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Abstract

In this paper, we investigate the center-focus problem and the number of limit cycles
bifurcating from three foci for a family of piecewise smooth planar septic Zs-equivariant
systems, which include (41, 0) and infinity as their singularities. We achieve a compre-
hensive classification of the conditions under which (41,0) act as centers. Moreover,
we rigorously prove that, under small Zs-equivariant perturbations, the perturbed sys-
tem possesses at least 15 limit cycles, comprising 14 with small amplitude and 1 large
amplitude with the scheme 1 D (7 U 7).
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1 Introduction

For the past few years, the center and bifurcation problems for planar differential systems have
been extensively studied. Theoretically, the center and bifurcation problems are closely related
to the well-known Hilbert’s 16th problem, one of the 23 mathematical problems proposed by D.
Hilbert in 1900 [19]. A simplified form of this problem was also proposed by S. Smale [35] as one of
the 18 most challenging mathematical problems for 21st century. In practical applications, many
complex dynamical behaviors are triggered by the bifurcation of limit cycles.
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In the study of dynamical systems, center problems, which are closely related to the Hilbert’s
16th problem, are far from being solved. A complete study on the bi-center problem for Zs-
equivariant cubic vector fields was given in [39, 41], and the bi-center problem for some Zs-
equivariant quintic systems was studied in [34]. In 2017, the bi-isochronous center problem for
cubic systems in Zy-equivariant vector fields with real coefficients was considered in [15]. In 2020,
the isochronous center problem for the Zs-equivariant cubic vector fields with complex coefficients
was completely solved [25]. The Zj-equivariant cubic vector fields with weak saddles or resonant
saddles were studied in [26, 27, 28]. Weak centers and local bifurcation of critical periods in a
Zy-equivariant vector field of degree 5 were studied in [42]. For degenerate singular point, a nor-
mal form method was given in [40] and bifurcation of limit cycles and center problem for p : ¢
homogeneous weight systems were studied in [36].

A great many problems appearing frequently in science, particularly in mechanics, electrical
engineering and automatic control, are described by dynamical systems whose vector fields (i.e.,
the right-hand sides of the equations) are not continuous or not differentiable. These systems are
indistinctly called discontinuous or non-smooth systems and discussed in the classical books [16, 23].
In recent years, there has been considerable interest in studying bifurcations and chaos in non-
smooth systems because these systems are widely encountered in applications. Examples include
the squealing noise in car brakes [2, 20], the absence of a thermal equilibrium in gases modeled
by scattering billiards [21, 22], relay feedback systems in control theory [1, 6], switching circuits in
power electronics [3], impact and dry frictions in mechanical engineering [7, 13, 14], etc. Due to
various forms of non-smoothness, non-smooth systems can exhibit not only all kinds of bifurcations
belonging to smooth systems, but also complicated nonstandard bifurcation phenomena that are
exclusive to non-smooth ones, such as grazing [4, 8], sliding effects [7], border collision [32] etc.

A non-smooth system is called a switching system if such a system is divided by one or more
curves which may not be continuous on these curves. In recent decades increasing attention has
been paid to the following switching system

dz dy\ _ | (F¥(x,y,pu),G"(x,y,p)), fory >0, (1)
dt’dt) | (F(z,y,n), G (x,y,p)), fory <0, '

where F*(x,y, ) and G*(z,y, 1) are analytic functions in = and y. It is seen that system (1.1)
actually includes two systems: the first equation is called the upper system, defined for y > 0, and
the second is called the lower system, defined for y < 0. Note that y = 0 (i.e., the z-axis) is a
switching line.

Analogous to the study of smooth dynamical systems, we are interested in the following two
fundamental problems in the analysis of Hopf bifurcation in switching systems (1.1)

e The center-focus problem, determining if a singular point on the line y = 0 is either a center,
an attractor or a repeller.

e The cyclicity problem, finding the maximal number of limit cycles around the singular point
under the variation of the parameters inside the systems.

Discontinuous planar differential equations have richer dynamical behavior than smooth dy-
namical systems. For the center problem, it is well-known that a singular point is a center in
planar smooth systems if and only if there exists a local first integral around the singular point.
However, the situation is quite complicated in switching systems. The origin of system (1.1) can
be a center even if it is not a center of either the upper system or the lower system. On the other



hand, if the origin is a center for both the upper system and the lower system of (1.1), system (1.1)
may not have a center at the origin.

A good deal of work has been done to invest whether some classical bifurcation methods for
smooth systems, such as the Hopf, homoclinic and subharmonic bifurcation methods, can be gen-
eralized to non-smooth cases, see, for example, [5, 10, 11, 17, 29, 30, 37] and the references therein.
Both of the center problem and cyclicity problem of switching systems can be investigated via the
computation of Lyapunov constants [10, 11, 17]. Gasull and Torregrosa [17] proposed a new method
to compute the return map near the critical point based on a suitable decomposition of certain
one-forms associated with the expression of (1.1) in polar coordinates. The studies on center-focus
problem for switching systems were started in [31, 33]. Up to now, some center conditions have
been obtained for some switching Kukles systems [17], switching Liénard systems [12, 29] and
switching Bautin systems [11]. It is well known that planar linear systems can not possess limit
cycles. However, compared to smooth systems, piecewise linear switching systems may have 2 or
3 limit cycles. Han and Zhang [18] proved that 2 limit cycles can appear near a focus of either FF
(focus-focus), FP (focus-parabolic) or PP (parabolic-parabolic) type. The number of small ampli-
tude limit cycles bifurcating from a focus of quadratic switching Bautin systems was investigated in
[10, 11, 17, 30]. Particularly, examples with linear lower system possessing 5 small amplitude limit
cycles were constructed in [17]. By using the perturbation method, it was shown in [10] that the
cyclicity of discontinuous quadratic systems is at least 9. Recently, Tian and Yu [38] constructed an
example of switching systems to show the existence of 10 small amplitude limit cycles bifurcating
from a center, which is a new lower bound of the maximal number of small amplitude limit cycles
obtained in quadratic switching systems near a singular point. Nilpotent center conditions in cubic
switching polynomial Liénard systems by higher-order analysis were studied in [9].

In this paper, we deal with the center problem and bifurcation of limit cycles for a class of
planar septic Zs-equivalent systems with 4 switching lines expressed as follows:

%f = —xty + A1x3y? + (34 Az + 2A43)22%y3 — (A1 — 24A4)zy* — Asy® — y(2? 4+ 92)3, (x>0
W — 25 — (54 Az)z’y? + (241 — A2)2?y® + (24s + Az)zy* + Agy® + x(2? + y?)?, ’
2 = —gly + Bia®y? + (3 + Bz + 2B3)a?y® — (B — 2By)xy’ — Boy® — y(a? + ¢2)?, (<0
G = —2° = (5+ Ba)a®y® + (2B1 — By)a®y® + (2Ba + Ba)awy' + Buy® + w(a? + y?)’, ’
{ %f = —aty + A123y? + (34 Az + 2A43)2%y3 — (A1 — 244)zy? — Asy® — y(2? 4+ 9?)3, (<0
% = —2° — (54 A3)x3y? + (241 — Ag)x?y® + (245 + Az)ay* + Ayy® + z(x? +?)3, ’
{ 9t — —ghy + B1z®y? + (34 By + 2B3)2%y® — (B — 2B4)zy* — Boy® — y(a? + %)%, (x>0
3= —a5 — (5 + B3)2x®y? + (2B1 — By)2*y® + (2B + B3)ay* + Byy® + x(2? + ¢?)3, ’

(1.2)

It is easy to verify that system (1.2) is unchanged under a real planar counterclockwise rotation
through 7, so it lies in a Zj-equivariant vector field. System (1.2) admits three singular points:
(£1,0) and the infinity, the former two have the same topological structure.

The remaining sections are depicted as follows. A method of computing Lyapunov constants
for switching systems is given in Section 2 as preliminary. Section 3 is devoted to looking for center
conditions. The bifurcation of limit cycles generated from the equilibria is considered in Section 4.

y > 0),

y > 0),

y <0),

y < 0).



2 Preliminary

Lyapunov constants are effective in distinguishing weak foci from centers and in determining
the cyclicity of linear center type equilibria. The vanishing of all Lyapunov constants is a necessary
and sufficient condition for a singular point to become a center. We will give some properties and
technical results about the Poincaré return map and Lyapunov constants associated to switching
systems, as offered by [24].

If the functions F*(z,y, 1) and G*(z, y, 1) in system (1.1) are analytic functions in = and y in
the neighborhood of the origin, systems (1.1) can be expanded as the following system

;

o0
& —ste—y+ Y X (),
Cc% =T+ 5+y+ Z Ylj(x’y)»

k=2

2.1

d . 1)
G =0Tz —y+ > X, (z,9),
. 22 y <0,
Y=xr—0y+ k22 Y, (z,v),

where X ,;t(a?, Y), YkjE (z,y) are homogeneous polynomials in z,y of degree k. According to Lemma
2.1 of [17], a Poincare map can be defined by using the upper and lower systems of (2.1). At first,
the lower system of (2.1) can be changed to
e e]
&= —bwx—y— 3 X (x,—y),
=2 ony >0, (2.2)
W—z—by+ 2 Y (@),

by the transformation (x,y,t) — (x, —y, —t) . Then, under the transformation
x =rcosb,y =rsinb, (2.3)

the upper system (2.1) and system (2.2) become

oo

0 (2.4)
14 ’;1 Ui o (0)rF,
where g (6), 1, (0) are polynomials of cosf and sin 6, given by
gog(ﬂ) = cos 0X;= |(cosf,sinf) + sin OY," | (cos 6, sin0), (2.5)
Y (0) = cos0Y, - | (cosf,sinf) — sin HX,il(cos 6,sin6). ’

We see from (2.4) that
Y 90,1[+2(9)Tk

r = . (2.6)
1+ kz—:l 1#752 (O)rk

dr_
b~
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To study the solutions of this equation, we shall consider a general differential equation

% = riR,{;(a)rk, (2.7)
k=0
where 6 € (0, 7). Suppose system (2.7) have the following solution of convergent power series
r1=71(0,h) = i ug (0)h* (2.8)
k=1
and -
ro = 72(0,h) = > v (O)hF, (2.9)
=1
respectively, satisfying the initial condition 71|g—¢ i rolg—o = h, where h is sufficiently small and
u1(0) = v1(0) = 0,u(0) = vk (0) =0,k =2,3,--- . (2.10)
We can then define the following functions
Aq(h) =7 (m,h) —h (2.11)
and
Ay (h) = 7o(m,h) — h (2.12)

for the upper system of (2.1) and the system (2.2), respectively. Therefore, the successive function
for the switching system (2.1) can be defined as

A(h) = Ay(h) — Aa(h) = 71(m, h) — To(m, h). (2.13)
Definition 2.1. (See [24]) Define

A(h) =" [up(rm) — vi(m)] BF =D Vihk, (2.14)
= k=1

k=1

where Vi, is called the kth order Lyapunov constant of the switching system (2.1).
Definition 2.2. (See [24]) If the functions on the right-hand side of system (2.1) satisfy the

following conditions:

X (@y) =X "(2,-y), Y (x,y) =Y (2, ~y), (2.15)
then system (2.1) is said to be symmetric with the x-axis; If the functions on the right-hand side
of system (2.1) satisfy the following conditions:

XH(a,y) = X" (~2,9), Y (2,y) = Y (~2,9), X (2,9) = X (-2,9),Y (2,y) = —Y_(_?yl)é)

then system (2.1) is said to be symmetric with the y-axis.

With the above definitions, we have the following result.

Theorem 2.1. (See [24]) If system (2.1) is symmetric with the x-axis or the y-axis, then the origin
18 a center.

Theorem 2.2. (See [24]) If the upper half plane and lower half plane of system (2.1) have analytic
first integrals Hy(x,y) and Hs(x,y), respectively, then the origin of system (2.1) is a center if and
only if for x1 > 0 small there exists x9 < 0 such that Hj(x1,0) = H;(x2,0),5 = 1,2.



3 Center conditions

This section is dedicated to finding the center conditions of system (1.2) with the aid of symbolic
computation.

Since system (1.2) is a Zy-equivariant system with two symmetric critical points (41, 0), without
loss of generality, it suffices to discuss the case of (1,0). It is well-known that the Hopf bifurcation
is always considered in a small neighborhood of the critical point. Therefore, when we consider the
Hopf bifurcation in the neighborhood of (1,0) of system (1.2), it is equivalent to consider the Hopf
bifurcation in the neighborhood of (1,0) of the following switching system,

{ CL%” = —aty + A123y? + (34 Az + 2A43)2%y3 — (A1 — 244)zy? — Asy® — y(2? + 9?)3, (y > 0)
% = —2° — (54 A3)x3y? + (241 — Ag)x?y® + (245 + Az)ay* + Agy® + x(x? +?)3, ’
{ ditﬁ = —aty + B123y? + (3 + By + 2B3)2%y® — (B1 — 2By)xy* — Bay® — y(2? + y?)3, (y < 0)
& = —a5 — (5 + B3)2?y? + (2B1 — By)2*y® + (2B + B3)ay* + Byy® + x(2? + y?)3, '
(3.1)

Namely, the Lyapunov constants at (1,0) of system (1.2) are the same as system (3.1) in the
neighborhood of (1,0). With the translation substitution (z,y,t) — (z + 1,y,2t), system (3.1) is
transformed to the form

& — —y —bay+ A1 — Faty + SAiay® + §(Ag 4 243)y° — 122y

—(3 — Ay — 243)zy® — %(Al —2A4)y* — 8zty + %A1$3y2
—%(15 — Ay — 2A3)x2y3 — %(Al — 2A4)$y4 — %(3 + AQ)yS
—3xy(a® +4%)* — qy(=® +y*)?,

> 0),
% =a+a? — 12+ Ag)y? + La® — S 452y + L(2A41 — Ag)y® + 1524 (y>0)
+5(5 = Ag)a®y” + (241 — Ag)ay® + (3 + 245 + Az)y* + 1027
+3(25 — A3)ady? + 1(241 — Ag)2?yS + 39+ 245 + As)zy?
\ +3(722 + y?) (2? + y?)? + J2(2? + y?)3,
(3.2)
((do — _y  5ey+ LBiy? — Za?y + 3Bixy? + LBy + 2B3)y® — 1223
dar — Y y21y321:cy 21$3/424213y32 -y
7(13 — By — 2B3)xy . 5(311 —2By)y* — SZ: y1+ 5B’y
—3xy(x” + — sy(z” + )
" y(@” +y7)" = qy(a” +y7) (y < 0).

Y=g+ 22— 124 By)y? + L2® — $Bsay® + L(2B1 — By)y® + 1524
+3(5 — Bs)2?y® + (2B1 — By)zy® + (3 + 2B + Bs)y* + 1025
+5(25 — B3)z®y? + $(2B1 — By)z%y® + 3(9 + 2By + Bs)zy*
+3(722 + y?) (2% + y?)? + J2(2? + y?)3,

\

Executing the Mathematica program for computing the Lyapunov constants results in
Theorem 3.1. The first 7 Lyapunov constants at the origin of system (3.2) are given as follows:

Vi = —3(As — By),

Vo = Tl() 2A1 — A1A3 —3A4 +2B1 — A3B; — 3B4)7T,

V3 = %(414% + 945 — 2A%A3 —3A5A3 —6A1A, +4A1 B
—2A1A3B1 — 6A4B1 — 985 + 3A332),

(3.3)



Case (I): for Az # 3,

Vi= —m(m + B1)(864 + 90A? + 54045 — 252A3 — 55A% A3 — 360 A3 A3 — 12043

+5A2 A% + 604242 + 36 A3 + 45A1 Ay — THA1 A3 Ay — 2T0A3 + 30A1 By — 25A, A3 By
+5A1A§B1 —45A4B1 + 15A3A4Bl)ﬂ',

3.4
Vs = — 051 (A1 + B1)(270A; + 1043 — 1444, A3 — 5A3 A5 + 184, A — 324 A, — 15434, (34)
+108A43A44 — 54B1 + 20A3B; — 36 A3B1 — 10A3A3B, + 184381 — 3041448,
+104, B} — 5A1 A3 B? — 15A4B?),
Subcase (1,): for Ag # 5[108 + 5(A; + By)?],
Vo = 737280[108736/33+5(A1+B1)2]2 (A3 = 3)(1 + A3)(A1 + By) fe,
1
Vi=-— 1134[108—36A3+5(A1+B1)2]3[48+35(A1+B1)?] (A3 = 3)(1 + A3) (A1 — By)® (3.5)
x (A1 + B1)®[144 + 5(A1 + B1)?| fr,
Subcase (Iy,): for Az = %[108 +5(A1 + B1)?,
1
Ve = TIGI9G0A 96T (3.6)
Ve = WMA%(QO?Q —24A% + 35A1)(9A1 +5A3 +27A,), '
Case (I1): for As = 3,
Vi = _%(Al + 344)(Ay — Bo), (3.7)
Vs =Ve=Vz =0, ’
In the above expression of Vi, it is assumed that: Vi =Vo=---=Vp_1 =0,k =2,3,4,5,6,7, and

fo = 4478976 + 5857920 A% + 16080047 — 875A% — 2985984 A3 — 231552042 A3
—100800A4% A3 + 497664 A2 + 36288042 A2 + 3006720 A1 By + 124800043 By
+26250A3B; — 463104041 A3 By — 40320043 A3 By + 725760 A1 A2 B, + 5857920B%
+2174400A2 B? 4 112875A1 B — 231552043 B7 — 604800A2 A3 B? + 36288043 B?
4124800041 B} + 17150043 B — 40320041 A3 B} + 16080081 + 112875A% B}
—100800A3 B} + 2625041 BY — 87589,

fr = 145152 4+ 96 A3 + 3547 + 19241 By + 140A3 By + 96 B + 21043 B?
+140A, B3 + 35B4,

g6 = 61236 A% + 59805 A7 + 43350 A7 — 875A4% + 36741641 A4 + 51030A3 A4 — 8505043 Ay
+551124 A% — 22963543 A3.

By using the expressions of Lyapunov constants obtained in the above theorem, we can get the
center conditions.

Theorem 3.2. The first 7 Lyapunov constants at the origin of system (3.2) vanish if and only if
one of the following conditions holds:

By = —A1,By = Ay, B3 = A3, By = —Ay; (3.8)

AQZBQ:Anggz—l,A4:A1,B4:Bl; (39)
1 1

A3 =B3=3,A4 = —§A1,B4 = —ZBl. (310)



Proof. By linearly solving Vz = 0 for A4 given in (3.6), we have

1
Ay = —§A1(9+5A1), (311)
under which, Vi is rewritten as
= A3 A%)(12 A2 : 12
Ve 136624 1(36 +5A7)(12 4 35A7)m # 0 (3.12)

Therefore, the origin of system (3.2) is impossible to be a center in case (I).

Using the expressions of Lyapunov constants in subcase (I,) and solving the nonlinear system
WV =Ve=Vy3 =V, =V; =V = Vz = 0}, we obtain conditions (3.8) and (3.9). Using the
expressions of Lyapunov constants in case (II) and solving the nonlinear system {V; = Vo = V3 =
Vi = V5 = Vs = V7 = 0}, we obtain condition (3.10) and

By = —Al,BQ = AQ,Bg = A3 = 3,By = —A4, (313)
which is a special case of condition (3.8). O

Theorem 3.3. For system (3.2), all the Lyapunov constants at the origin vanish if and only if the
first 7 Lyapunov constants vanish, i.e., one of the three conditions in Theorem 3.2 holds. Relevantly,
the three conditions in Theorem 3.2 are the center conditions of the origin.

Proof. When condition (3.8) is satisfied, system (3.2) becomes

& — —y —bry+ A1y — Faty + S Aiwy® + §(Ag + 243)y° — 1223y
—(3— Ay — 2A3)zy® — $(A1 — 2A4)y" — 8aly + L A123y>

—2(15 — Ay — 243)2%y° — 1(Ay — 240)2y* — 33+ A2)y°
—3wy(2® + %) — gy(@® + )%,

v+ Ha? — L2+ Ag)y® + 223 — SA52y® + (241 — Ay)y® + 1524
+3(5 — A3)z®y? + (2A1 — Ag)zy® + (3 + 245 + Az)y* + 102°
+5(25 — A3)x3y? + %(2A1 — Ay + %(9 + 245 + A3)xy?
+5(T2% + y?) (2 + )% + Ja(2® + yP)?,

U
SIS

D=0 0| o

(3.14)
& =~y —dry — s Ay’ — Faty — JAiay® + 5(Ax + 243)y° — 1227y
—(3— Ay — 2A43)wy3 + %(A1 —2A4)y* — 8zty — %A1$3y2
—%(15 — Ay — 2A3)$2y3 + %(Al — 2A4).%'y4 — %(3 + Ag)y5
—3zy(2® +y%)* — 3y(2® + v*)°,

< 0).
% =2+ Wa? 10+ Ay + 2P — daay? — 124 — AP+ 150t V=0

+3(5 — A3)2?y® — (241 — Ag)zy® + (3 + 242 + A3)y* + 102°
+2(25 — Ag)ady? — (241 — Aga?y® + 59+ 245 + Ag)ay?
+3(722 + y?)(2? + y?)? + J2(2? + y?)3,

whose vector field is symmetric with respect to the z-axis according to the Theorem 2.1.



Under condition (3.9), system (3.2) writes

& — —y— Sy + 3 A1y° — Faty + S Awy® — 5y — 1208y + S A1a%y? — 6ay?
+3Aiy* — 5y(162° — Ayzy + 2y°)(2? + y°) — 3zy(z® + %) — qy(a® + y*)*, (4> 0)
% =a+ a2 — 192+ B3 + 30y 4+ L A1y8 + 1521 + 92%y% + Aqay? ’
+3(2023 + 62y* + A1y%) (22 + y2) + 5(T2% + y?) (22 + y?)? + La(2? + y?)3,
(% = —y—5ey + 3By’ — Fay + §Biay® — 5y° — 1228y + S Bia?y® — 6ay’
T3B1y’ —5y(162” ~ Bray + 29%)(a® +97) = wy(a? + 97 —yu(a® +9P,
% =a+ a2 — 292+ B3 + 3a0y? 4+ $B1yd + 152 + 92%y% + Bay? ’
+3(2023 + 62y% + B1y®)(2? + y2) + (722 + ) (22 + y*)? + S2(2? + y?)%,
(3.15)
By means of complex transformation
z=x+iy,w=x— 1y, T =1it,i =—1, (3.16)
system (3.15) is transferred into
L — L(142)%(1+w)[8z + (64 i41)2% +2(6 — i4;)zw
+(2 4 iA1)w? + 822w + 8zw? + 42%w?],
I =1 > 0),
d L1 w)2(1 4+ 2) (8w + (6 — idy)w? +2(6 1 idywe ) = (W) >0)
+(2 — iA1)2% + 8w?z + 8w2? + dw?2?),
(3.17)
L — 114 2)*(1 4+ w)[8z + (6 + iBy)z* + 2(6 — iBy)zw
+(2 + iB1)w? + 82%w + 8zw? + 42%w?),
I =1 < 0).
by — _1(1 4 w)2(1 4 2)[8w + (6 — iBy)w? + 2(6 + iBy )wz (Tm(z) = Im(w) <0)
+(2 —iB1)2% + 8w?z + 8wz + 4w?2?,
The upper system and lower one in system (3.17) have the following first integrals
H+(z w) = (2—iA1)2(2+2)+2(2+i A1 +82+422)w+(2+iA1 +82+422)w? +2i(2i— A1) (1+2) (1+w) In(1+w)
PAHW) = 8(1+2)(1+tw)
+Z’l(2/l+A]_)ln(1+Z)’ 2 ) 2 5 o (318)
Hi(Z U)) _ (2-iB1)2(2+42)+2(2+iB1+82+42% ) w+(2+iB1 +82+42° )w 4+ 2i(2i—B1 ) (1+2) (1+w) In(1+w)
1 \* 8(1+2)(1+w)
+2i(2i + B1) In(1 + 2),
respectively. Furthermore,
1
H{ (z,2) = H{ (2,2) = 5[22—{—,22—2111(1—}—2)], (3.19)

which yields that the origin of system (3.2) is a center.



When condition (3.10) holds, system (3.2) takes the form

( fl—f = —y—bry + %Alyz — %:L‘Qy + %Alng + %(6 + Ag)y?’ — 12:1:3y + %A1x2y2
+(3+ Ag)zy® — %A1y4 — 8zty + %Alx?’yQ — %(9 — Ag)z?y3 — %Alxgﬁ
) —5(3 + A2)y® = 3zy(2® + y*)* — qy(a® + y*)°, (4> 0)
Y=g+ Ha?— 392+ Do — Jay? + TAjy3 + 1524 + 32%y% + LA 293 ’
+(3+ Ag)y' +102° + 1123y? + LA12%y3 + (6 + Ag)ay — FA1y°
L +3 (722 + y?) (2? + y2)? + Jz(2? + y?)3,
‘é—f = —y —bay + 3B1y* — Fay + 3Biay® + 3(6 + Bo)y® — 1223y + 3 Bia?y?
+(3 + Ba)zy® — %Bly4 — 82ty + 3 B3y — 1(9 — Bo)a?y® — %leyf
L a4 Bay® —3ay(a® 4 y?) — gy +y7), (4 < 0)
Y=+ %xQ — %y2 + 275373 — %ny + %Bly3 + 152% + 322y + %ley3
+(3 4+ Bo)y* + 102 + 11232 + %leng + (6 4+ By)zy* — %Bly5
+5(T2% + y2) (2 + )2 + Ja(2® + y?)?,
(3.20)

With the complex substitution (3.16), system (3.20) can be written in the form:

(%= 25(1+2)?[482 + 6(10 +i41)2 + 12(6 — iA;)zw + 6(6 + i A; )w?

(

+(15 + 4i Ay + 3A42)23 + 3(21 — 2iA; — 3A42)2%w + 9(13 + Ag)zw?

+(21 + 2647 — 3A2)w3 + 7222w? + 482w + 242%w3),

d — — (14 w)?[48w + 6(10 — 1Ay )w? + 12(6 + i A1 )wz + 6(6 — 1A;)z>
+(15 — 4i Ay + 3A2)w3 + 3(21 + 2iA; — 3A2)w?z + 9(13 + Ag)wz?

{ +(21 — 2641 — 345)23 + 720?22 + 48wz3 + 24w? 23,

(Im(z) = Im(w) > 0),

(92 = L(1+2)%[482 + 6(10 4 iB1)2% + 12(6 — iB1)zw + 6(6 + i By )w?
+(15 + 4iBy + 3B2)23 + 3(21 — 2By — 3B2)z%w + 9(13 + Ba)zw?
+(21 + 2iBy — 3B)w? + 722%w? + 482w? + 242%w?],
d — — (14 w)?[48w + 6(10 — iBy)w? + 12(6 + iB1)wz + 6(6 — iBy)z>
+(15 — 4iB1 + 3B2)w? + 3(21 + 2iB; — 3B2)w?z + 9(13 + Ba)wz?
{ +(21 — 2iBy — 3B3)23 + T2w?2? + 48wz3 + 24w?23],

(Im(z) = Im(w) < 0),

(3.21)
whose upper system and lower system have the following first integrals

H (z,w) = —mm +192(2 4+ w) + 288(z + w)? + 8(18 +iA4;)2>
+24(30 — iA1)2%w + 24(30 + iA1)zw? 4 8(18 — i Ay )w3 + (15 + 4iA; + 3A5)2*
+4(69 — 2iA; — 3A2)23w + 18(45 + Ag)z?w? + 4(69 + 2iA; — 3A45)zw?
+(15 — 46 Ay + 3A0)w* + 288(2 4+ w)z2w? + 9623w3],

Hy (2,w) = —mms +192(2 + w) + 288(z + w)? + 8(18 + iBy) 2>
+24(30 — iBy)2%w + 24(30 + i By ) zw? + 8(18 — i By )w> + (15 + 4iB;y + 3Bs)z*
+4(69 — 2i By — 3B2) 23w + 18(45 + Ba)z?w? + 4(69 + 2i By — 3B2)zw?
+(15 — 4iBy + 3Bo)w* + 288(2 + w)z2w? + 9623w3],

(3.22)
respectively. Moreover,
_ 1+4z+ 222
+ — —
Hy (z,2) = Hy (2, 2) = —w (3.23)
O
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Naturally, we have the following result.

Corollary 3.1. The equilibria (+1,0) of system (1.2) become centers if and only if one of the three
conditions in Theorem 3.2 is satisfied.

4 Bifurcation of limit cycles

In this section, we will employ the computation method of Lyapunov constants as presented in
Section 2 to demonstrate that system (1.2) can exhibit 14 small amplitude limit cycles bifurcating
from (£1,0) and one large amplitude limit cycle bifurcating from the infinity.

Theorem 4.1. For system (3.2), the origin is a 7th order weak focus if and only if either

B3 = As,
B4 _ (A1+B1)(2—A3)—3A47

3
B, — 2A2(A3—2)+2A1(3A4—2B1+A3B1)+3A2(A3—3)+6A4 By
2= 3(A3—3) )
Ay = 8644543 (A3—2)(A3—9)—5A1[3(5A43—3) Ay—(A3—2)(A3—3) B1]—3A3(844+40A3—-1243—5A4B1)—45A4(6A4+B1)
- 60(A3—3)2 ’
A, — 5A2(2—A3)(A1+2B1)+A1[18(A3—3)(A3—5)—5(A3—2) BZ]+18(A3—3)(14+A3) By
4= 3[108—36A3+5(A1+B1)2] )

fe =0,
{36A3 — [108 + 5(A1 + B1)2]}(A1 — Bl)(Al + Bl)(l + Ag)(Ag — 3)(3A3 — 13) 7& 0,
(4.1)
or
By = Ay,
By = Ay = 274543
By — 18A1+10A43+27A4
o Z%(243—60211%+125A‘11’)+27A4(54A1+50A§+81A4)
By = 150A7 ’ (4.2)
A — A2(81—140A2—25A1)+9A,4(54A1+10A34+81A4)
2= 50A7 "
96 = 0,
A1(5A% —12)(9A1 +5A3 +27A,) # 0,
holds.

Proof. In subcase (I,), it is easy to verify that the equation f7 = 0 has no real solution. Then,
setting {Vi = Vo =V3 =V, = V5 = V5 =0, V7 # 0} gives the desired condition (4.1).

In subcase (I,), the fifth Lyapunov constant is simplified as

1
Vs = ———(A; — B))(Ay + B1)?[144 + 5(A, + B1)?].
5= £103g At — Bu)(A1 + B1)"[144 + 5(A1 + B1)’]
We solve V5 = 0 to get A1 + By =0 or Ay — By = 0. However, the latter is impossible. Otherwise,
we get A3 = 3, which is contradictory with case (I). Then, solving {V; = Vo = V3 =V, = Vg =
0, V7 # 0} yields condition (4.2). O
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Theorem 4.2. Suppose that the origin is a 7Tth order weak focus, then 7 small amplitude limit

cycles can bifurcate from the perturbed system of (3.2):

‘% =6tw—y—bry+ 3 A1y? — Faty 4+ SAjey® + (As + 2A3)y — 1223y
—(3 — Ay — 2143)333/3 — l(Al — 2A4)y — 8zt Y —|— %Al.%'
*%(15 - AQ - 2A3)ZL‘2y3 - %(Al — 2A4)l‘y4 - %(3 + AQ)y5

% =z+6ty+ 121x2 - 7(2 + A3)y? + 25 z3 3A3xy2 + %(2A1 — Ag)y? + 1524
(5 — Az)x?y? + (2A1 Ag)zy? + (3 + 245 + Ag)y4 + 1025

(25 — Ag)x y? + (24 — A4)a:2y3 + 2(9+ 242 + Az)wy!

(722 + %) (2% + y°)? + sa(a? + y?)?,

S astops

( % =0 x—y—bxy+ %Bl 213:23/ + 3Bla:y2 + %(BQ +2B3)y® — 1223y
—(3— By —2B3)ay® — (B — 234)y4 — 8xly + $ Bia’y?
—%(15 — By — 2B3)x2y3 — %(Bl —2By)zy* — %(3 + Bo)y®

%:x—i—(S y+ Ha? — 1(2 4 By)y? +25  — B3y’ + 5(2B1 — By)y® + 1527
+3(5— Bg)x y? +(231 By)zy® + £(3+ 2By + B3)y* + 102°
+%( 5— Bg)x y?+ 3(2B; — B4):C2y3+%(9+232+33)xy4
+5(72% + ) (2 I +ga(a? +y°)°,

where 0 < 6+ < 1.

Proof.  When the origin of system (3.2) is a 7th order weak focus, i.e., condition (4.1) or

holds, after computing the determinant of the Jacobian matrix, we arrive at

O(V1,V2,V3,V4,V5,Vs)
det ( 0(B3,B4,B2,A2,A4,A3) ‘(4 1
_ (9L  OVo  OV3  OVy  OVs & OVs ‘
0Bs 0By 0By < 0A; < 0A4 <043z ) |(4.1)
1

_ 2 3.3
~ 1003290624000[108—36A3+5(A1+B1)2]2 (A3 = 3)%(A1 + B1)* 7" f # 0,

or

0(B3,B4,B2,A2,B1,A4)

— (OVi  OVa  OV3  OVy OVs Vs ’
= 8B5 0B, 0B, 0A, 0B, 0A4 ) 1(42)

AT(5A% —12)(36 + 5A42) (947 + 5A3 + 27A4) w3 # 0,

det ( ((VI,V2,V37V21,V57V6) ) ‘(4 2

= 13060694016
where

f = 483729408 + 890196480A2 + 30326400A% — 141000A% — 4375A% — 967458816 A3
—974177280A2 A3 — 85795200A% A3 — 1749000 A6 A5 + 437548 A3 + 644972544 A2

+522547200A43 A3 + 3913920047 A3 + 75600048 A3 — 179159040 A3 — 13810176043 A3
—5443200A1 A3 + 17915904 A% + 13063680 A2 A3 — 10077696041 By + 20839680043 By

+8982000A%F By + 122500A7 By — 132129792041 A3 B; — 34318080043 A3 By
—15786000A43 A3 By — 122500A7 A3 By + 10450944004 A3 B; + 15655680043 A3 B,
+4536000AF A3B; — 2762035204 A3 By — 2177280043 A3 By + 26127360A1 A3 By

—3ay(2? +y%)? — Jy(a® + y?)3, (y > 0),

—3zy(2? + — Ly(2? +
y( y?)? — 5y( y?)3, (y < 0),

(4.3)

(4.2)

(4.4)

+890196480B7 + 35614080042 B + 37197000A% B? + 822500A$ B — 974177280 A3 B3

—514771200A% A3 B — 47403000A A3 B? — 822500 A% A3 B? + 522547200 A3 B?
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423483520042 A2 B? + 1134000041 A3 B? — 138101760 A3 B? — 3265920043 A3 B}
+13063680A3 B7 + 208396800A; B} + 5614800043 B} + 211750043 Bf — 34318080041 A3 B}
—6673200043 A3 B — 211750043 A3 B3 + 15655680041 A3 B} + 1512000043 A3 B}
—21772800A41 A3 B} + 3032640081 + 3719700042 B + 2843750A1 B} — 85795200 A3 B}
—47403000A3 A3 B — 2843750 A1 A3 B + 39139200 A% B} + 11340000A% A3 B} — 544320043 B
+8982000 A1 B} + 211750043 B — 1578600041 A3 By — 211750043 A3 B} + 45360004, A3 B}
—141000BY + 822500A% B¢ — 1749000A3BY — 82250043 A3 B¢ + 756000 A% BY

+12250041 B] — 122500A1 A3 B] — 4375B% + 4375A3 B¢,

due to

Resultant|f, fe, B1]
= 2020106459808291802264671279503410498791014400000000000000000000000000(12 + 35A42)2
x (27 + 542 — 9A43)4 (A5 — 3)5(1 + A3)19(343 — 13)* #£ 0,

which means f and fg do not have common solutions. Therefore, for 0 < 6+ < 1, 7 small amplitude
limit cycles can bifurcate from the origin of the perturbed system (4.3). O

By employing the aforementioned theorem, we are able to establish the following result.

Theorem 4.3. For system (1.2), 15 limit cycles can appear near (£1,0) and the infinity under
small perturbation. The distribution is that, 7 small amplitude limit cycles around (—1,0), one
large amplitude limit cycle around the infinity, and 7 small amplitude limit cycles around (1,0).

Proof. The first Lyapunov constant at the infinity of system (1.2) can be computed as

Vi = — (A1 + B1) +3(As + Ba)]

It follows from Theorem 4.2 that 7 small amplitude limit cycles can bifurcate from each of (£1,0)
of system (1.2) because of its equivariance. At the same time, we have

1
Ve }(4.1) = g(A?) —3)(A1 + Bi)m # 0,

or

oo 5
Vi ‘(4.2) = %A?TF # 0,

which shows that when (£1,0) are 7th order weak foci, the infinity is a first order weak focus. [J
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