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THE SHAPE OF LIMIT CYCLES FOR A CLASS
OF QUINTIC POLYNOMIAL DIFFERENTIAL
SYSTEMS*

Xuemei Wei! and Shuliang Shuilf

Abstract We consider the problem of finding limit cycles for a class of
quintic polynomial differential systems and their global shape in the plane.
An answer to this problem can be given using the averaging theory. More
precisely, we analyze the global shape of the limit cycles which bifurcate from
a Hopf bifurcation and periodic orbits of the linear center ¢ = —y, ¥y = x,
respectively.
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1. Introduction

It is well known that Hilbert presented a list consisting of 23 mathematical problems
in 1900. The second part of the 16th problem appear to be one of the most persistent
in that list, second only to the 8th problem, the Riemann conjecture. Limit cycle
theory plays the key role in the second part of the 16th problem. The study of limit
cycles mainly consists of two aspect: one is the existence, stability and instability,
number and relative positions of limit cycles, and the other is the creating and
disappearing of limit cycles along with the varying of the parameters in the system
(e.g. bifurcation). Since the research on the exact number of the limit cycles and
relative positions for a polynomial system is difficult, it is still an open problem
even for the case n = 2. However, for a planar polynomial differential systems
the number of limit cycles is finite, see [6,7,13]. A classical way for studying the
number of limit cycles which bifurcate from the periodic orbits of a period annulus
of a center is the averaging method, see [1,5,11,17,18]. This method additionally
can give the shape of the bifurcated limit cycles up to any order of the perturbation
parameter. Moreover, the averaging method has been applied to solve the center
problem, see for instance Garcia & Giné [8]. In the past years the question of
the shape of limit cycles of polynomial differential systems has attracted increasing
interest. Prohens & Torregrosa [19] studied the shape of limit cycles bifurcating from
the period annulus of a class of radial Hamiltonians. Giacomini etc. [9] studied the
global shape of the bifurcated limit cycles from an analytic Hamiltonian center when

fthe corresponding author. Email address: shuisl@zjnu.cn(S. Shui)

LCollege of Mathematics, Physics and Information Engineering, Zhejiang Nor-
mal University, Jinhua 321004, China

*The authors were supported by the National Natural Science Foundation
of China (11171309, 11172269) and the Zhejiang Provincial Natural Science
Foundation (Y6110195).



292 X. Wei and S. Shui

it was perturbed by an arbitrary analytic vector field. Then Giacomini etc. [10]
continue their study on the shape of the limit cycles which bifurcate from non-
Hamiltonian centers under small analytic perturbations. Llibre [15] showed the
existence of bifurcating limit cycles for quadratic systems and obtained their global
shape. Similar studies for the cubic systems and the quartic systems can be found
in [16,2], respectively.

In this paper, we will use the averaging method to consider the global shape of
the limit cycles for a class quintic polynomial differential systems of the form

T = Pl(.fE,y) +P5('1:7y)7

) (1.1)
Yy= Ql(xa y) + Q5(x7y),

where P, and @,, denote homogeneous polynomials of degree n. In fact, due to the
determinant of coefficients

1 1 1 1 1 1 0 0 0O 0 O 0
0 0 0 O 0 0 -5 -3 -1 1 -3 5
-0 -2 2 2 -2 -10 0 0 0O 0 O 0
0 0o 0 O 0 0 -10 -2 -2 2 2 =10
5 -3 1 1 =3 5 0 0 0O 0 O 0
0 0o 0 O 0 0 -1 1 -1 1 -1 1 0
0 0o 0 O 0 0 1 1 1 1 1 1 # 0,
5 3 1 -1 -3 =5 0 0 0O 0 O 0
0 0o 0 O 0 0 -0 -2 2 2 -2 -10
10 2 2 =2 =2 10 0 0 0O 0 O 0
0 0 0 O 0 0 5 -3 1 1 =3 5
1 -1 1 -1 1 -1 0 0 0O 0 O 0

it is clear that the expression of system (1.1) is equivalent to the form of

&= Mx—y+(a1+as+az+as+as+ag)r’ + (=581 — 302 — B3+ Ba
+385 + 586)xty + (—10a1 — 200 + 2a3 + 204 — 25 — 10a6)23y?
+(—1081 — 2B2 — 2B3 + 284 + 285 — 1085)x%y> + (bay — 3 + a3
+ay — 3as + bag)xyt + (=1 + B2 — B3 + Ba — Bs + B6)y°,

y= x4+ y+ (Br+Pa+ B3+ Ba+ Ps+ B6)r” + (5o +3az + a3 — ay
—3as — bag)xty + (1081 — 262 + 283 + 284 — 285 — 1066)x>y?
+(10a; + 200 + 203 — 20y — 205 + 10a6) 2%y + (581 — 382 + B3

+B4 = 3B5 + 5B6)zy* + (1 — a2 + a3 — au + a5 — ag)y®
(1.2)
when the origin is a focus. In order to simplify our calculations, we shall study
the global shape of the limit cycles which born in Hopf bifurcation at the origin
of system (1.2) and also the global shape of the limit cycles of system (1.2) which
bifurcate from periodic orbits of the center & = —y, y = z.

We can say that the averaging method gives a quantitative relation between
the solutions of some non-autonomous differential system and the solutions of the
averaged differential system, which is an autonomous one. It is necessary that the
system (1.2) is transformed into a particular case of an Abelian differential equation
to use this method. We will state the specific results about Abelin equation and
Averaging theory in Section 3 and 4, respectively.
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2. Statement of the main results

We use the second order approximation of the averaging method to investigate the
the periodic solutions which bifurcate from the origin of the quintic system

&= —y+ (o1 +as+az+as+as+as)r’ + (=581 — 382 — Bz + Bu
+385 + 586)xty + (—10a1 — 200 + 2a3 + 204 — 25 — 10a)23y?
+(=1081 — 282 — 283 + 284 + 285 — 1086) 22y + (5ay — 3z + a3
+ay — 3as + bag)zy* + (—B1 + B2 — B3 + Ba — Bs + Be)y® + 2o,

= x4 (B1+ B2+ B3+ fa+ Bs+ Bs)x® + (5ar + 3a2 + az — oy
—3as — bag)rty + (—1081 — 282 + 283 + 284 — 265 — 108s)z3y?
+(10a7 + 200 + 2a3 — 204 — 205 + 10a6) 22y + (581 — 362 + B3
+B1— 3B5 + 5Bs)xy* + (1 — g + a3z — oy + a5 — ag)y® + 2y,

(2.1)

at € = 0. By the same method, we study the limit cycles which bifurcate from the

periodic orbits of linear center & = —y, y = x when we perturb it inside the quintic
systems
&= —y+e[lar +az + a3+ as+as + ag)x® + (—5by — 3by — b3 + by

+3bs + 5bg)xty + (—10ay — 2as + 2a3 + 2a4 — 2a5 — 10ag)z3y?
+(—10b1 — 2b2 — 2b3 + 2b4 + 2b5 — 10b6)$2y3 + (50,1 — 3(12 + as
+a4 — 3as + 5a6)xy4 + (—b1 + by — b3 + by — bs + bﬁ)ys] + 620401‘,

) 2.2

y: :[;—I—E[(bl+b2+bg+b4+b5+b6)$d+(50,1-’-30,2-’-0,3—a4 ( )
—3as — 5a6)x4y + (—10b1 — 2by + 2b3 + 2by — 2b5 — 10b6)l‘3y2
+(1Oa1 + 2a9 + 2a3 — 2a4 — 2a5 + 100,6)$2y3 + (5b1 — 3by + b3
+by — 3bs + 5b6)xy4 + (a1 —as + a3 — a4 + as — ag)y5] + €2a0y.

The main results are the following theorems.

Theorem 2.1. Consider system (2.1) with oy = —%ag and ag - M > 0, where

M = —105a1 61 + 40(a183 + azfBi + a1 + a1 fs) + 64(azfs + azfs + asf2)

+24(0o1 s + a5 51) — 80(ae B + a1 B2),

there is a limit cycle bifurcating from the origin for e = 0. Moreover, for any e > 0
sufficiently small, the expression of this limit cycle in polar coordinates (r,0) is
given by

r(0,e) = eViay/ 4+ Le51600(0) + Le5/100  c(0) + 220 b(6)c(6)

5 _9/4 _9/472 3 _9/4 _9/4 2 13/4 (2.3)
+2e%40 02 (0) — Z%40y" " (0) + ()34,
where
64040
M b

g9 —
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b(0) = (a1 + az — ay)sin(20) + (=351 + B2 + B1) cos(20) + (a1 — as) sin(46)
+(—1B1 + B5) cos(40) + (—S a1 — ag) sin(66) + (281 + Bs) cos(66)
+(2p1 + Bs),

o) = (w2 + a2 + 3ay) sin(26) + (%& + B2 — 3[34) cos(26)
+(=30q + 2a5) sin(46) + (381 — 25) cos(46) + (5a1 + Sag) sin(66)
+(—3281 — 516) cos(66).

Theorem 2.2. Consider system (2.2) with a1 = %ag and ag - N > 0, where

N = -—105a1b1 + 40((111)3 + agby + asby + a1b4) + 64(a3b3 + agby + a4b2)
+24(a1b5 + a5b1) — 80(&2[)1 + albg),

there is a limit cycle, which is bifurcated from a circular periodic solution of linear
center with radius pg = ,/64% of the linear center for ¢ = 0. Moreover, for e >0

sufficiently small, the expression of this limit cycle in polar coordinates (r,0) is
given by

r(0,6) = pot + Lep *b(0) + Lepy c(0) + Se2ph  b(0)e(0)

5 .2 .9/472 3 .2.9/4 2 3 (24)

+a587p" b2 (0) — 5587y ¢*(0) + o(e)”,
where b(0) and ¢(0) are define as in theorem 2.1 with only formal changes to sub-
stitute o; and B; with a; and b;, respectively.

3. The system in polar coordinates and the Abelian
equation

The aim of this section is to present the Abelian equation theory as it was obtained
in Li ete. [14]. We deal with the class of real planar polynomial differential systems
of the form

;t:)\x—y—&—Pn(x,yL y:$+)‘y+Qn(xﬂy)v (31)

where P, and @,, are homogeneous polynomial of degree n. Using polar coordinates
(r,0), system (3.1) becomes

F=X+ f(O)r", 0=1+g(0)r" ", (3.2)

where
f(0) = cosOP, (cosf, sinh)+ sinbQ,, (cosh, sinbh),

g(0) = cos0Q),, (cosb, sinfh) —sinbP, (cosl, sind).

We remark that f and g are homogeneous polynomials of degree n+1 in the variables
cos® and sind. It is clear that the expression of system (3.1) is equivalent to the
differential equation

dr M+ f(O)r"

do 1+ g(f)rn—1 (3:3)

in the region S = {(r,0) : 1+ g(6)r"~' > 0}. Since any periodic orbit surrounding
the origin of system (3.1) is in S, but does not intersect the curve £ : 6 = 0 (for
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more details see the Appendix of Carbonell & Llibre [3]), there exist periodic orbits
of equation (3.3).
The change of variables (r,6) — (p,0) with

Tnfl

= 41 +g(9)7,,n—1 (34)

p

is a diffeomorphism from the region S into its image. As far as we know, the first
to use this transformation was Cherkas in [4]. If we express Eq.(3.3) with respect
to the variable p, we obtain

% — (= 1)9(6)g(6) — FO]* + (1~ () ~ 29(6)) g (B)]5? + (n— 1),

(3.5)
which is an Abelian differential equation. In fact we have proved the following
result.

ing the origin if and only if p(6) = r(0)"~1/(1 + g(0)r(6)"~1) is a periodic solution
5).

Lemma 3.1. The function r = r(0) is a periodic solution of system (3.2) surround-
(

of the Abelian differential equation (3.

4. Second-order approximation in general averag-
ing
In this section, we give the necessary results on the theory of averaging that we

will apply to prove theorem 2.1 and 2.2. First we need to introduce the following
definition.

Definition 4.1. Let f(t,y) be a continuous function in [0, 7] x D, with D C R and
T-period in t, then we define the average function of f as

1 T
19 =2 [ s (1)
T Jo
Lemma 4.1. Consider the initial value problems :
& =cf(t,z) +e%g(t,x) + e h(t,2,¢),  2(0) = xo, (4.2)
and
§=efO) + 1Y) + 29 (y),  y(0) = o, (4.3)

where x,y, o € D C R, t € [0,00), € € (0,e0], f(t,x), g(t,x) and h(t,z,e) are
T-periodic in t, and
af oyt
L oy = 91 = 9Y 10
fit) = e - 20 )
where

yM () = / (F(s.2) — 1O (@))ds + w(z),
0

with w(z) a C' function such that the averaged function of y' is zero. f©, f10)
and g9 denote the averaged functions of f, f' and g, respectively. Furthermore,
suppose that:
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(a) Of /0y, g and h are Lypschitz in x and all these functions are defined,
continuous;

(b) |h(t,x,€)| is uniformly bounded by a constant in [0, L) x D x (0, &o);
(c) y(t) belongs to D on the time-scale L.

Then
(1) x(t) = y(t) + ey (t,y(t)) + o(¢?) on the time-scale L;

(2) If fO(y) =0 and p is an equilibrium point of the averaged system (4.3) such
that 9

@(f(lo) ) + 9 W))ly=p # 0, (4.4)

then there exists a T-periodic solution ¢(t,e) of Eq.(4.2) which is close to p
such that ¢(t,e) - p ase — 0;

(3) If O (y) = 0 and (4.4) is negative, then the corresponding periodic solution
¢(t,e) = p of Eq. (4.2) in the space of (t,x) is asymptotically stable for
sufficiently small . If (4.4) is positive, then this periodic solution is unstable.

For a proof see Llibre [15], Sanders etc. [20] and Verhulst [22].

5. The proof of Theorems

Considering the planar polynomial system (1.2), we can rewrite the system into the

form:
3= Agz+ A12° + Axz*Z + A3232% 4+ A42%2% + Aszzt + AgZ°, (5.1)

where z = z+yi, Ag = A+1i, A, = a, +0ni, (n =1,2,---,6). Direct computations
partially provide the first four Lyapunov constants Vy, Vi, Vs, Vig of the quintic
system (1.2). These Lyapunov constants are given by

Vi=A Ve=2a3, Vzg=0, Vig=—2(asp1 + a1fs + aafla + afy).

The above results are also referred to the formula of [12]. It follows easily from
the arguments of [21] that a limit cycle which bifurcates from the origin if V5 = 0,
[Vs| < |Vio| and VsVip < 0. Now, in order to study this Hopf bifurcation, we need
to transform the system (1.2) into an Abelian equation. Using polar coordinates
(r,0), system (1.2) becomes

= Ar+a(@)r®, 0=1+0b(0)r, (5.2)
where
a(f) = (=1 — Ba + Ba)sin(26) + (—Fa1 + az + au) cos(20)

+(—p1 + Bs) sin(40) + (— 31 + as) cos(46) + (281 + Bs) sin(60)

+(§oz1 + ag) cos(66) + (goq + ag),
%al + ag — ay)sin(20) + (fgﬁl + B2 + B4) cos(20) + (a1 — a) sin(46)
+(—%B1 + Bs) cos(40) + (—2ay — ) sin(66) + (281 + Bs) cos(66)
+(3p1 + Bs),

S
—
)
~
Il
—
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denote polynomials of degree 6 with respect to the variables cosf and sinf. We
observe that the system (5.2) is equivalent to

dr  Xr+a(0)r®

a0 1r o) (53)
Let
P=1y b()rt’
we obtain the following Abelian differential equation
D A0)p® + B(0)p? + 40p
9 (5-4)

= [A\b(6)2 — 4a(0)b(0)]p® + [4a(6) — SAB(0) — b (8)]p* + 4Ap,

with & (0) denote the derivative of b with respect to 8, and A(f) and B(f) are
trigonometric polynomial with respect to cos @ and sin 8 of degree 12 and 6, respec-
tively.

By the second order approximation of the averaging method, we shall study the
periodic solutions of the system (5.4) and consequently the periodic orbits surround-
ing the origin for the quintic system (1.2). Then a good asymptotic estimation of
the shape for the limit cycle which bifurcates from the origin is obtained.

Proof of Theorem 2.1. Taking A = ape? with ¢ > 0 sufficiently small, we study
the Hopf bifurcation at origin of the system (1.2) given by V3 = 0, | V5 |<]| V1o |
and V5Vip < 0. This way leads to system (2.1) with associated Abelian differential
equation (5.4). In addition, the perturbation of system (1.2) is relevant to €2, so
we apply the second order approximation of averaging method to Abelian equation
(5.4). Now, using the change of variables p = oe, Eq.(5.4) becomes

O = f(0.0) +9(0,0) + h(6,0,2), (5:5)

where f(0,0) = (4a(0) -V ()02, g(0,0) = 4(ag —a(0)b(0)o?)a, h(0,0,¢) = 4(—2+
b(0)ea)apb(0)o?. The functions f, g and h satisfy all the assumptions of Lemma
(4.1) with T = 27r. According to ay = 7%0&3, we compute and obtain these following
integrals using Maple
FO(0) =0,
Y (0,0) = [(—F o1 + az + 3as) sin(20) + (3281 + B2 — 3B4) cos(20)
+ (=301 + 205) sin(46) + (381 — 285) cos(46) + (221 + Sag) sin(66)
+ (=281 — 385) cos(66)]0?,
F19(0) =0,
99 (o) = & (640 — Mo?)o,

with

M= —-10501031 + 40(0[1@3 + agf1 + auf1 + a154) + 64(04353 + asfs + 044ﬂ2)
+24(c1 5 + as 1) — 80(a2B1 + a1 f2),
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where we have used the notation of Section 4. Since ag - M > 0, Lemma (4.1)

640
M

satisfying o(6,e) — o¢ as € — 0, where o is an equilibrium point of the averaged
equation of Eq. (5.5). In fact, using Lemma (4.1), we have

o(0,) = a0 +ey* (0, 00) + o(e?).

implies that Eq. (5.5) has a periodic solution o(f,¢) near to o9 = and

We infer that Eq. (5.4) has a 2w-periodic solution near to p(6,e) = o(6,¢)e such
that po(f,e) — 0 as ¢ — 0. Finally, returning to the Eq. (5.3), we see that it has
the 2m-periodic solution

eo(6,¢) 1/4
Oe)=| ————F— 5.6

0.9 = (=Foewa) (56)
with 7(6,6) — 0 as ¢ — 0. So this periodic solution is produced by a Hopf’s
bifurcation at the origin of system (1.2) when ¢ = 0. And expression (2.3) is
obtained when we expend (5.6) in power series of €. The proof of Theorem 2.1 is
completed. O]

Proof of Theorem 2.2. Now, we investigate limit cycles which bifurcate from
the linear center & = —y, ¥ = x, when it is perturbed inside the class of quintic
systems (1.2). Let A = ape?, a; = ea; and B; = €b;, we obtain the quintic system
(2.2). Then the corresponding Abelian equation (5.4) becomes

9 — <1(0.0) +9(0.0) + hi6.p,2), (57)
where f(0,p) = (4(8) — B'(0))62, 9(6,p) = 4(ap — a(0)b(6)p*)p and h(h, p,e) =
4(=2 4 b(0) pp)apb(0)p?, a(f) = a(0)/c and b(0) = b(0)/e. Note that Eq. (5.5) and
(5.7) are exactly the same with only formal changed to substitute o, a and b by
p, @ and b, respectively. Taking into account these changes, we see that the results
obtained for o remain also valid for p. Hence

p(ev 6) = pPo + 6y1(05 PO) + 0(52)a
where
640(0
N b

Po =
with
N = —105a1b1 4+ 40(a1bs + asby + asby + a1by) + 64(asbs + azbs + agbs)
+ 24(a1bs 4+ asb1) — 80(azby + a1ba),
¥ (0, p0) = [(—Z a1 + as + 3a4) sin(26) + (32by + by — 3bs) cos(26)
+ (—2ay + 2a5) sin(46) + (2b1 — 2b5) cos(46) + (32ay + Zag) sin(66)
+ (—33b1 — Sbg) cos(66)] 3.

Returning to the equation in polar coordinate (5.3), it has the 2w-periodic solution

_(__ete)
0.9~ (aea) o9

such that r(0,e) — ¢/py as € — 0. So this periodic solution is produced by a bi-
furcation of the circular orbit of system (2.2) when ¢ = 0. Expanding Eq.(5.8) in
power series of e, we obtain expression (2.4). The Theorem 2.2 is proved. O
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