZ.

Recall that this is a change of variables when R > 0. Moreover doing this change of
variables the angular variable 6 appears in the system. Later on the variable 6 will
be used for obtaining the periodicity necessary for applying the averaging theory.
So now we consider the system (R, 6, Z).
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“We take as the new time the variable 6, and consequently the previous system in
(R, 0, Z) becomes

; R=S0 = ePi(r0,2) + 2Filr.0,2) + OE),
" 7= = <Pn(r.0,2) + £Pn(r,0,2) + O()
where
= —%(al — by)Rcos? 0 — (a1 + a3Z) cos — R(ag + by — Z)sinf cos f
+%(a1 — by)Rsin® 6 — %(al + b2) R — (bio + b3Z) sin 0,
Fo = —%(a — ) cos? OR? + %(a — v)sin? OR? — %(Oz + ) R% — B cos 0 sin O R?
—c1cosR — cosinfR — c19 — 32,
Fy = —%(al —bo)R(ag + by — Z) cos* 0 — %(%RQ —a7R? — bsR? — 2a3 7>

—2a10Z + 2a2a3Z + 2a3b12 + 2a1b3Z — 2b2b3Z) COS3 0

1
+=R(ay +as +by — by — Z)(a1 —az — by — by + Z)sinf cos® 0

2
3 1
+§(a1 — bQ)R(az + by — Z) sin? @ cos? 6 — ﬁ(anRQ + a1b1R2 — b12R2

+(12b2R2 - a12R2 + aﬁZR2 - bSZR2 + 2a3b322) cos? 6
3
—Z(a5R2 + b4R2 — b7R2 - 2b3Z2 —2a1a3Z — 2b10Z + 2a3bs Z
1
+2a9b3 2 + 2blng) sin 6 cos® 6 — §R(a1 +ag+b —by— 2)
(ag —ag — by — by + Z) sin® @ cos 0 + z(az;RZ —a7R? — b5 R? — 2a32°
—2a104 + 2a9a3Z + 2a3b1Z + 2a1b3 2 — 2b2b32) sin” 0 cos 6

1
—Z(3a4R2 + arR? + bsR? — 2a32% + 4ag Z* — 2a10Z + 4a13Z

1
—2a9a3Z + 2a3b1Z + 2a1b3Z + 2b2b32) cosf + ﬁ (CL%R2 + Q%RQ
—V3R? — b3R? — Z?R? — 2a12R? — 2b11 R? — 2a3 ZR? + 2b1 Z R?

1
—2b6ZR? + 2a3 2% — ngZz) sinfcosf — ~(a; — ba)R(az + by — Z)sin* 6

4
1 2 2 2 2
+Z(G5R + by R* — b7 R® — 2b3Z° — 2a1a3Z — 2b19Z + 2a3bo Z
1
+2a9b3 2 + 2b1b3Z) sin® 0 + ﬁ (CL11R2 + CL1b1R2 - b12R2 + a2b2R2

1
—a ZR?* + agZR? — bs ZR* + 2a3b3 Z?) sin®  — (2011 — @105+ arby
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1 1
+2b19 — agby + blbg)R + 1(&1 — 2ag + by — 2b8)RZ — 1 (a5R2 + b4R2

+3b7R? — 20322 + 4bgZ? — 201037 — 2b10Z + 4bi3Z — 2a3ba Z
—2(12ng + 2b1b3Z) sin 9,

—%RQ(aQa +bia— Za+a1B — befB — agy — byy + Z7) cos* 6
—%R(agcl +bic1 — Zeg + aico — baco + biga + b3 Za + a9
+a3ZfB — bigy — b3Zv) cos® 0 + %RZ(ala —boa — aofB — b1 8
+7ZB — a1y + bay) sinf cos® 6 + ZRz(GQOé +bia—Za+ a1
—bof8 — agy — b1y + Z7y)sin? 0 cos? 6 — %(C4R2 — 7 R%+
biaR? — ZaR? + agyR? — c32% + b3\ Z — c10Z + azcaZ
+asesZ + bicsZ) cos? 0 + ZR(mcl — bycy — agcy — bics + o Z
+ajpa 4+ azZa — bygB — b3ZB — a9y — a3 Zy)sin 6 cos? 0

1
—§R2(a1a — by — a3 — b1+ ZB — ayy + bay) sin® 0 cos 6

3
+ZR(CL261 4+ bic1 — Zey + arcg — bacy + bipa + bsZa + a10f

1
4a3ZpB — bigy — b3Z'y) sin® 6 cos 0 + E(a261R2 - 3b101R2

—4611R2 + CL1€2R2 — bQCQRQ + 3612R2 — 406ZR2
—3()100&RQ - 3ng()¢R2 + CL10,3R2 + a:;ZﬁRZ - b10’yR2 - ng'yR2

—4b363Z2) cosf — %(205}22 — a1aR? + byaR? — asBR? + b1 BR?
—ZBR? — a1vR? + byyR? — 2a3¢1 7 + 2b3caZ — 2a1¢372

—1—262632) sin @ cos 8 — éRQ(aga +bia— Za+a18 — b8

—agy — b1y + Z7) sin*6 — %R(alcl — bycy — asey — bicg + ol

+apo + azZo — by — b3 ZB — argy — azZy)sin® 6 — %(64 + c7) R?
+%(03 —2¢9) 2% + é(C4R2 — crR?2 + biaR? — ZaR? + ayyR?

—c37% 4+ bsc1 Z — 102 + ascaZ + agesZ + blch) sin® 6 — %(bgcl

—c10 + 2c13 — azcy — ages + bies)Z + é(ag —3b1)R%a + %RQZ(?)O[ +7)

1 1
+§R2(a16 —bofB 4 3agy — byy) + ﬁ(alclRQ - b201R2 — 4612R2

—|—3CL202R2 — 6102R2 + CQZR2 — 408ZR2 + aloaR2 + agZaR2
—b1oBR? — b3 ZBR? + 3a10vR? + 3as ZyR? + 4asgc3 Z?) sin 6.
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Now the differential system (15) is in the normal formal for applying the averaging
theory described in Theorem 11 of the appendix. Taking

x=(R,Z), t=0, T=2r F(tx)=(Fu(tx),Fatx))",
and
Fg(t, X) = (Fgl(t, X), Fgg(t, X))T, €3R(7f, X, 6) = 0(53).
Note that here D = [Ry, Rg| X [Z1, Z3] where 0 < Ry < Ry and Z; < 0 < Z3 with
R arbitrarily small and Ra,|Z1|, Z2 arbitrarily large. So, system (15) satisfies the
assumptions of Theorem 11, and it has the form (16). As R # 0 the functions F} and

F; are analytical. Furthermore they are 2w-periodic in the variable . Computing
the averaging theory of first order we get that the average functions of F are fi(x) =

(f11(x), f12(x)) = (fu1(R, 2), fr2(R, Z)) with
Fu(R, Z) = —%(al V)R, fia(R,Z) = —cro — c37 — %R% +8).

We have to find the zeros (R*,Z*) of fi(R,Z), and to check that the Jacobian
determinant |Dpg 7z f1(R*, Z*)| # 0. Solving the equation fi(R,Z) = 0 we obtain
one solution 10
(R*, 2*) = (o,—g)
and c
|Drz fI(R", Z7)| = g(al + by).

Hence, this solution provides a limit cycle bifurcating from the origin when cscio(a;+
az) # 0. Applying Theorem 11 and going back through the changes of variables we
get the expression for the periodic solution given in the statement of Theorem 2 (a).
This completes the proof of Theorem 2(a).

Now we set fi = 0 and we proceed to compute the function fa by applying the
second order averaging theory. For that we take

by =—a1, c3=cp=0 and ~=—q.
We have that fo is defined by
21
f2(R7 Z) = / [DRZF1(97 R7 2)91(97 R7 Z) + F2(07 R7 Z)] de)
0

where . ,
yl(H,R, Z) = (/ Fn(t, R, Z) dt,/ Flg(t,R,Z) dt) .
0 0

Moreover the Jacobian matrix is

0F11  O0Fn
OR o0z
DrzF1(0,R, 7)) =
RZ 1( 5 Ly ) 3F12 8F12
OR o0z
DOiIlg s0, we get f?(R7 Z) = (f21(R7 Z),fQQ(R, Z))Ta where
aR3
fa(R,Z) = " (a11 + bi2 + asca — bzcr + (ag + bs) Z) R,
f2 (R, Z) = —(ca+cr+ (ag+ b1 — Z)a — a18)R? — bioer + ajoce

—2Z(bsc1 — asca + c13 + c9Z).
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We have to find the zeros (R*, Z*) of fao(R,Z), and to check that the Jacobian
determinant |Dp 7 fo(R*, Z*)| # 0. Solving the equation f2(R,Z) = 0 we obtain
four solutions (R*, Z*) which are:

B ( —b3c1 — c13 + azcy = \/513>
51,2 = O) )

209

with Si3 introduced in (6) and

B VB2 — 4AC (B TVB2 - 4AC) a — 8A(a11 + bia — bger + asca)
3,4 = T a A :l: 9
2A 2A 8A(a6 + bg)

where A, B, C' were given in (7).
The Jacobian determinants for s; o are

(CLG + 68)513
C9

(CLG + bg)(bgcl + c13 — agcg)
C9

dio = + 513(_ +2(a11+b12—b361+a302)),

respectively. Thus, the solutions s1 2 provide a limit cycle bifurcating from the origin
when Si3 > 0, ¢g 7& 0 and d172 75 0.

The Jacobian determinants for s34 are

1
4A2 (ag + bs)

+24( = 2(VB? = 4AC - B)(e4 + ez + (a3 + by — a1 B)a3

d3 g =

(B (m - B) (2(ag + bs) + co)a?

—i—((a(\/M(—Qan — 2b12 + 3bscy + 13 — 3asce) + 2C’a)
—4bgV'B? — 4AC (cq + c7 + (ag + by)a — a1 8) + B(2(a11 + biz)or
—(3bgc1 + c13 — 3agea)a + 4bg(ca + 7 + (ag + br)a — alﬁ))>a6
+09a(C'a —2v/B% —4AC(ay; + bia — bzey + a3c2))

+bga (VB2 — 4AC(—2a11 — 2bia + 3bzcr + c13 — 3azes) + 2Ca)

—2b§\/ B? —4AC(cqy + c7 + (a2 + b1)a — a1 8) + B(2(04 + c7
+(az + b1)a — a1 8)b3 + (2a11 + 2b1a — 3bszer — 13 + 3azca)abs

+2(a11 + b2 — bzey + agcg)CQa)>>.

Thus the solutions s3 4 provide two limit cycles bifurcating from the origin when

B VB2 -4AC
C#0, —+ ———>0 d d 0.
# 0, 94 9A >0 and d3q #
Applying Theorem 11 and going back through the changes of variables we get the
expression for the periodic solution given in the statement of Theorem 2(b). This

completes the proof of Theorem 2.
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APPENDIX: PERIODIC ORBITS VIA THE AVERAGING THEORY OF FIRST AND
SECOND ORDER

In this section we recall the averaging theory of second order to find periodic
orbits. The averaging theory up to third order specifically for studying periodic
orbits was developed in [1, 12], see the former paper for additional details and for
the proofs of the results stated in this section related with the averaging theory.

In this work we only need this theory up to second order. It is summarized as
follows.

Theorem 11. Consider the differential system
(16) i(t) = eFi(t,x) + 2 Fa(t, ) + 3R(t, x,¢),

where F1, Fo :Rx D = R", R:Rx D x (—¢ef,e¢) = R" are continuous functions,
T-periodic in the first variable, and D is an open subset of R™. Assume that the
following hypothesis (i) and (ii) hold.
(i) Fi(t,) € CY(D) for allt € R, F1, F», R and D,F, are locally Lipschitz
with respect to x, and R is differentiable with respect to €. We define f1, fo :
D — R" as

T
fl(z):/o Fi(s, z)ds,

T s
f2(Z):/O [DzFl(S,Z)/O Fi(t, z)dt + F»(s, z)]ds.

(ii) For V.C D an open and bounded set and for each € € (—cf,e¢)\{0}, there
exist a € V such that fi(a) + efa2(a) = 0 and dp(fi +ef2) # 0 (see its
definition later on).

Then for |e| > 0 sufficiently small, there exists a T—periodic solution p(-,€) of the
system such that ¢(0,e) — a when € — 0.

As usual we have denoted by dp(f1 + €f2), the Brouwer degree of the function
fit+efo : V— R™ at its fixed point a. A sufficient condition for showing that the
Brouwer degree of a function f at its fixed point a is non—zero, is that the Jacobian
of the function f at a (when it is defined) is non-zero, see for instance [9].

If the function f; is not identically zero, then the zeros of f; + £fy are approxi-
mately the zeros of f; for e sufficiently small. In this case Theorem 11 provides the
so-called averaging theory of first order.

If the function f; is identically zero and f5 is not identically zero, then the zeros of
f1+efo are the zeros of fo. In this case Theorem 11 provides the so-called averaging
theory of second order.

The method based on Theorem 11 consists essentially of finding T—periodic so-
lutions for a differential system whose vector field depends on a small parameter ¢,
by means of the averaging method. A quantitative relation between the solutions
of some non—autonomous periodic differential system and the solutions of the av-
eraged differential system, which is autonomous, is obtained. In this way a finite
dimensional function related with the original problem is found, the simple zeros
of this function correspond to the periodic orbits of the non—autonomous periodic
differential system for values of the parameter ¢ different from zero and sufficiently
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small. Here a simple zero a of a function f means that the Jacobian of f at a is not
ZETO.
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