http://www.gsd.uab.cat

A gsd

This is a preprint of: “The centers and their cyclicity for a class of polynomial differential systems
of degree 77, Rebiha Benterki, Jaume Llibre, J. Comput. Appl. Math., vol. 368(112456), 1-16,
2020.

DOI: [10.1016/j.cam.2019.112456]

THE CENTERS AND THEIR CYCLICITY FOR A CLASS OF
POLYNOMIAL DIFFERENTIAL SYSTEMS OF DEGREE 7

REBIHA BENTERKI' AND JAUME LLIBRE?

ABSTRACT. We classify the global phase portraits in the Poincaré disc of the
generalized Kukles systems
T = —y, y =z + axy® + byt + ca®y? + da”,

which are symmetric with respect to both axes of coordinates. Moreover using
the averaging theory up to sixth order, we study the cyclicity of the center
located at the origin of coordinates, i.e. how many limit cycles can bifurcate
from the origin of coordinates of the previous differential system when we
perturb it inside the class of all polynomial differential systems of degree 7.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

Two classical and difficult problems of the qualitative theory of planar polyno-
mial differential systems are the characterization of their centers, and the study
of their cyclicity, i.e. how many limit cycles can bifurcate from a center when we
perturb it inside a given class of polynomial differential systems. Of course, this
kind of bifurcation is called in the literature a Hopf bifurcation.

In this work we deal with planar polynomial differential systems of the form

(1) T = -y, y'zx—i—Qn(x,y),

having a center at the origin, being @, (x,y) a homogeneous polynomial of degree
n. As usual the dot in system (1) denotes derivative with respect an independent
variable ¢ usually called the time. Systems of this form were called by Giné [5]
Kukles homogeneous systems.

In 1999 Volokitin and Ivanov [16] conjectured that the systems (1) have a center
at the origin if and only if they are symmetric with respect to one of the coordinate
axes. For n = 2 and n = 3, the authors of the conjecture knew that it holds. Giné
[5] in 2002 proved the conjecture for n = 4 and n = 5. Giné et al. [6, 7] proved the
conjecture for all n under an additional assumption, that the authors believe that
it is redundant.

In this work we consider the class of polynomial differential systems (1) forn =7
which are symmetric with respect to both coordinate axes, i.e.

(2) t=—y, §=ax+azxy®+bx y* +ca®y? +da”.
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We note that if we look for the systems (1) which are symmetric with respect to
one of the coordinate axes, we obtain that they are symmetric with respect to both
coordinate axes.

The first main objective of this work is to classify the phase portraits of the
polynomial differential systems (2) in the Poincaré disc. For more details on the
Poincaré disc see for instance the Chapter 5 of [4].

The phase portraits of the centers of systems (1) with n = 2, are known because
are known the phase portraits of all the center of quadratic polynomial differential
systems, see Vulpe [17]. The phase portraits of cubic polynomial differential systems
with a symmetry with respect to a straight line are also known and in particular
those of system (1) with n = 3, see Buzzi et al. [3], see also Malkin [13]; Vulpe
Sibirskii [18] and Zotadek [19, 20]. The phase portraits of systems (1) with n = 4
follows from Benterki and Llibre [2] and Llibre and Salhi [9]. In Llibre and Silva
[10, 11] classified the phase portraits of the systems (1) with n = 5, 6.

In order to present the classification of the phase portraits of systems (2) we
write the homogeneous polynomial azy® + ba3y* + cx®y? + da” of degree 7 which
appears in system (2) into the form

p(z,y) = x(dzb + cxy? + by + ay®) = 2(dX> + cX?Y + bXY? 4+ aY?),

where X = 22 and Y = y2. Then, according with the different kind of roots
of the polynomial dX? + c¢X?Y + bXY? 4 aY? we can consider the following 62
cases for the polynomial p(z,y). For the next 14 cases the polynomial p(x,y) is
ax(y? — riz?)(y? — re2?) (y? — rax?) with

(INa>0and 0 < ry <ry <rs,

(2)a>0and r =0 <ry <rs,
3)a>0and r <0 <ry<rs,
(4)a>0and r <re=0<rs,
(5)a>0and r <re <0< rs,
Ja>0and ry <re <rs =0,
Ja>0and r <ry<rg <0,
Ja<0and 0<ry <1y <rs,
)
(10
1

5
6
7
8
9)a<0and r1 =0<1re <rs,

(

(

(

(
Ja<0andr <0<re<rs,

(1 Ja<0andr <ro=0<rs,
12) a<0and r <re <0< 73,

(13)a<0andr1<r2<r3=0,

(14) a <0 and r1 <re <rs <O0.

For the next 10 cases the polynomial p(z,y) is az(y® — r12?)(y? — r22?)? with
15) a>0and 0 <r < 7o,

(16)a>0andr1=0<r2,
17 a>0and r1 <0< 7o,
18) a>0and r; <re =0,

(19)a>03ur1dr1<r2<07

(20) a <0 and 0 < ry < ro,

(21) a<0and r =0 < 7,

(22)a<0andr1<0<7“2,
23)a<0andr <1y =0,
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(24) a < 0 and r1 < re <O0.
For the next 6 cases the polynomial p(z,y) is ax(y? — r12?)% with
(25) a >0 and 0 < rq,
(26) a>0andr =0,
27) a >0 and r; <0,
(28) a<0and 0 <ry,
29) a <0 and 1 =0,
30) a <0 and r < 0.
For the next 6 cases the polynomial p(z, y) is az(y? —r12?) (y* —2ax?y*+(a?+52)z?)
with
(31) a>0and 0 < rq,
(32) a> 0 and r; =0,
( 3)a>0andr; <0,
34) a <0 and 0 < rq,
(35) a<0andmr =0,
(36) a < 0 and r < 0.
For the next 10 cases the polynomial p(x,y) is bz3(y* — riz?)(y? — r22?) with
(87)b>0and 0 <r; <o,
(38) b>0andr =0 <rg,
39)b>0and r; <0< ro,
(40)b>0andr1 <ry =0,
(41) b>0and r; <re <0,
(42)b<0and0<r1<r2,
43) b < 0and r; =0 < ro,
(44)b<0andr1<0<r2,
45) b < 0and r1 <re =0,
46) b < 0 and r; <rq <0.
For the next 6 cases the polynomial p(z,y) is bz3(y? — r12%)? with
(47) b >0 and 0 < rq,
(48) b>0and 1 =0,
(49) b>0andr <0,
50) b < 0 and 0 < rq,
51) b < 0 and r; =0,
(52) b<0andr <O0.
For the next 2 cases the polynomial p(z,y) is bz3(y* — 2ax?y? + (a? + 5%)z*) with
(53) b >0,
(54) b <.
For the next 6 cases the polynomial p(z,y) is ca®(y? — ri2?) with
55) ¢ >0 and 0 < ryq,
(56) c>0andr; =0,
57) ¢ > 0 and m <0,
( 8) c<0and 0 < 7,
(59) ¢ <0 and r =0,
(60) c <0 and r; <O0.
For the next 2 cases the polynomial p(z,y) is dz” with
(61) d >0,
(62) d < 0.
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For a definition of topological equivalence between two phase portraits in the
Poincaré disc see subsections 2.1 and 2.2.

Theorem 1. The polynomial differential systems (2) have 25 topologically non—
equivalent phase portraits in the Poincaré disc. More precisely, the phase portrait
in the Poincaré disc of Figure
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case (1);

case (2);

cases (3) and (37);

case (4);

cases (5) and (39);

cases (6), (18), (26), (32) and (40);

cases (7), (19), (27), (33), (41), (49) and (53);
case (8);

case (9);

cases (10) and (42);

cases (11) and (43);

cases (12), (28), (34), (44), (50) and (58);
cases (13), (23), (29), (35), (45), (51) and (59);

(24), (30), (36), (46), (52), (54), (60) and

case (15);
case (16);
case (17);
case (20);
case (21);
case (22);
cases (25) and (31);
case (38);
cases (47) and (55);
cases (48) and (56);
cases (57) and (61).
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Theorem 1 is proved in section 3.

The averaging theory described in subsection 2.3 allows to study analytically
the existence of limit cycles of a non—autonomous differential system, by study-

ing the simple zeros of the averaged function fr = fx(r).

Here we shall use the
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averaging theory up to sixth order for studying the number of limit cycles which
can bifurcate from the center of system (2) when we perturb it inside the class of
all polynomial differential systems of degree 7. More precisely, we deal with the
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polynomial differential systems

6
T=—-y+ ZES Z afjxiyj7

3) s=1  0<it+j<7

6
g =x + axy® + bady* + cady? + da” + Z e’ Z bfjxiyj,
s=1  0<i4+j<7
S,
ij

where af; and bfj are real parameters, for 0 <4i,j <7 and 1 <s <6.
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Theorem 2. For |e| # 0 sufficiently small the mazimum number of small amplitude
limit cycles of the differential system (3) bifurcating from the periodic solutions of
the center (2) is

) 0 if the first order average function fi is non-zero,

) 0 if f1 =0 and the second order average function fa is non-zero,

) 1if f1 = fa =0 and the third order average function fs is non-zero,
)1
) 2

(a
(b
(c
(

d if f1 = fa = f3 =0 and the fourth order average function f, is non-zero,
(e if f = fo = f3 = fa = 0 and the fifth order average function f5 is
non-zero,

(f) 24f f1 = fa = f3 = fa = f5 = 0 and the sizth order average function fg is
non-zero.

Moreover, assume that f; =0 for j=1,...,k—1 and fi, # 0. Then if T is a simple
zero of fi, the small amplitude limit cycle (x(t,e),y(t,€)) associated to this zero is
of the form (z(t,e),y(t,e)) = (T cost,Fsint) + O(e?).

Theorem 2 is proved in section 4.

2. PRELIMINARIES AND BASIC RESULTS

In this section we present some basic results and notations which are necessary
for proving our results.

2.1. Poincaré compactification. Let X = (—y, x+azxy®+ba?y* +ca’y? +dy”) be
the planar polynomial vector field associated to system (2). We define the Poincaré
compactified vector field p(X) associated to X as follows (see all the details for
instance [11] or Chapter 5 of [4]).

The Poincaré sphere is defined as S? = {y = (y1,y2,y3) € R® : y? + 93 +y3 = 1}
and its tangent space at the point y € S? is denoted by 7,S?. We identify the plane
R? where we have our vector field X with the plane T(07071)SQ. We define the central
projection f : T(g,0,1)S* — S? as follows: to each point ¢ € T(g,0,1)S? the central
projection associates the two intersection points of the straight line which connects
the points ¢ and (0,0,0) with the sphere S2. This central projection gives two
copies of X in S?, one in each hemisphere. Let X’ be the vector field D f o X', which
is defined in S? minus its equator S* = {y € S? : y3 = 0}. The equator S* can be
identified with the infinity of R2. We extend the vector field X’ on S?\S! to a vector
field p(X) on S? as follows: p(X) is the unique analytic extension of yiX’ to S?. In
summary, we have two symmetric copies of X on S?\S!, and studying the dynamics
of p(X) near S', we have the dynamics of X at infinity. The Poincaré disc, denoted
by D?, is the closed northern hemisphere of {y € S? : y3 > 0} projected on y3 = 0
under the projection (y1,y2,v3) — (y1,y2).

The infinity S is invariant under the flow of the Poincaré compactifcation p(X).
Here two polynomial vector fields X and Y associated to systems (1) are topo-
logically equivalent if there is a homeomorphism on S? preserving the infinity S*
carrying orbits of the flow of p(X) into orbits of the flow of p(Y'), either reversing
or preserving the sense of all orbits.
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For computing the analytic expression of p(X) we use the fact that S? is a
differentiable manifold. Thus we take the six local charts U; = {yo € S? : y; > 0},
and V; = {y2 € S : y; < 0} for i = 1,2,3; and the associated diffeomorphisms
Fi:U; — R? and G; : V; — R2 for i = 1,2, 3 are respectively the inverses of
the central projections from the planes tangent at the points (1,0,0); (—1,0,0);
(0,1,0); (0,—1,0); (0,0,1) and (0,0,—1). The value of F;(y) or G;(y) for some
i = 1,2,3 is denoted by z = (z1,22), consequently according to the local charts
under consideration the same letter z represents different coordinates.

After a rescaling in the independent variable in the local chart (Uy, Fy) the
expression for p(X) is

u—vn{_up(l7ﬁ)+Q<lyﬂ>}, @—_U”Hp(l’E);
v v v v v v

in the local chart (Us, F3) the expression for p(X) is

i=r[p(G3) e (Gy)] v=mme(Gl)
v v v v v v

and for the local chart (Us, F3) the expression for p(X) is
= Pu,v), v=Q(u,v).

In the chart (V;, G;) the expression for p(X) is the same than in the chart (U;, F;)
multiplied by (—1)% for i = 1,2,3. We note that the points at the infinity S! in any
chart have coordinates (u,v) = (u,0).

The equilibrium points of p(X) which come from the equilibrium points of X
are called finite equilibrium points of X, and the equilibrium points of p(X) which
are in St are called infinite equilibrium points of X.

We observe that the unique infinite equilibrium points which cannot be contained
in the charts Uy U V; are the origins of the local charts Us and V5. Therefore when
we study the infinite equilibrium points on the charts Us U Va5, we only need to
verify if the origin of these charts are equilibrium points.

2.2. Topological equivalence. Two polynomial vector fields X and Y on R? are
topologically equivalent if there is a homeomorphism on the Poincaré sphere S?
preserving the infinity S! carrying trajectories of the flow of p(X) into trajectories
of the flow of p(Y), either preserving or reversing the sense of all trajectories.

Here a separatriz of the Poincaré compactification p(X) is a trajectory which is
either an equilibrium point, or a limit cycle, or a trajectory which belongs to the
boundary of a hyperbolic sector at an equilibrium point, finite or infinity, or any
trajectory contained at the infinity S'. We denote by S(p(X)) the set formed by
all separatrices of p(X). It is known that the set S(p(X)) is closed, see for instance
Neumann [14].

A canonical region of p(X) is an open connected component of S?\ S(p(X)).
The union of S(p(X)) plus one trajectory chosen from each canonical region is
the separatriz configuration of p(X). Two separatrix configurations S(p(X)) and
S(p(Y)) are equivalent if there is a homeomorphism in S? preserving the infinity S*
carrying trajectories of S(p(X)) into trajectories of S(p(Y')), either preserving or
reversing the sense of all orbits.
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Markus [12], Neumann [14] and Peixoto [15] characterized the topologically
equivalence between two Poincaré compactified vector fields as follows.

Theorem 3. Assume that two Poincaré compactified polynomial vector fields p(X)
and p(Y') have finitely many separatrices. Then their separatriz configurations are
equivalent if and only if S(p(X)) and S(p(Y)) are topologically equivalent.

Theorem 3 says that essentially we need to determine the a— and the w-limit
sets of all the separatrices of p(X) for obtaining the phase portrait of a Poincaré
compactified polynomial vector field p(X) with finitely many separatrices.

2.3. The averaging theory up to order 6. In this subsection we present some
results on the averaging theory that we shall need for studying the limit cycles
which bifurcate from the center localized at the origin of coordinates of the systems
(2), when they are perturbed inside the class of all polynomial differential systems
of degree 7.

We deal with a non—autonomous differential system
k .
(4) B(t) =Y e'Fi(t,x) + " R(t xe),
i=0

where the functions F; : RxD — Rfori=0,1,--- ,kand R: RxDx(—¢g,g9) = R
are T-periodic in the first variable and continuous functions, D is an open interval
of R, and ¢ a small parameter. Following the results of [8] we define the functions
y;(t, z) for j =1,2,3,4,5 related to system (13) as

yi(t, z) = /Ot Fi(s,2)ds,
y2(t,z) = /Ot <2F2(8, z) + 20F1(s, 2)y1(s, z))ds,

ys(t,z) = /0 <6F3(s,z)+68F2(s,z)y1(t,z)

+30%Fy (s, 2)y1(s, 2)2 + 30F1 (s, 2) ya(s, z))ds7
t
ya(t,z) = / (24F4(s, 2) 4 240F3(s, 2)y1(s, 2)
0
+120%Fy (s, 2)y1(s, 2)% + 120Fs(s, 2)ya(s, 2)
+120%Fy (s, 2)y1 (s, 2)ya(s, 2)
+403F1 (s, 2)y1(s, 2)® + 40F1 (s, 2)y3(s, z))ds,
t
ys(t, z) = / (120F5(s,z) + 1200F4(s, 2)y1(s, 2)
+6002F3(s, 2)y1 (s, 2)% + 600F3(s, 2)ya(s, 2)
+600°Fs (s, 2)y1(s, 2)y2(s, 2) + 200° Fa (s, 2)y1 (s, 2)*
+200F2(57 Z)yB(Sa Z) + 2062}?1 (87 Z)y1(57 Z)y3(S, Z)
+150%F1 (s, 2)y2(s, 2)? + 3003 F1 (s, 2)y1 (s, 2)*ya(s, 2)

+504Fy (s, 2)y1 (s, 2)* + 5OF (s, 2)ya(s, z)) ds,
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where the k—th partial derivative of the function Fy(s, z) with respect to the variable
2 has been denoted by 8% Fy(s,z). From [8] the functions averaged functions f;(z)
forj=1,...,6 are

2(t, z) + OF 1 (t, 2)y1 (1, z))dt

+= 82F1(t 2)yi(t, 2)% + iaFl(t, z)yg(uz))dt,

A
=
/ Fg t,z) + OFs(t, 2)y1(t, 2)
-/

(F4(t 2) + OFs(t, 2)yi(t, 2)

+- 82F2(t 2)y(t, 2) + §8F2(t, 2)ya(t, 2)
1 1

+§62F1 (t, 2)y1(t, 2)ya(t, 2)dt + 683F1 (t, 2)y1(t, 2)3
1

+SOFI (1, 2)ys(t, 2) ) dt,

4 1.9 2
fs(z) = / (F5(t,z) + ORIt )y (1, 2) + 5O F(t, )y (1, 2)
0

1 1

+58F3(t7 Z)yQ(ta Z) + 582F2(ta Z)yl(ta Z)yQ(tv Z)
Ls 0yl

+66 FQ(tv Z)yl(t? Z) + 68F2(ta Z)yg(t, Z)
1 1

+662F1 (ta Z)yl(t7 Z)y3(t7 Z) + g&ZFl (t7 Z)yQ(t7 Z)2
1 1

+183F1 (t, 2)y1(t, 2)ya(t, 2) + ﬂa‘*ﬂ(u 2)yi(t, 2)*
1

+570F(t 2)alt,2) ),

T 1
fo(z) = / (Fﬁ(hz) +OFs5(t 2)y1(t, 2) + 5OFu(t, 2)ya (2, 2)
0

1 1

+§62F4(ta Z)yl(t7 Z)2 + gaFfi(ta Z)y3(t7 Z)
1 1

+§32F3(t7 2)y1(t, 2)ya(t, 2) + 683F3(t7 2)yi(t, 2)°?
1 1

+ﬂ8F2(t, 2)ya(t, z) + 682F2(t’ 2)y1(t, 2)ys(t, 2)
1 1

+133F2 (t, 2)y1 (L, 2)%ya(t, z) + 552F2(t7 2)ya(t, 2)?

1., L1
+248 FQ(tvz)yl(tvz) + 1208F1(t,2’)y5(t,2)



CENTERS AND THEIR CYCLICITY 11

1 1
+ﬂa2Fl (tv Z>y1(t7 Z)y4(ta Z) + 582F1 (t7 Z)y2(tv Z)yg(t, Z)
1 1
+563F1 (t, 2)y1(t, 2)ya(t, 2) + ﬁa4FQ(t, 2)y1(t, 2)3ya(t, 2)

FOPR(E 2 (1,21, 2)? + 0 F (6 26, 2)° )

The averaging theory for studying the periodic solutions of a non-autonomous
differential system (13) works as follows, see [8] for more details. Suppose that the
average functions fj(z) =0 for j =1,...,k —1 and fi(2) # 0 for some k > 1, we
assume that fo(z) = 0. By [8] if Z is a simple zero of f;(z), then there is a limit
cycle (6, ¢) of system (13) such that r(0,e) =z + O(e).

3. PHASE PORTRAITS IN THE POINCARE DISC

Now we shall study the phase portraits of the Poincaré compactified polynomial
differential systems (2) with (a, b, ¢, d) # (0,0,0,0).

Remark 4. The polynomial differential systems (2) are reversible because they
remain the same under the transformations (z,y,t) — (x,—y,—t) and (z,y,t) —
(—z,y,—t). Therefore their phase portraits are symmetric with respect to the x—axis
and y-axis.

We shall study the phase portrait of a polynomial differential system (2) in the
Poincaré disc as follows. First we shall determine the local phase portrait at all
its finite and infinite equilibrium points. After with the help of the symmetries of
its trajectories with respect to both coordinate axes, we shall determine its phase
portrait in the Poincaré disc.

Here we classify an equilibrium point p as hyperbolic when the eigenvalues of the
linear part of system (2) at p have nonzero real part, as semi-hyperbolic when only
one of these two eigenvalues is zero, as nilpotent when both eigenvalues are zero
but the linear part of system (2) at p is not identically zero, and finally as linearly
zero when the linear part of system (2) at p is identically zero.

The local phase portraits of the hyperbolic, semi—hyperbolic and nilpotent equi-
librium points can be determined using, for instance the Theorems 2.15, 2.19 and
3.5 of the book [4]. In order to determine the local phase portrait of a nilpotent
equilibrium point at infinity it is not sufficient the mentioned Theorem 3.5, and we
must studied it doing the changes of variables called blow—ups. These changes of
variables are also necessary for analyze the local phase portraits of the linearly zero
equilibrium points. For more information about the blow ups see Chapter 3 of [4]
or [1].

3.1. Finite equilibrium points. For a planar polynomial differential system (2)
its finite equilibrium points are characterized in the following result.

Proposition 5. Always the origin of the polynomial differential system (2) is a
center. Furthermore if d < 0 then there are two additional equilibrium points,
namely (£|d|~1/%,0), which are hyperbolic saddles.
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Proof. Since the eigenvalues of the linear part of system (2) at the origin are +i
such equilibrium point is either a focus or a center, but due to the fact that the
system is symmetric with respect to both coordinate axes, it is a center.

Clearly when d < 0 the system has the two equilibria (+|d|~'/%,0), and the
eigenvalues of the linear part at these equilibria are +1/6. So these equilibria are
hyperbolic, and by Theorem 2.15 of [4] they are saddles. O

3.2. Infinite equilibrium points. We shall use the notations and definitions
given in subsection 2.2, for determining the local phase portraits at the infinite
equilibrium points in the Poincaré disc.

System (2) in the local chart U;. The differential system (2) in the local
chart Uy is

(5) o =d+ cu® + bu' + au® + % 4 u*°, v =wu".

An infinite equilibrium point of system (5) is a point (ug,0) such that ug is a
real root of the polynomial d + cu? + bu* + au®. So the infinite equilibria of system
(2) are (+,/75,0) when 7; > 0, where the 7;’s are the ones which appear in the
polynomials of the cases (1) to (62) described in section 1.

The Jacobian matrix of system (5) evaluated at (£,/75,0) is

( :E(QCT&/Q —abr? 4 6ar?/2) 0 >
0 0 )"

Then all infinite equilibria of differential system (5) are semi-hyperbolic or linearly
Z€ro.

In the next proposition we only provide the local phase portrait of the infinite
equilibrium point (,/75,0) with 7; > 0, because due to the symmetry (v,y,t) —
(z,—y,—t) of system (2) with respect to z—axis the local phase portrait at the
infinite equilibrium point (—,/7;,0) is the same than at the equilibrium (,/77,0)
after reversing the sense of the trajectories.

Proposition 6. The local phase portraits at the infinite equilibrium points (\/E ,0)
with r; > 0 of the local chart Uy ordered from the smallest value of r; to the biggest
one are formed by

(a) a semi-hyperbolic unstable node, a semi-hyperbolic saddle and a semi—
hyperbolic unstable node in case (1);

(b) a linearly zero at the origin of coordinates with two hyperbolic sectors, a
semi~hyperbolic saddle and a semi-hyperbolic unstable node in case (2);

(c) a semi-hyperbolic saddle and a semi-hyperbolic unstable node in cases (3)
and (37);

(d) a linearly zero with siz hyperbolic sectors (the infinity line separates them
in two groups of three sectors) at the origin of coordinates and a semi—
hyperbolic unstable node in cases (4) and (38);

(e) a semi—hyperbolic unstable node in cases (5), (39), (47) and (55);

(f) a linearly zero at the origin of coordinates with two hyperbolic sectors in
cases (6), (18), (26), (32), (40), (48) and (56);
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no infinite equilibria in the local chart Uy in cases (7), (14), (24), (27),
(30); (33), (36)7 (41)7 (46), (49)7 (52)7(54% (57)7 (60)7(62);

a semi-hyperbolic saddle, a semi-hyperbolic unstable node and a semi—
hyperbolic saddle in case (8);

a linearly zero with siz hyperbolic sectors (the infinity line separates them in
two groups of three sectors) at the origin of coordinates, a semi-hyperbolic
unstable node and a semi-hyperbolic saddle in case (9);

a semi-hyperbolic unstable node and a semi-hyperbolic saddle in cases (10)
and (42);

a linearly zero at the origin of coordinates with two hyperbolic sectors and
a semi-hyperbolic saddle in cases (11) and (43);

a semi-hyperbolic saddle in cases (12), (28), (34), (44), (50) and (58);

a linearly zero at the origin of coordinates with six hyperbolic sectors (the
infinity line separates them in two groups of three sectors) in cases (13),
(23), (29), (35), (45), (51) and (59);

a semi—hyperbolic unstable node and a linearly zero with two hyperbolic
sectors in case (15);

two linearly zero with two hyperbolic sectors, one of this equilibria is located
at the origin of coordinates, in case (16);

a linearly zero with two hyperbolic sectors in case (17);

a semi—hyperbolic saddle and a linearly zero with two hyperbolic sectors and
one parabolic sector, the straight line at infinity separates the two hyperbolic
sectors and divides the parabolic one in case (20);

a linearly zero with siz hyperbolic sectors (the infinity line separates them
in two groups of three sectors) at the origin of coordinates, and a linearly
zero with two adjacent hyperbolic sectors separated and with a parabolic
sector, the infinite line separates the two hyperbolic sectors and divides the
parabolic one in case (21);

a linearly zero saddle—node, the infinite line separates the two hyperbolic
sectors and divides the parabolic one in case (22);

a linearly zero unstable node in cases (25) and (31);

Proof. As we have mention near the beginning of this section the phase portraits of
the semi-hyperbolic equilibrium can be determined using the Theorem 2.19 of [4],
and the phase portraits of the linearly zero equilibrium points doing the blow—up
changes of variables. Here we shall prove with all details the statements (a) and
(b), the other statements are proved in a similar way.

In statements (a) and (b) system (1) writes as

(6)

b=y, g=a+ar(y’ —ra®)(y® - rea®)(y® - rsa’),

with @ > 0. This system in the local chart U; becomes

(7)

W= —arirors + a(rirg + rirs + rorg)u’
—a(ry + o +73)ut + aub + v® + u208,
o= w’.

Assume a > 0 and 0 < 71 < ro < r3. Then the eigenvalues at the infinite
equilibrium point (,/775,0) for j = 1,2,3 are 0 and a(2r;/2(r1r2 + rirg + rors) —
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47“.?/2(7"1 +r2+r3)+6rj5-/2) = h'(/Tj) # 0, because the six roots +,/7; for j = 1,2,3
of the polynomial h(u) = t|,—0 = —arirars + a(rirs +rirs +rorz)u® —a(ry + 72 +

r3)ut + au® are simple. Moreover h'(/r1) > 0, h'(y/r2) < 0 and h'(/r3) > 0.
Hence the points (,/75,0) for j = 1,2, 3 are semi-hyperbolic equilibria.

In what follows we shall apply Theorem 2.19 of [4] for determining the local
phase portraits of the infinite equilibria (,/75,0) for j = 1,2, 3, and we shall use the
notation of that theorem. First we translate the equilibrium point (\/ﬁ ,0) to the
origin of coordinates doing the change (u,v) = (Y + /75, X). Thus we obtain the

differential system -
X = A(X,Y) =sign(h' (/7)) (V75X + X7Y),
(8) y : / /

Y = sign(h'(/77)) (b (7)Y + B(X,Y)),

where
B(X,Y) = a(riry +rirs +rors — 6ri7j — 6rar; — 6rsr; + 15r7)Y?
—4a(ry +ro+ 173 — 57“]‘)\/7“—]‘)/3 —a(ry +ry +1r3 — 15r;)Y*
+6a,/T5Y° +aY® + (14 7;) X% +2,/5Y X0 + Y2XO.
If h'(,/7j) < 0 we have changed the sign of the independent variable in the differen-

tial system (8) in order that the coefficient of Y in the expression of Y be positive
as it is necessary in order to apply Theorem 2.19. Now the functions f(X) and
g(X) of that theorem are

9(X) = sign(h'(,/75)),/5X" + h.o.t.,
where h.o.t. denotes higher order terms. So using the notation of Theorem 2.19 we
have that a,, = sign(h'(,/7;)),/7; and m = 7. Consequently, by Theorem 2.19 the
equilibria (,/75,0) for j = 1,3 are unstable nodes, and the equilibrium (,/73,0) is a
saddle. This completes the proof of statement (a).

Assume a > 0 and r; = 0 < 75 < r3. The proof that the equilibria (,/7z,0)
and (,/r3,0) are a semi-hyperbolic saddle and a semi-hyperbolic unstable node
respectively, is identical to the proof of statement (a). So in order to complete the
proof of statement (b) we shall show that the local phase portrait of the equilibrium
(v/71,0) = (0,0) is formed by two hyperbolic sectors.

We do the blow—up change of variables v = wu to system (7) and it becomes

W= arerzu® — a(ry + r3)ut + au® + ubw® + uduw®,

9) )
W= —aryrsuw + arqutw + arsudw — auPw — uPw’.

Now we remove the common factor u of @ and w doing to system (9) the rescaling

dr = udt in the independent variable, we get the differential system

10) ' = argrsu — a(ry + 13)ud + au® + uSwb 4+ u wb,

10

w = —arersw + argu’w + arsuw — autw — vtw’,

where the prime denotes derivative with respect to the new independent variable 7.
The unique equilibrium on the w—axis of system (10) is the origin of coordinates,
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which is a saddle whose four separatrices are contained in the two axes. Going back
through the two changes of variables, first the change dr = udt and after the change
v = wu, and taking into account that in system (7) we have that 1],—o = v5, we
obtain that the local phase portrait at the origin of system (7) is formed by two

hyperbolic sectors. This completes the proof of statement (b). U

System (2) in the local chart U,. The differential system (2) in the local
chart U; is

0= —au® — bu* — cub — du® — v8 — w205,

0 = —auv — butv — cubv — du’v — wv”.
Therefore the origin (0,0) always is an infinite equilibrium point, which is linearly
zero. Recall that from subsection 2.1 in this local chart the unique infinite equilib-
rium point that we must study is its origin when it is an equilibrium point, as in

the present case.

Proposition 7. The local phase portrait at the origin of the local chart U is formed
by a linearly zero equilibrium point with

(a) two hyperbolic sectors separated by two parabolic sectors and the line of the
infinity is contained into the two parabolic sectors in cases (1)—~(7), (15)—
(19), (25)—(27), (31)—(33), (37)—(41) and (53);

(b) two elliptic sectors separated by the infinity in cases (8)—(13), (20)—(23),
(28)—(29), (34)—(35), (42)—(45), (50), (51), (58) and (59);

(c) two elliptic sectors separated by two parabolic sectors and the line of the
infinity is contained into the two parabolic sectors in cases (14), (24), (30),
(36), (46), (52), (54), (60) and (62).

(d) two hyperbolic sectors in cases (47)—(49), (55)—~(57) and (61).

Proof. We shall prove statement (a) in the case (1). Statement (a) in the other
cases, and the other statements are proved in a similar way.

In the case (1) system (1) becomes system (6). This last system in the local
chart Uy writes as

U= —au®+a(r; +re +1r3)ut — alriry +rirs + rors)u’
() +arirorsu® — v — u2vd,
11 ( )
0= —auv+ a(ry +ry +r3)udv —a(riry + rirz + rars)udv

+ar1r2r3u7v — .

This system doing the blow—up change of variables v = wu becomes

U= —au?®+a(ry +ry+r3)ut —a(rire + rirz + rors)u®
(12) —|—a7‘17‘2r3u8 — uSwb — u8w6,
w= utuw.

We eliminate the common factor u? of @ and 1 in system (12) doing the rescaling
of the independent variable dr = u?dt, and we obtain the differential system

= —a+a(ry +ry+r3)u —a(riry + rirs + rars)u’

6 4,,.6 6,,6
+arirer3u’ —utw” —uSwe,

w= uw’.
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This last system has no equilibria on the w-axis and on it we have that |,—¢ =
—a < 0. Then going back through the two changes of variables, first dr = u?dt and
second v = wu, and taking into account that in system (11) we have |,—g = —v5,
we obtain that the local phase portrait at the origin of system (11) is formed by
two hyperbolic sectors whose separatrices are tangent to the w-axis, one in v > 0
and the other in v < 0, separated by two parabolic sectors which contain locally
the invariant u—axis, i.e. the infinite line. This completes the proof of case (1) of
statement (a). O

We note that in the proof of statement (b) doing blow—ups changes of variables
we only obtain that the local phase portrait is formed by two elliptic sectors sepa-
rated by two parabolic sectors and the line of the infinity is contained into the two
parabolic sectors, but that when we shall consider the global phase portrait in the
Poincaré disc these two local parabolic sectors are contained in two global elliptic
sectors, for this reason in statement (b) we only said two elliptic sectors instead of
two elliptic sectors separated by two parabolic sectors and the line of the infinity is
contained into the two parabolic sectors.

Proof of Theorem 1. This proof follows taking into account the local phase portraits
of the finite and infinite equilibria described in Propositions 5, 6 and 7, and taking
into account first Theorem 3 (i.e. that for obtaining the global phase portrait
in the Poincaré disc we essentially must determine the a— and w-limit of all the
separatrices of the system) and after that the global phase portrait of a system (2)
is symmetric with respect both coordinate axes. O

4. PROOF OF THEOREM 2

For studying the limit cycles which bifurcate in a Hopf bifurcation from the
center of the differential system (2) when it is perturbed inside the class of all
polynomial differential systems of degree 7, see (3), we work as follows. First doing
the scaling x = ¢X, y = €Y we introduce a small parameter €. Thus we obtain
the differential system (X,Y). Now performing the polar change of coordinates
X =rcosf, Y = rsinf, the differential system (X , Y) written in polar coordinates
becomes a differential system (7, 0) Taking as independent variable the angle 0 the
differential system (7, §) produces the differential equation dr/df. Finally doing a
Taylor expansion in the variable r at » = 0 and truncating at 6-th order in ¢ we
obtain the differential equation

6
(13) r = Z—g = ZeiFi(Q,r) +0(").
i=0

The functions F;(0,r) i = 1,...,6 of the differential system (13) are analytic, and
since the independent variable § appears through the sinus and cosinus of @, they are
2m—periodic. Hence the assumptions for applying the averaging theory described in
subsection 2.3 are satisfied.

Now we shall study the limit cycles bifurcating from the center of system (2)
when it is perturbed as in (3) following the steps described in subsection 2.3. We
give only the expressions of functions F(r, 6) and Fy(r, ). The explicit expressions
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of Fi(r,0) for i = 3,...,6 are very long, therefore we shall omit them here. Thus
we have

1
Fi(r,0) = a3,cosf + b3,sinf + 57‘(()(1)1 +ajy — bhy cos 20 + ai cos 20

+b, sin 20 + a}, sin 26).
and

Fy(r,0) = %(a%o cos 0 + aigrcos? 6 + b, sin @ + biyr cossin 6 + al,r cos 0 sin 0
44,7 sin? ) (—bZ, cos 0 — blyr cos® O + a, sin @ — by, r cos O sin O
+ab,rsin? 0) + (a3, cos O + a3yr cos® O 4 adyr? cos® 6 + b, sin 6
+a2,r cos Osin @ + biyr? cos® Osin @ + a},r? cos? O sin 6 + b3, sin® 0
+bl172 cos Osin? O + alyr? cos O sin® O + blyr? sin® 0 + alyr cos O sin 0

+b2,7 cos O sin 6).

Using the formulas given in subsection 2.3 the averaged function of first order is

fi(r) = (byy + ajo)r.

Since the polynomial f1(r) = 0 has no positive roots, the first average function does
not give any information on the limit cycles that bifurcate from the center when
we perturb it as in system (3). This proves statement (a).

Taking by; = —ai,, we obtain fi(r) = 0. Therefore we can apply the averaging
theory of second order. Thus the averaged function of second order is

fa(r) = (b5, + aip)r.

Again the second averaged function does not provide information on the bifurcating
limit cycles. This completes the proof of statement (b).

Now taking b3; = —a%, we get fa(r) = 0, and applying the averaging theory of
third order, we obtain the third averaged function

1
fa(r) = = (b1, b5o—bi +2b30azo —2bgaag, —at agy—aly)r+ 1 (3bgs+byy +ata+3az)r’.

Since the polynomial f3(r) can have at most one positive real root, statement (c)
of the theorem is proved.

For applying the averaging theory of fourth order we must have f5(r) = 0, so we
take

3 11 12 3 2 1 1 2 1 2 1 1 1 1
ato = bi1bgy — b1 + 2b5pazy — 2bgeagy — a11ag0, ajy = —3bgs — by — 3asg.
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The averaged function of fourth order is

1
_ 321 11 11 11 2 2 11 11
fa(r) = —a" (boab11 + bi1bag + bigbay — 3bgg — b3y + bagag; — 2bpeap,
11 11 11 11 11 11
—2b12a10 — agaary + 2b39a30 — aq1a39 — 2a19a3; + 3bigazg
11 2 2 11 72 2 192 173
+3ag1a3p — aiy — 3azy) — r(=bigb11b50 + bobi1 + b11b5o
4 172 1 2 1 .1 172 1 3 1
—boy + 2bgaboaig + boaioai — 2bigbgoazg + 2bgpazg
112 11 2 11 2 11 2 2 9
—2bpoap1a50 — b11a10a50 — 51011450 — 2419020400 — Ago@i1

2 2 2 2 1 .3 1.3 4
—2bgaagy + 2b50a30 — 2bgaagy — ajyagy — aip)-

From the expression of the polynomial f4(r) we get that it has at most one positive
real root. Hence statement (d) of the theorem is proved. Doing

aty = —blobi1bgo + boobT1 + 116Gy — by + 2b55b50a 10 + boaioar
+2b30aby — 208,08, — 2bgaag; agy — biiaigagy — agiaiiady
—agoaiy + 205030 — 2bgaady — ayagy — 2b1b3easy — 2a10az0a50-
afy = boobiy 4 biybyg + bigbs, — 3bgs — by + byyag; — 2bgaagy — 33,
—2biyajy — agpaiy + 2b30a30 — ajiaz, — 2aigas, + 3agak,

+3bigal,,
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we have that fi(r) = 0, and we can apply the averaging theory of order five, and
the fifth averaged function is f5(r) = K3r® + Kor3 + K7, where

K1 = —((b19)?b11680 — b1 (b0)” — bi1bpobio — biobgobli — biobiibio + b11b50
+b3,b3, + bl gy — 2bd,biobRoat, + 208,b35at, + 2b,b30alt,
+2bg2b30a01a10 + bi1b5o (alg)® — blgbioaioatr + boaioais
+bg0ag1 10011 + 2(b1g)*biaze — 2b50bT0ade — 2b10b30a30 + 2b50a50
+2b3y(atg)?ady — 3(b3g)>adg + 201263003 — 2b32a3y — 2b52a01 a0
—2b02(a01)2a00 + b1ob11a1oaoo bu‘lloaoo - b%laéﬂ%oago - a%ﬂgo
_(%1) ahaoo (‘110)2“11%0 + 2bloa10a%0a00 2“01“%0“%0‘130

by1(ago)? + 3agg(age)® — 202080051 — ai1adeap: + 2bgaboats
*bhagoa%o - 2“%0“30“%0 + b%oa%oafl a(l)lagoan 2b10b00a20
+2b30a3 — 2a10agoazy — 2652080 — 2bgeag1ade — bi1aigagy — ap1ai1agy
—agoaiy + 2b50a3y — afy — 2bgaagy — atyagy — bgy + boaiiaty
—2bgs(ain)?ady — 2aigaz0ady + 2650a31a5),

K> = _Tl(_b(lmb%obh — 2biob11b39 — (b1g)*bsy + bi1b5s + b3y b7g + boabiy
+b30bT1 + b3 + bigb3; — 3bgs — b3y — biybdeady — blgbsiad
—2085ady — 2bgaap1ad2 + 2(bg2)atg + (b11)?aig + 2bigbizaio
—2bisaiy — b11aGea10 — 81011 — biaaigais + bygaiga

—4b} 0b20‘120 + 2b20a20 2b20a01a20 + b11a10a20 — 2ag,a10a30
+bigaiiazy — 2aig(az)? + 2bigaigaz; + 205paz, — 3(big)*az,
+3bigaly — 3blgagiazy + 12b5gady — 12b54a50 — 205508, + b3ag,
3a3oag; — 2bjaage — ajiady — 201,07, — 2a5 a7, — agyai;
—aéoan + 2bzoazo a11a20 2‘1105021 + 3b10a30 a%o(ah)Q

1 2 3
3ag,a3y — aiy — 3a3y + b3, + 2bhsb30aly),

1
Ky = §(5b55 + bys + azy + 5agy).

The rank of the Jacobian matrix of the function K = (K1, K2, K3) with respect
to the coefficient af; and bf; which appear in their expressions is maximal, i.e. it
is 3. Then the coefficients K; for 7 = 1,2,3 which appear in th expression of f5(r)
are linearly independent. By the roots of a quadratic polynomial in the variable 72
it follows that f5(r) can have at most two positive real roots. Therefore statement
(e) of the theorem is proved.

Imposing that K; = 0, Ko = 0 and K3 = 0 we obtain that f5(r) = 0, and
applying the averaging theory of order six we obtain the sixth average function
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fo(r) = 7(C1 + Car? + C3rt), where

Ci= %(Q(bio)?’bhbgo — 4bgabiy (b30)” — 2b11b30(b0)* — 4b1oba1 (b50)* — 4b10b11b30bT0
—2(b10)?b30bT1 + 2080bT0bT; + 2(b30)*31 — 2(b1g)*bi1b50 + 4b31b30050
+2b10b31 580 + 4bgabBobiy + 2011080080 + 2b10bFobTy — 2080011 + 2b10b11 b
—2b3pel1 + 20§, — 4bgy(big)*bioato + 4(biz) aig + 4b1ob3b3aln + 2011070
+4bgabgobigaty + 4bjabiobioaio — 42050010 — 4050052010 — 4bg2bioats
+4bgabiobBoan1a10 — 4bGobd2a01010 — 4bi2bioatato — 4ba2bdo (ag1 ) ato
+4biobi1b30(a10)? — 2b50b11 (a1n)? — 2011650 (ato)? — 2b11050ag1 (atg)? — 2631650

—A4bjabio(atn)® — 2011 (bgo)*aty + 2b50b31a11 — 2(big)*bioatoats + 2050b%0atoat,
+2b1gbgoatoats — 2bgoaioais + 20ibieagiatgat; — 2630ah1atoaty — 4bsg(b30)>asz
—2b30(ag1)?atgaty — 265 (ato) air + 4(big)*bgoase — 4bja(b0)>azg + 4(b3o)*atgas,
—8b1gbfobToaze — 4(big) bioaze + 4b3obioaszy + 4050bigaz, + 4bigbgoazg
+8biobg0(ain)?azg — 4b3g(ato)*aze — 4bg0as: (aig)?asy — 2(b3y) aiiasz
—12b10(b3o)*azo + 12030030a30 + 8(bg2)*boado + 2(b11)*bFoago + 4b1biabdeade
—4bgobiaagy — 4biabioage — 2011081 ady + 4bjaage — 4b1ab3oag ad + 4bgaasagy
+4b35(ag1)*ady + 4bha (agy ) ado + 2(b1g)*biateady — 2011b30at0ads
—2b1gbtyatgady + 20} ajgagy — 2bigbliagiatead + 2631 ady atoade
+2b1, (ady ) *algagy — 4bsadlo(ale)®ady + 4b3a(atn)?age + 8boaaty (ato)*ad
+2b11 (agg)*agy + 4bgabioat agy + 2(agy) airagy — 2big(alg)*atyagy
+4b11 65030080 — 4b31az0ady + 4(blg)*ateazeage — 4bToatoazade
—4bjgapyatgazagy + 4(agr)’atgageady + 4(atg)’adeads + 4b1gbgeas: ago
—4bdaziady — 4b3gag1as1ag + 2611 (b3gad)? + 2b1gbz (ady)® — 203, (agy)?
—2b31a8:(ago)? — 4bgage(ado)” + 4bjgaze(age)? — 2atyazg(agy)” + 6bigaie(agy)?
—6agyazg(age)® — 4bgabgoatoady — 2b0aioai1ads + 408zag0ag; + 8bsaap, agead
+2bi1aigagoag; + 4agiajiadoad; +4atgazgagead: + 4bgabiobgoato + 4bigbioaz,
—4b3obiaaty — 4bgabioaty — 4bgabiagiaty — 4b11b30ateaty + 4bja(ady)ady
+2bjobgoatrate — 2bjoaiiaiy — 2080ag1ai1a3y — 8boateazeat — 2b1gbiiagoaty
+2b%, adpaty + 2bi1agiagyaiy + 8bgaaigageats + datpaiiagpaiy — 4bjgazgageaty
+dagazgagoaiy + 20igb3atgat; — 2630ai0at, — 2b50apatoady + 2(ag;)*ageat,
+2(a1g)?agoat; + 2adgadaty — 2b3atal; — 4(big)*beady + 4bgebead,
—4bgazy — 4630 (aig)* a3y — 4bigatoagoazy + 4agiaigageasy + 4agoainas,

—4bjoageasy + 6(b30)*azy — 6(agy)?azy — 4bi2bgoag + 4632ady + 4b32adr ago

171 1 .3 2 1 .3 11 .1 .3 1123 1321 .3
—2b1ob11a10apy + 2b11a10a30 + 2b11a61a10a30 + 4bpa(atg) age + 2(apr)*atiagy
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+2(a1p)?at1agy — 4bigaioazado + 4agiaiazgage — 4bgeas age — 4b3adoag
—12a3gadoado + 4bgeadiady + 2aiiadiady + 2b11a30ad, + dazgaigag,
+2ag1a3, a8 + 4aiga3oady + 4bgaadoads + 2aiiagoagy — 2b3paigat; + 2aiiag,
+2ag,adpad; + 2ag0at; + 4bigbgeads — 4bgoaz, + 4aigageads + 4bgage
+2afy + 4b32agy + 4bgaagi agy + 2b1yaigagy + 2agiatiagy + 4aigazeagy
+2adyv1l — 463,020 — 21, b3, — 4azebgy + 4agy (atg)?airady + 2ai;agy)-
Oy = %(_Qb(lm(b%o)?bh — 6(b10)?b11b30 — 2(b1o) b3y + 12b52b03b50 + 6111205,
+8b(1)2b%162 + Sb%Obl b20 + 6b1, bl b o+ 26! Ob 6302 + QbéQb}lb%O
+4b} b3ob3 + 4blobd b3 + 208,013, + 4blbl b3, — 2b3,2b3,
+4biobi1b30 — 2671030 + 2(b1g)?b3; — 2b30b3; — 4b1obdy — 2b11 b3,
—2b3, b3, — 2b8,b3, — 2b30b3; — 2b11 b3, — 2b1b3, + 6b35 + 2b3,
—4biobiybagap; — 2(big)?b31agy + 203,bTgag; + 20507 ag; + 4bzah,
+4bjaagags + 4bga(agy )2 agy + 4(bga)*bigate + 4big(bir) atg + 2ai,
+4(b1o)b1aig + 8bgabigbzoaty — 24bgabioaiy — 1203,080a1y — 203,ah,
—8bjabiaain — 4bzobiaate — 4bisbigaig — 4bi;b31aly — 4bjgbiaaie
74b32b§0a%0 + 4b:f2a%0 - 4(b(1)2)2a$1a%0 - Qb%obha(lma%o + Qb%lbgoa(l)l
+2b1ahaal + 2b11agafaate — 6b4adl1 (alg)? — 2b11b30(alg)® — 4b15b3ads
+4bgaagz (atg)? + 6bysbioats + 4b31030al; + 2(ag; ) agaaiy + 2010b31ag,
—2bgabigaipaiy + 4bjgbsgaigat; + 205saigat, — 2b30a10aiy + 2bgaag1aigat;
+2agy(aig)*aty — 2bjgaig(air)? + 2agiajg(agy)?® — 12(big)*bigasg
+12b30b80 a3, + 8bgebTazy + 8bigh3eazy — 4b39aze — 8b1gb3gas:aze
+4b3gag azo + 4bjgbiiaigazy — 203 aigaly — 4bigagaatoaze — 4bigbiads
+dagagyajgazy — 4byg(ag)?aze + 2(big) ai;azg — 2630ai ad,
+6(aig)*atiasy — 8blgaig(azg)? + 4bi;bgoas, — 4b31a3; — 4bggagas,
+4(blo)*atoass — 4bipaipag — 4bgoazeas; + 4bigbdoazs — 4bgoass
—6(b1g)%aze + 12b55b50a30 + 24b3gbgeaz + 12b1gbTeaze — 6bTgasz
—6(big)?agial, + 6b3gag azg + 6bgatiazg + 48bjgbgaaty — 24b30ak,
+24bjoag ai — 6bgsbiiagy — 12bg5b15a5y — 4bisbygagy — 4bi1b3ad,
+24b% 4ad, + 4c22a3, + 24bj a8, a2, — 8biab,ad, + 12bi,ak5a3,
+6agzaiiagy — 12bgza0ad, — 8b31a30a8y — 8bgaaziagy — 4bygas,agy
+2a; a3, a8y + 12agad,a8, — 6b1yaz0ady — 24ag,a30ad, — 12a30a30a3,
+24ajgaloagy + 2011b30a8; + 2bigbziad; — 2b3;a8; + 4bjaagaad,
+2apa1,agy + 4bsgazgag; + 6bigazeag; + 4bgo2ag, + 4bgag; agy

11 2 112 1.1 2 12,2 12,2
+2b11a10ag, + 2a51a11 052 + 4ajgazgagy — 4(bpe) aty — 2(bi1) agg
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—4bjgbiaaly — 4bjabsgaty + 4biaaiy + 2011 apeaiy + 204201107 — 6bia3,
—2b3ga1,a3g + 2(ai;)?aiy — 2b1,a30a3, + 4ageazeaiy + 4(asy)?ady
—4blgas,aty + 2ag,ag,07, + 2bga10a7; — 2b30aigai; + 4ajeaiai,
—2bigazaty + 2ag,ai; + 8bighzgaz, — 4b3gaz, + 4bsgap; azy — bagad,
—2bi,ajpa3y + 4ageaipa3, — 2bjgat;asy + 8ajgazyas + 2ai a3, + 2ai;ai,

—4bgajgaz, + 4aigas; — 4bgoas, + 6(big)*a3, — 6b7ya3, + 6az,
+6bigag, a3y — 6ag a3, — 24b3gad, + 24bgaad, + 4bsyady — 2b3,a%,

—6adoag; + 4bjaag, + 2a1,a8y + 2a5,aY, 4 2abgaf, — 4bsgad, + dagad;).

1

O3 = 24( 6bgsb1a — 3b1aby; — biybge — 3by bag — 3by1byg + 15bgs — 15b1gaz,

+3b35 + 15bd5(big + ady) + 2b3yaby, — 303 ads + 1542, — 5alyal,

+6bjaapy + 630010 + 3agaaiy + 4byaazy — 6bigasy + 3a3,

+b54(5b17 + 20ag, + 22a5) — 6bjzaz; — 3bgag; — 4bgaas,
—2bjgagy + agyad, + 6ajgaz; — 3bjsazy — Ibgazy — 15a4,ak,

9%3“30 3‘121@30 221’02“40 20(’20‘1}10)'

Since the rank of the Jacobian matrix of the function C = (Cy,Cs,C3) with
respect to the coefficients aj; and bj; which appear in their expressions is 3, the
three coefficients C; for i = 17 2,3 of the polynomial fg(r) are linearly independent.
Therefore il follows that the polynomial fs(r) can have at most 2 positive real
roots. Consequently, by subsection 2.3 for |e| > 0 sufficiently small the differential
equation (7, 9) has at most 2 limit cycles surrounding the origin, going back through
the changes of variables we obtain that there are at most 2 limit cycles bifurcating
from the center of system (2) when we perturb it as in system (3) if fr = 0 for
k=1,2,3,4,5 and fs # 0. So statement (e) of the theorem is proved for the
averaged function of order 6.
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