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BIFURCATION OF LIMIT CYCLES FOR CUBIC REVERSIBLE
SYSTEMS

YI SHAO, KUILIN WU

ABSTRACT. This article is concerned with the bifurcation of limit cycles of
a class of cubic reversible system having a center at the origin. We prove
that this system has at least four limit cycles produced by the period annulus
around the center under cubic perturbations.

1. INTRODUCTION

One of the main problems in the qualitative theory of real planar differential
systems is the determination of limit cycles. For polynomial differential systems,
the problem of the maximum number of limit cycles arises in the context of the
second part of the Hilbert’s 16th problem. A classical way to obtain limit cycles is
perturbing a polynomial differential system which has a center.

In this article we study the bifurcation of limit cycles of a cubic systems under
small cubic perturbations. We consider system

i:M+5f(zvy7€)7 y:*M

R(z,y) R(z,y)
where H(z,y) is a first integral of system with ¢ = 0 and integrating fac-
tor R(z,y), f(z,y,e) and g(z,y,e) are cubic polynomials in x,y with coefficients
depending analytically on the small parameter e.

We assume that the unperturbed system of has at least one centre which is
surrounded by a continuous set of period annuli I';, of real algebraic curve H(z,y) =
h,h € (h1,hs). As well know, the maximum number of limit cycles produced by
period annuli of system with € = 0 is reduced to counting the number of zeros
of the displacement function

d(h,e) = eM;(h) + €2 Ma(h) + O(g?), (1.2)

+eg(z,y,¢), (1.1)

where d(h, ) is defined below, which is parameterized by the Hamiltonian value
h. The number of zeros of the first non-vanish Melnikov function M (h) in
determine the upper bound of limit cycles in produced from periodic orbits
of the unperturbed system . As usual, we call the the upper bound of limit
cycles cyclicity and the first non-vanish Melnikov function the generating function.
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Most of the results concerned with the cyclicity of the period annulus is for
planar quadratic systems under quadratic perturbations, in particular for quadratic
systems with centers of genus one. We refer to 2} 4[5, [6], [7], [10) [13], [16} 17, 20, [19],
the survey paper [9] and references therein. But there are less results concerned
with bifurcation from the periodic orbits of cubic system. The authors of [11]
investigated the upper bound of limit cycles that bifurcate from the periodic orbits
of cubic reversible isochronous centers having all their orbits formed by conics inside
the class of all polynomial systems of degree n. The paper [3] study the maximum
number of limit cycles from cubic Pleshkan’s isochronous system S; under a small
polynomial perturbations of degree n. In [18], the authors study the number of
limit cycles produced by the period annulus of a cubic reversible isochronous center
under cubic perturbations.

In this article, we will study the cubic reversible system

&= —y(1—)(1 - 20),

1.3
g = — 20 +22° + 3%, (1.3)
which has a first integral of the form
(z —1)*(2* +3°)

H = 1.4

(09 = g (1.4
with the integrating factor R(z,y) = % It is easy to know that the origin is a
center of system (1.3), z =1 and z = % are two invariant lines. Hence, there is an

unbounded period annulus surrounding the center of system and h € (0, +00).
Chavarriga and Sabatini [I] have proved that the origin is a reversible isochronous
center.

The main purpose of this article is to deal with the bifurcation of limit cycles
of system under cubic polynomial perturbations. We consider the following
perturbating system:

t=—-y(l—2a)(1-2z)+cf(z,y,e),

; 1.5
y:x—2z2+y2+2z3+sg(z,y,s), (15)

where
3

3
f(x,y,&) = Z aij(E)miyja g(xa y,E) = Z bz](g)xlyj
=1 iti=1
with a;;(¢) and b;j(¢) depending analytically on the small parameter €. By (L.2)
we know that the Abelian integrals of system (1.5)) is

h
where I'j, is the compact component of H(z,y) = h, defined by (L.4).
The following theorem is the main result of this article.

Theorem 1.1. For cubic perturbed systems , the mazimum number of zeros
inh € (0,400), counting multiplicities, of the Abelian integral I(h) in is equal
to four. Moreover, for each k = 0,1,2,3,4, there exist perturbations such that I(h)
have exactly k zeros.
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To prove this theorem, we shall change the Abelian integral I(h) in to
a linear combination of five integrals in and introduce some definitions of
Chebyshev system and lemmas in Section 2. In Section 3, we shall prove that the
five integrals in form an extended complete Chebychev system. Accordingly,
we obtain the number of zeros of the generating function by some purely algebraic
computations.

It follows from that system is reversible. Hence, Theorem and
(1.2) imply the following result.

Theorem 1.2. The least upper bound for the number of limit cycles of system
bifurcating from the period annulus of unpertubing system is equal to
four. Moreover, for each k = 0,1,2,3,4, there exist perturbations such that exactly
k limit cycles produced by the period annulus of system

2. THE GENERATING FUNCTION AND PRELIMINARY RESULTS

To study the bifurcation of limit cycles of system , we need to calculate
the number of zeros of the Abelian integral I(h). The author of [4] use Chebyshev
property to study the number of zeros of Abelian integrals of several classes of
planar quadratic systems under quadratic perturbations. This method is valid for
some restricted forms of the first integrals.

We write the first integral H(z,y) in as

H(z,y) = A(z) + B(z)y?, (2.1)

where A(z) = % and B(z) = % There exists a period annulus by the
set of ovals T'y, € {(z,y)|H (z,y) = h} around the origin, which is parameterized by

the Hamiltonian value h € (0, 400).

Lemma 2.1 ([4]). Let T'j, be an oval inside the level curve {A(z) + B(x)y*™ = h}
and we consider a function F such that % 18 analytic at x = 0. Then, for any
keN,

F(z)y* 2de = G(x)yFdz,
Tn I'n

where G(z) = 2(BE) () — (ZE)(a).

Using above lemma, we have the following proposition.

Proposition 2.2. The generating function 1(h) defined by (1.6) can be rewritten
as

I(h) = poJo(h) + paJi(h) + paJo(h) + psJs(h) + pada(h), (2.2)
where

Jo(h):/ ﬁd% Jl(h):/ ﬁd%
) h 5

3
Ly
KRy

whith pg, w1, e, ps and g are arbitrary constants.
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Proof. Integrating by parts, for any 4, j > 0, we obtain

1 o
R(z,y)a'y/dy = —— R(x,y)xldyj“
Fh + 1
_ 2 / i’ 4 (5 = 3i)a’ + 20 =2ty
41, (2z — 1)* ’

Since the system (|1.3]) is reversible,

x'ty? .
. dr =0. f =2 N.
/Fh(%j_l)zlx s or j n,nec
The Abel integral I(h) (also known as the first order Melnikov function) is the
divergence integral. By direct computation we have

1(h) = / Rf(x.,0)dy — Ry(z,y,0)dz

/ /mtrh (Rf)a + (Rg)yldzdy

(o + a1z + agz? + azz® + agxt)y (Bo + Brz + Baz®)y?
= dr + 1 dx,
r, (2 —1)4 r, (2x—1)

where o; and §; are arbitrary constants independent on €.

It is easy to show that ( %1)4 and a? ;)4 can be expressed as line combination
of (2;’_31)4, (21_31) and s 31) . By using lemma and solving the differential
equation

1 2 /BF\/’ B'F
Gz 1) 300 @ - ()@,
we obtain

z(1 — 22 + 22%)(3 + 2C — 4Cx + 2Cx?)
2(—1+2x)* ’
where C' ia a constant. Taking C' = 0, we have

/ v J / 3z(1 — 2z + 2x2)yd
— 2 __dr = o

Similarly, we obtain

zy? 3z(1 — 2z + 22%)y
S 2 4.
T, (2£E — ].) Ty 2(—1 =+ 2x)

Obviously, there exist constants ¢; and d; such that

F(x) =

3z(1 — 2z + 22?) 23: c;x’
=

2(—1+ 2x)* —1 4 2z)*’
and
3z(1 — 2z + 222) 24: dja
2(—1+2x)3 4~ (—1+2z)%
Thus, it follows from the above analysis we obtain the expression (2.3)) and the
proof is complete. O

To prove Theorem [[.I] now we introduce some definitions and lemmas. The
reader is referred to [4] and [14] for details.
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Definition 2.3. Let ¢o(z),p1(x),...,on—1(x) be analytic functions on an open
interval L of R.

(a) (po(x),p1(x),...,on-1(x)) is a Chebyshev system (for short, a T-system)
on L if any nontrivial linear combination
aopo () + arpr(z) + -+ + an—1on-1(x)

has at most n — 1 isolated zeros for x € L.
(b) (¢o(x),1(x),...,on—1(x)) is a complete Chebyshev system (for short, a
CT-system) on L if (po(x),01(x),...,pr—1(x)) is a T-system for all k =

1,2,....n.

(¢) (po(x),p1(x),...,on—1(x)) is an extend complete Chebyshev system (for
short, an ECT-system) on L if for all k = 1,2,...,n, any nontrivial linear
combination

aopo(z) +a1p1(z) + -+ + an—1pK—1()
has at most k£ — 1 isolated zeros on L counted with multiplicities.

Definition 2.4. Let ¢o(z), p1(x),...,vr—1(x) be analytic functions on an open
interval L of R. The continuous Wronskian of (o (), v1(z),...,pr—1(z)) at x € L
is

<P9(I) @fe—l(m)

i T 4 (T

Wiooor,. . pril(z) = det(oP@ozijep = | O Pl
k— k—

gp(() b () ... @2711)(x)

The following two lemmas are found in [I4] and [8] for instance.

Lemma 2.5. (go(x),p1(x),...,on—1(x)) is an ECT-system on interval L, then,
for each k =1,2,...,n—1, there exists a linear combination with exactly k simple
zeros on L.

Lemma 2.6. (go(x),¢1(x),...,on—1(x)) is an ECT-system on L if and only if,
foreach k=1,2,... n,
Wlekl(x) #0  for all x € L.

From (2.1]) we can see that the projection of the period annulus I'j, on the z-axis

is 2 € (—o0, %) and zA'(z) > 0 for any = € (—o00,3)\0. Hence there exists an
analytic involution o(z) (0 0o 0 = Id and o # Id) such that

A(z) = A(o(z)) for all x € (—o0,1/2).
Let t = o(x), then

(z —t)(=1+ =+ t)p(x)q(x)
(=1 +22)2(—1 + 2t)2
where p(z) = —x —t+ 22t and g(z) = 1 —x — ¢t + 2xt. Since o(x) is an involution,

o(0) = 0. Tt is easy to know that

A(z) — A(t) =

:O7

o
2z -1
Using [4, Theorem B] directly, we have the following result.

t=o(x) (2.3)
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Proposition 2.7. Let the Ablian integrals
Ii(h) = / pi(2)y*™ tdx, i=0,1,2,3,4.
I'p

where f; be analytic functions in (—oo ,%), m € Z and 'y, be the oval surrounding
the origin inside the level curve {A(x) + B(x)y? = h}, h € (0,+00). Suppose that

o i i
Lifw) = (o mmr ) @) = (s ) (o),
Then (Jo, J1, J2, Js3, J4) is an ECT-system on the interval (0,4+00) if m > 3 and
(Lo, L1, Lo, L3, Ly) is a CT-system on (0,1/2).

3. PrROOF OF THEOREM [L.1]

In this section we apply propositionto prove that (Jo, J1, J2, Js, J41) in is
an ECT-system on (0, +00). However, we find that proposition can not directly
be applied for (Jo, J1, J2, Js, J1). To solve this problem, by lemma and ,
we firstly change Jy, J; and Js to

%y (1+z — 622+ 623)y>
Jo(h) = / Y gy = / dz,
r, (1 2z)* r,  3(=1422)3(1 — 22 + 222)?

B xy B 3 2(2 — 5z + 42?)y?
Ti(h) = /Fh A= 2190 = /Fh 31+ 20)3(1 = 20 + 207200

Jo(h) :/ y dx:/ B (=1 + 72 — 1422 + 1023)y3
r, (1=22) r, B302(=1+22)3(1 = 2z + 22°)?

Then, by applying twice Lemma to Jo(h) and taking m = 4, we obtain
1 (1+x — 622 + 623)(A(x) + B(x)y?)%y3
Jo(h) = ﬁJO(h) n2 /Fh 3(1 — 2z + 222)2(1 — 22)7 de
1 / (1 + 2 — 62% + 62%)[(A(2))*y* + 2A(2) B(2)y® + (B(x))?y ]dz

h? Jr, 3(1 — 2z + 222)2(1 — 22)7
1
= 72/ wo(x)y dz,
h IS
(3.1)
where
—2(=1+x)* 2 3 4
= — 41z —2 4 -2
P() = 5T 21 = 30 7 3077 (8~ 412 — 2022 + 400" — 28562

+ 59662° — 80922° + 766827 — 52402° + 25442° — 80020 + 128x11>.

In the same way, we obtain

1 - 1 . .
Ji(h) = 5 () = 1 /F or(2)yde, i=1,2,3,4, (3.2)
where
—2(-1+z)* 2 3
- 32 — 311z + 136422 — 3504
#1() 35(—1+ 22)7(1 —2m—|—2x2)6( v+ 1Sbdw *

+58162* — 65762° + 52962° — 316827 + 14082° — 4162° + 643010),



EJDE-2014/96 BIFURCATION OF LIMIT CYCLES 7
B 2(—1+z)?

©3522(—1 4 22)7(1 — 2z + 222)6
+2588z% — 33602° + 268025 — 124827 + 34428 — 88z° + 16:)010),

B (—1+4az)*
~35(—1+422)8(1 — 2z + 222)4

+2848z* — 25522° + 159225 — 63227 + 128x8>,

B —3x(—1+x)*
©35(—1422)7(1 — 22 + 222)4

120562% — 208027 + 142425 — 60827 + 128z8).

oo () (4 60z + 36822 — 12492

o5 (2) (48 330z + 111822 — 2196

0a() (21 — 1682 + 62422 — 139223

Clearly, (Jo, J1,J2, J3,J4) is an ECT-system if and only if (Jo, J1, Jo, J3, J4) is
an ECT-system on (0, 4+00). It follows from proposition that
oy — [P _(_ %
Li(w) = (4 7))@ = (557 (0@ y
(14 20)7(@i(2) — pifoz) (33)
. i=0,1,2,3,4.
2o(—1+ 2)8(1 — 2z + 222)

Substituting (2.2)) into (3.3), by direct computation we have

_ 8(—1 + 2x)3po(z)
© 35x(—1+42)3(1 — 27 + 222)7’

Lo(z)

where
po(z) = 2 — 24x + 16022 — 72023 + 22862t — 52322° + 88052 — 1107027
+104602° — 73362° + 3664210 — 11842 + 192212

Similarly, we obtain

32(—1 4+ 2z)3 ) 5 A
Ly(z) = (2 —1 1 P
1(x) 350(—1 + 2)°(1 = 20 + 227 6z + 60x 36z” + 206x
— 2164 + 15525 — 7027 + 161:8),
8(—1+ 295)3 2 3 4
Lo(z) = — 14 14z — 178 20823 — 124
2() 35z3(—1+x)3(172z+2x2)7( A st A 28w v
— 10485 4 43722 — 982427 + 154342® — 181722° + 162642°
— 108962 + 52322 — 16322 + 2562%),
—8(—1+ 2x)? ) 5 A
Ly(z) = ( - 1622 — 1 2634
3(z) e 1T 2P (L~ 20 T 222)5 6 — 602 4 316z 0882° + 2634z
— 4604x° 4 5861x° — 538027 + 34362% — 13922 + 2801;10),
374423 (=1 + 2x)°

T 35(—1+ 2)3(1 — 2z + 222)5

By Proposition we need to check that (Lo, L1, Lo, L3, Ly) is a CT-system on
(0,1/2). From definition[2.3] it is easy to show that if (Lo, L1, L2, L3, L4) is an ECT-
system on (0,1/2), then (Lo, L1, La, L3, L4) is a CT-system on (0,1/2). Moreover,
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it follows from definitions of L;(x) and the involution o(z) that L;(c(x)) = —L;(x).
Therefore, we have

Lemma 3.1. (Lo, L1, Lo, L3, Ls) is a CT-system on the interval (0,1/2) if and
only if (Lo, L1, La, L3, Ly) is a CT-system on (—o0,0).
Lemma 3.2. (Lo(z), L1(z), La(x), Ls(x), La(x)) is an ECT-system on (—o0,0).
Proof. By lemmas [2.6] and [3.1] we need only to prove that

WI[L;](z) #0, for z € (—o0,0) and for each i =0,1,2,3,4. (3.6)
From , we can see that all coefficients of odd degree in p(z) are negative and
coeflicients of even degree are all positive numbers. Hence,

WLol(x) = Lo(x) #0, for any = € (—00,0).
Direct calculations show that
B 2048(—1 + 2z)%¢; (x)
12250(—1 + 2)5(1 — 2z + 22213’

W(Lo, L1|(z)

where
q1(x) = 10 — 180z + 154022 — 832023 + 318252 — 916302° + 2061445
— 37136827 + 5446472% — 65751027 + 657886210 — 5472962 + 378133212
— 2154542 4 9959621 — 3620021 + 977621¢ — 1760217 + 16028,
By a similar process, we obtain

_ 262144(—1 + 22)0q(2)
~ 857520(—1 + 2)6(1 — 22 + 222)15’

W[Lo, Ll, LQ] (.13)

where
q2(z) =1 — 162 + 11822 — 53223 + 1642z — 3688z + 626425 — 825627
+ 85832% — 70962 + 4684210 — 24882 4 1082212 — 3922 + 1162
— 242 + 3216

 3221225472(—1 + 22)°gs(x)
6002526(—1 + x)5(1 — 2z + 222)2V’

W (Lo, L1, Ly, Ls](z) =
where
q3(z) = 1 — 24z + 27622 — 202423 4 1062721 — 4252425 + 1347862° — 34724427
+ 74031728 — 13230242 + 200013620 — 25742242 4 283195412
— 2668568x3 + 215454821 — 1488664215 + 878272216 — 44140827
+ 1887842 — 687682 + 21322270 — 5544221 + 114822 — 168223 + 142

and
| 280446436012032(— 1 + 22) g4 ()
210087526 (—1 + z)'2(1 — 22 + 222)29’

W (Lo, Ly, Lg, Ls, L] (x) =

where
qa(z) = 35 — 14522 4 288442 — 3664562° + 3352785z — 235706882°
+1326194142° — 61400201227 + 23863895352° — 79033532042°
+ 2256139186421 — 56016194208zt + 1218331240102



EJDE-2014/96 BIFURCATION OF LIMIT CYCLES 9

— 2334667669842 + 396026781404z — 5969276777762

+ 8019956472562:16 — 9628969010562 + 10352190642082'8

— 9981993569922 + 8642221158300 — 6722595325922

+ 4698921044682 — 2949793660082 + 1661170908584

— 837675222322%5 + 3773370544022° — 1514030640027

+ 539382653622% — 169962756822 + 47103168020 — 11363307223!
+ 23394448232 — 3964800233 4 519680234 — 47040235 + 22402,

Fortunately, for polynomials py(z), pa(z), ps(x) and ps(z), we find that coeffi-
cients of odd degree in x are all positive numbers and all coefficients of even degree
are all positive numbers, this show that the Wronskian W[L;|(z) of (Ji, J2, J3, J4)
are all no-vanish on (—o0,0) for ¢ = 1,2, 3,4. Thus we have proved this lemma. O

Proof of Theorem[1.1 By lemmal[3.2] propositions[2.2]and [2.7] it is easy to see that
the Abelian integral I(h) has at most four zeros. Moreover, from lemma for
each k£ = 0,1,2, 3,4, there exist perturbations such that k, the number of zeros, is
sharp. ([
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