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BIFURCATION OF LIMIT CYCLES FROM
THE GLOBAL CENTER OF A CLASS OF
INTEGRABLE NON-HAMILTON SYSTEMS*

Shiyou Sui'" and Baoyi Li?

Abstract In this paper, we consider the bifurcation of limit cycles for system
& = —y(z? +a®>)™, y = z(z® + a*®)™ under perturbations of polynomials with
degree n, where a # 0, m € N. By using the averaging method of first order,
we bound the number of limit cycles that can bifurcate from periodic orbits of
the center of the unperturbed system. Particularly, if m = 2,n = 5, the sharp
bound is 5.
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1. Introduction and statement of the main results

In the qualitative theory of real planar differential systems, one of the main open
problems is the determination of limit cycles. A classical way to produce limit
cycles is to perturb a system, which has a center, so that limit cycles bifurcate in
the perturbed system from some of the periodic orbits surrounding the center of the
unperturbed system ( [3,5]). Recently, many people have considered the number of
limit cycles bifurcating from the period annulus of a system

T

—yG(z,y) + ePy(z,y),
2G(x,y) + eQn(z,y),

(1.1)

Y

where P,(x,y),Qn(x,y) are polynomial of degree n, G(0,0) # 0 and ¢ is a small
parameter.

J. Llibre et al. [13] studied the case of one line (G(x,y) =1+ ). A. Buica and
J. Llibre [2] studied the case of two orthogonal lines (G(z,y) = (z + a)(y +b)). B.
Coll et al. [7] studied the case of three lines, two of them parallel and the other
perpendicular (G(z,y) = (x 4+ a)(y + b)(x + ¢)). A. Atabaigi et al. [1] studied the
case of four lines, two of them parallel and the other perpendicular (G(z,y) =
(22 —a?)(y? — b?)). A. Gasull et al. [8] investigated the case of G(x,y) = H?;l(m -

aj) Hfil(y—bl) with a; # a; and b; # b; for i # j. J. Giné and J. Llibre [10] studied

Tthe corresponding author. Email address: sui_shiyou@163.com (S. Sui)

1School of Mathematical Sciences, Beijing Normal University, Xinjikouwai Str.
19, Beijing 100875, China

2School of Mathematical Sciences, Tianjin Normal University, Extention of
Binshui West Road, Tianjin 300387, China

*The authors were supported by National Natural Science Foundation of China
(11671040).


http://dx.doi.org/10.11948/2018.1441

1442 S. Sui & B. Li

the case of G(z,y) = 0 being a conic in R? for n = 3. A. Gasull et al. [9] considered
the case of G(z,y) = (1 — y)™ with m € N. G. Xiang and M. Han [16] studied the
case of G(z,y) = az® + bz + 1 with @ # 0. G. Chang and M. Han [4] considered
the case of G(x,y) = [][(xz — a;)® + (y — b;)?]*. Y. Xiong [17] investigated the

i=1

case of G(z,y) = [T [(z — a;)? +y? — b?]ki. S. Li et al. [12] considered the case of
i=1

G(z,y) = y? + ax® + bx + ¢ with ¢ # 0.

Most cases of the above, system (1.1).— has invariant set that is formed by
parallel and/or orthogonal invariant lines. When the center is global, there are few
results ( [16] when b% — 4a < 0). Motivated by [9], in this paper we will consider
the bifurcation of limit cycles from the center of system

i = —y(z? + a®)™,
y( ) (1.2)
v =z(z? +a*)™,

under perturbations of polynomials with degree n, where a # 0, m € N. Let
T = %x, y1 = Ly, t1 = a®™t. Then system (1.2) is transformed into

&= —y(z?2+1)™,
=2+ 1",

here we omit the subscript 1. Hence, we consider the following system

i =—y(@?+1)™ +eP,(x,y),

(1.3)
y=x(@*+1)" +eQn(z,y),

where P, (z,y) = Y. pijz'y’, Qu(z,y) = > ¢ijz'y?, 0 < |¢] < 1. And the
i4+5=0 i+j=0
system (1.3).—o has a global center.
The objective of this paper is to estimate the number of limit cycles that bifur-

cate from the periodic orbits of the periodic annulus D of the origin of system (1.3),

where
D= {(x,y) 0< V2242 < +oo}.

Our results indicate that the upper bound is independent with m when [”TH] > m.
Our method is the first order averaging method. Denote by H(n) the maximum
number of limit cycles bifurcating from the period annulus D of system (1.3)c.—¢ up
to the first order averaging method, then we have the following result:

Theorem 1.1. Consider system (1.3) with 0 < |e] < 1.
(1) If (2] < m, then H(n) < [2H] +m — 2.
(2) If [%5] = m, then H(n) < 2["5] - 1.

Corollary 1.1. If in system (1.8) m =2, n=>5, and 0 < |e| < 1, then H(5) = 5.

This paper is organized as follows. In Section 2, we introduce the first averaging
method and obtain the expression of averaging function. In Section 3, the main
results is proved. In the last section, we give a conjecture.
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2. The expression of averaging function

In the plane, the method of Abelian integrals and the averaging theory are es-
sentially equivalent, but each has its own advantages. For example, when the as-
sociated Abelian integrals are complicated or we need to study the orbits of the
non-autonomous differential systems, the averaging method displays more flexibil-
ity. Recently, M. Han [11] studied the number of periodic solutions of piecewise
smooth periodic equations by average method.

The following lemma provides a first order approximation in ¢ for the periodic
differential system, for a proof see Theorem 2.6.1 of Sanders and Verhulst [14]
and Theorem 11.5 of Verhulst [15]. The original theorem is given for a system of
differential equations, but since we will use it only for one differential equation, we
state them in this case.

Lemma 2.1 (Theorem 2.6.1, [14], Theorem 11.5, [15]). Consider the following two
initial value problems

& =cF(t,x) +°G(t,x,e), x(0) = o, (2.1)
and
y = ‘Sfo(y)v y(O) = Zo, (22)
where z, y, o € U an open interval of R, t € [0,+00), F and G are T-periodic in
the variable t, and f°(y) is the averaged function of F(t,y) with respect to t, i.e.,

1 T
Pw=7 [ Pl (23)
0
Suppose: (i) F,0F 0z,0°F/0x?,G and G /dx are defined, continuous and bounded
by a constant independent on e in [0,+00) x U and e € (0,e¢]; (ii) T is a constant
independent of ; (iii) y(t) belongs to U on the timescale 1/e. Then the following

statements hold.
(a) On the time-scale 1/ we have that x(t) — y(t) = O(e) ase — 0. (b) If p is

an equilibrium point of the averaged system (2.2) such that

90

o %o (2.4)

Y ly=p

then system (2.1) has a T-periodic solution ¢(t,e) — p ase — 0. (c) If (2.4) is
negative, then the corresponding periodic solution ¢(t,e) of Eq.(2.1) in the space
(t,x) is asymptotically stable for e sufficiently small. If (2.4) is positive, then it is
unstable.

Since the averaging theory does not tell any information on upper bound of the
maximum number of periodic solution, we need the following results which can be
obtained from Theorem 1.1 of [11].

Lemma 2.2. Under the assumption of Lemma 2.1, if the averaged function f°(y)
has at most k zeros on U, taking into account the multiplicity, then there exist at
most k periodic solutions bifurcating from the period annulus of (2.1)c=¢.

Let z = rcosf,y = rsinf and taking 6 as the new independent variable, we
transform the differential system (1.3) into the equivalent differential equation

% = cfi(r,0) + €2G(r,0,2), 1€ (0,+00), (2.5)
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where
n

S it pi,j cos't Osin? O + g; j cos' Osin’ T 0
r .
(r2cos?26+1)m

fl(rv 9) = (26)

i+5=0
The averaged function of (2.6) is

1 2m

% fi(r,0)do

LG 2™ cosit1=i @ sin’ 0
S Ysing || Gt

where w; j = pi—1; + ¢j—1, and 1 < i+ j < n+ 1. Note that all coefficients

wj,j remain arbitrary According to Lemma 2.1, every simple zero of the averaged

function f°(r) provides a limit cycle of system (1.3). Note that in (0, +-00) the zeros

of the function f°(r) coincide with the zeros of the function 7 f°(r). Therefore, in

order to simplify further computation we consider the function F°(r) = rf9(r).
Denote by

£o(r)

1 [?" cosiOsin’ 0
I ; = — —_——df 2.7
3 (r) 2 / (r2cos?6+1)m "’ 27)

then we have
Linj+1(r) = Init1,25(r) = 0. (2.8)
By induction, we can obtain

1',

n+1 7 n+1 5
Z Zwl diliji( Z sz 25,25 Li—2;,25(7)
=1 7=0 =1 7=0
ntl  [35] J .

= Z sz 27,27 <Z( ) - Z+2k) 27, 0( )>
i=1  §=0 k=0
n+1 i [n+1 L]

=ZT ()P ()
["+1 [n+1 27]

= Z % Iy (1) (r?) (2.9)

[n+17'£] [¥] . [%] itk
where P, 2 r?) = > ci’erJ with ¢;; = Z(—l)k(“l; )wi,2k72j+2k. Note
j=0 k=0

that ¢; ; ((4,7) # (0,0)) are independent coefficients with ¢ = wo,o = 0.
Let

1 2m
J(r?) = —/ (r?cos’0 +1)kdh, k>0 (2.10)
2 0
JE(r?) = L /% L 49, k=1 (2.11)
K C2n (r2cos20+1)k 7 =~ '

then we have the following results.
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Lemma 2.3. Fori >0, let p(i) = (2(2_),,!1 and p(0) = 1, then

k
502 =3 (F)oar k2o (212)
=0
k—1 k1 .
> () ei)r®
J(r?) = Foﬁ, k> 1. (2.13)
e

Proof. The statement (2.12) follows from the direct calculation. We will prove
the conclusion (2.13) by induction. For k =1,

1
V2 F1
By induction, the formula (2.13) holds for k& = I, that is

%) =

li:l (l;l)p(i)rm
J2(r?) = W (2.14)

Denote by R = r?, differentiating (2.14) both sides with respect to R, we have

d 1 [ —lcos? 6
—J?(R) = — de
dr”! () 27 / (Rcos? 6 + 1)iH1

(R:) [Z ("7 it +Z ("7 intom
—Lz_l 2 (l B 1) p(i)R!

7

Multiply —% on both sides of the above equation, we get
2 2 1¢ i1 1 o« (1-1\, . i
Ji (R) = Jia(R) :W *7 4 R — 7 Z ; ip(i)R

A1 (1—1\ . i
+2lz< ; )p(z)R

=0

Hence, from (2.14), we can obtain

1 = s B 1221 .
Talh)= [}( oo (U Ny (1 Jisn
12121 aA—12/1-1 .
+7 Zi < i )ip(i)R’% ZEQ( i p(i)RZJrl
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S Z (i _ Dp(i ~ 1R

o) =,y Joti -1+ (l‘il)pu) +1(;2 )6 ne -
T G O R e P
—G)p(i),

o) =(, =)o =0+ (2 )= voa - =252 (ot 1 = 0
which implys (2.13). O

Then using Lemma 2.2, we divide the computation of the expression of F°(r)
into two cases.

Case 1. 2] <m
For ¢ < m, we have

1 (% (r?cos?0+1—1) e
21 _ i—k 2
ol = 5 [ U =3 ()06, @y

k=0
Then, by (2.9) and (2.13), we can obtain that
(5] [(244] .
77.+1 2i] .
= 3 i) 3 AT e ()
k=0
(23] (%3] ) m—k—1
1 i - m—k—1 .
= —— T -1 i—k ( } >p ] TZ]
> e 2 || () > (")
(252
X Z CgiJT’Ql
1=0
(24 N
= Z ﬁ Z <k,>(1)1k Z d; 1%
k=0 2 i=k s=0
(23] 1 m—k— 1422
— 27
= R €k, jT
& o 1)2 2

J=0

m_k_1+[n,+12—2k]

=0
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n+1] [n+1 2k]+m 1

21
iR X X W
1 [ )+m—1
21
Ry Z tir
P+ i
where
m—Fk—1) , n+1-—2
dis= ( i >p(3)02i,z, j<m—k—11<[—5—],
j+l=s
& n+1-—2i
ek, = Z (k>( 1)~ kd”, ifj>m—k—1+[#]7 dij =0,
1=k
k ‘ ‘ n+1-—2k
Skl = Z <i)ek7j, ngajgm_k_l'k[f]a
itj=l
n+1
‘& n+1-2k
ti= Y Sk, if i> ] +m =1 s =0.
k=0

Case 2. [2H] >m
If ¢ > m, similar to (2.15), we have

2 T 0(r) :mi:l <;>(—1)ikJ§1 )+ Z ( ) )T (). (2.16)

k=0

Hence, by (2.9) and Lemma 2.2, we can obtain that

m—1 [n+1 [n+1 21 i )
Z m— k Z P27, (k)(_l)Zk
[n+1] [n;rl
pl== 1,2 i ik
Ji o2 -1
3 ) 3 AT 0 ()

£ M01 (r) + M(r).

From Case 1, we have

) (24 4m—1
M*r)= ——— tir®,
(/,'2 + 1)2 L 1 lz:; 2

where ¢; are real constants which can be obtain similar to Case 1.
By (2.12), we can get that

[n+1] [n+1] [n+172i]

=3 3 (3 (o) 3 ) () o

k=m 1i=k 7=0 =0 k
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el home 22

_ k;n ; (]i)(_ni—k z::O D;. 1%

(5] k—mA [ 22
— 27
=2 X B
k=m 7=0

[ (252 —m

2
= Z EkJTZ‘]
k=m 7=0
(242 -m
i=0
where
k—m\ . . n+1-2
D= Z ( j )P(])Czi,l, ]Skiﬂl,lg[#h
JjHl=s
e ) n+1-—2
Ep; = ; (k>(—1)l_kDi,j7 if j>k—m+[——F—] Di; =0,
[242]—s
Ti= > Epi
k=m
Therefore,
["T'H]—m 1 ["'2"1]+m—1
MO(T) = Z TiT‘Qi + —am_1 Z 7?7;7"%.
i=0 (r2+1)7z i=0

From the above analysis, we have the following results.
Lemma 2.4. If [2] < m, then

P["T“]erfl(?ﬂ)

MO(r) = EFEE (2.17)

P["TH]+m—1 2
—zm(ji)v (2.18)
(r24+1)7=z

where P*(r?) are polynomials in variable r> with degree k.

3. Proof of main results

Based on the expression of averaged function obtained in Section 2, we give the proof
of our main results. In the following discussion, we denote by #{¢(r) = 0,r € (a,b)}
the number of isolated zeros of ¢(r) on (a,b) (taking into account the multiplicity).
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Lemma 3.1 ( [8]). Consider a function of the form

F(z) = P™(z P (z
(x) +Z e

where P™ (x) are polynomials in variable x with degree nj and cj, j =1,..., K, are
real constants. Then its number of real zeros, taking into account their multiplicities,
#{F(x) =0,z € (max{—c;},+00)}, satisfies

#{F(z) =0,z € (max{—¢;},+o0)} < K ( r{laxK(nj) + 1) + no.

Here, if P™(x) =0, then ng = —1.

Lemma 3.2 ( [12]). Consider p + 1 linearly independent analytical functions f; :
U—->R, i=0,1,...,p, where U € R is an interval. Suppose that there exists
j €1{0,1,...,p} such that f; has constant sign. Then there exist p + 1 constants
Ci, i=0,...,p such that f(z) = >0 Cifi(z) has at least p simple zeros in U.

ntl] < m, we have

Proof of Theorem 1.1. From Lemma 2.4 and Lemma 3.1, if [%=

n+1
2

#HWﬂ:QrEM+mHS{ }+m—L

if [%H] > m, we have

H{FO(r) = 0,7 € [0, +00)} < 2 [” + 1] .

2

Since F°(0) = 0, by Lemma 2.2, we finish the proof. O

Proof of Corollary 1.1. When m = 2, n = 5, from the Case 2 of Section 2, we
can get that

FOlry =X (1 — WL)) + Aot + (r2+11) (Asr? 4+ M + Xsr® + Agr®)
where
A1 = ¢40 — 2660,
A2 = ca1 + £C6.0,
A3 = o1+ 2ea0 — Sea0+ 36,0,
Ay = *Co 1+ 02 1 §C4,1 + ¢o,2,
As = 302 + 3C22 + Co 3,

1
/\6 = 5€0,3-

Since c¢; ; are arbitrary real constants and

O(A1, A2, Az, Agy As, A 3
det ( 15 A2y A3y N4y A5, 6) :_7#07
0(c4,0,€6,0,C0,1,C4,1,€2,2,€0,3) 16
we have that \; (¢ = 1,...,6) are arbitrary real constants. By Lemma 3.2, noting

that r? does’t change sign in r € (0, +oc), we get that M(r) can have at least 5
zeros in (0,+00). In addition, from Theorem 1.1, M(r) has at most 5 zeros in
(0, +00). By Lemma 2.1 and Lemma2.2, the conclusion is proved. O
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4. Conjecture

From Section 2, noting that ¢; ; ((¢,j) # 0) are arbitrary constants, we can ob-

: : [(31+1) ([ ]+2 n n
tain that the coefficients of F°(r) have (1 )2( culhic) B 12 (2] + 3)

arbitrary constants. From our conclusion, it seems to have the following results.

[(33111.]jecture. (i) If [2H] < m and 3[2H]([(2H] + 1) > m — 1, then H(n) =
=l +m - 2.
2

(ii) If [2H] < m and 3[2H]([2H] + 1) <m — 1, then

] (25 ) s 1

(iii) If [241] > m, then H(n) = 2[21] — 1.

Unfortunately, due to the complexity of the coefficients of F9(r), we can’t prove
that they are independent. So we can’t give the lower bounds for general n degree
perturbation.
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