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Introduction

For the weaken Hilbert's 16th problem, many researchers studied the
perturbations of the integrable non-Hamiltonian system:

T =yh(x, y) + ep(x, y),
{ Y = —th(ZC, y) + EQ(QZ', y)? (01)

where h(x, y) is a polynomial in x and y with h(0,0) # 0, p(zx, y)
and q(x, y) are polynomials of degree n. We remark o the maxi-
mum number of limit cycles bifurcating from the periodic orbits of the
unperturbed system (0.1).

Giacomini et al. [3] obtained o = [nT_l] for (0.1) A(z, y) = 1 up to
first order in €. Llibre et al. [5, 6] studied system (0.1) with h(x) =
1 4+ and obtained n limit cycles by using the averaging theory of first
order, and obtained at most 2n — 1 limit cycles by using the averaging
theory of second order. Xiang and Han [7] studied system (0.1) with
h(z) = (1—x)" and they obtained the upper bound of the number of
limit cycles is n +m — 1 by using the Melnikov function of first order,
and when m = 1, the upper bound is reached. Gasull et al. [4] studied
system (0.1) with h(y) = (1—y)™ and obtained o < [Z52] — 1 when
n <m-—1and o < n whenn > m — 1 by using the Melnikov
function of first order.

There are many works about (0.1), eg. Buica Coll and libre et al.
studied the case with h(z, y) = y*+az*+bs-+cor (z+a)(y+b)(z+c)
etc. by using the averaging theory or Melnikov function of first order.
Because of the complexity of calculating and studying the Melnikov
function of high order, there are few papers studying the perturbations
of integrable systems by the Melnikov function of any high orders.
Francoise [2]| provided a algorithm to calculate the Melnikov function
of high order, and lliev gave a method for calculating the Melnikov
function of second order with elliptic or hyperellipitic Hamiltonians
under polynomial perturbations, and it also gave an explicit expression
of Mo(h). Recently Gavrilov and lliev studied a cubic system in the
plane which is a polynomial Hamiltonian system of degree 4 under
cubic polynomial perturbations by using the Melnikov function of high
order.

At the same time, there are also few papers that studied system (0.1)
by using the Melnikov function of high order. Buica et al. [1] studied
system (0.1) with h(x, y) = 1 + = under quadratic perturbations and
they proved the upper bound of the number of limit cycles is 3 by the
Melnikov function of the first three order.

1. Main results

In this paper, we consider system (0.1) with h(z, y) = (1+ az + by)?
with b = 0. Doing some linear changes of variables, system could be
written as,

{ T =y(l+ x)Q —eP(x, y), (0.2)

g =—a(1+2)* +eQ(z, y),

where € > 0 is a small parameter and
2 2
P(z, y) = apy + a107 + a1y + agz” + aj1ry + apy”,

Q(z, y) = by + biox + bory + bogz” + b1y + booy”.

The unperturbed system has the first integral H(x, y) = %(:CQerz) =
h with hg € (0,1/2) in the region 0 < 2 4+ y* < 1. If we fix a
transversal segment to the flow in (0.2) and use the energy level h to
parameterise it, we can get the corresponding displacement function,

1
d(h, €) = eMj(h) + €Mo(h) + Ms(h) + -+ ,h € (0,5). (0.3)
where M;.(h) is called the Melnikov function of k—th order of system
(0.2). It's well known that the Melnikov function of first order of

system(0.2) has the form

_ 4 Ry Py
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Theorem 0.1 For k > 1, let M;.(h) be the Melnikov functions as-
sociated to system (0.2). Then Mi(h) has at most 2 zeros, tak-
ing into account their multiplicities. If Mi(h) = 0, then My has
also at most 2 zeros, taking into account their multiplicities. [If
Mi(h) = Ms(h) = 0, then M3 has also at most 2 zeros, taking
into account their multiplicities. If M1(h) = Ms(h) = Ms(h) = 0,
then M, has at most 3 zeros, taking into account their multiplicities.
If Mi(h) = Ms(h) = Ms(h) = My(h) =0, then Mp.(h) = 0 for all
k > 5, namely, the perturbation is integrable. Therefore, taking into
account the expansion of the displacement map (0.3) of any order in
€, the system (0.2) has at most three limit cycles which bifurcate from
the period annulus of the unperturbed system and this upper bound
of the number of limit cycles is reached.

Theorem 0.2 The perturbation (0.2) is integrable if and only if at
least one set of the following conditions is satisfied:

1) agy = age = a10 = agp = by = b1 = 0;

2) app = a1 = —bp1, ap1 = aj; = —2bp2, apz = agy = by =0;
3) app = agy — bo1, apr = ai;, ajg = 2az — bo1, b2 =
—da1y, agy=by =0,

4) agp = a1p = azy = bop = bor = bp2 = 0, ap2 = b1y, by =
apr, bog = ayy.

Remark 0.1 Consider the system (0.1) with h(x) = (1 + )", Buica
et al. [1] studied case m = 1 and the perturbation polynomials of
degree n = 2 by using the Melnikov functions up to three order. And
they obtained three limit cycles by the Melnikov function of third order.
They stopped at the Melnikov function of fourth order because of its
complexity. With regard to the results of the two articles, we can
clearly observe the differences between them in the following

My(h)| Ma(h) | Ms(h)| My(h) | Ms(h)
14+x) | 2 2 3 — —
(1+x)* 2 2 2 3 0

Remark 0.2 Gasull et al. [4] considered system (0.1) with h(z, y) =
(14x)"™ under perturbations of polynomials in degree n. and obtained
the upper bound of the number of limit cycles isn whenn > m — 1
by the Melnikov function of first order. That means the value m in
(14-2)™ has no influence on the number of limit cycles by the Melnikov
function of first order when n > m — 1. While by using the Melnikov
function of high order, the upper bound of the number of limit cycles
is related to the degree m. For m = 2 and n = 2, in the present
paper we find the upper bound of the number of limit cycles is 3 by
the Melnikov function of the 4th high order.

2. Preliminaries

The algorithm of calculating M;.(h) is given by Francoise [2] and lliev.

Lemma 0.1 Assume I';, are the period annulus defined by H (x, y) =
h, the polynomial function H(x, y) and the 1—form w satisfy f'gfh W=
0, if and only if there are two analytic functions q(x, y) and Q(x, y)
in a neighborhood of '}, such that

w=qdH + dQ).

Rewrite w as

Lo @@y, Pl y)

(14 x)? (14 x)?

then the system (0.2) can be written in a Pfaffian form dH = ew. Fol-
lowing Francoise’s algorithm [2] and Lemma 0.1, we give the following
lemma:

dy,

Lemma 0.2 The Melnikov function of first order is given by M1(h) =
fphw, rewrite w in the form w = qydH + dQy + Ny, then My(h) =

$r—pw = $rr—p, No;

If My(h) = 0, that is §Ph Nop = 0, according to Lemma 0.1, we
have Ny = GodH + dQq. Denote by qy = Gy + Gy, Qo = Qo + Qo.
In this way, w = qodH + dQ, write qow in the decomposed form
qow = q1dH + dQ1 + Ny, then My(h) = f‘rh qow = f[wh Ny;

if My(h) = Ms(h) =--- = M;_1(h) =0, according to Lemma 0.1,
q;w, J <1 — 2 can be written as qjw = qjy1dH + dQ) 11, and when
j = —1, we assume q_1 = 1. Then we have M;(h) = fﬁph gi—ow =

ﬁﬂh N;_1, where q;_ow = q,_1dH + d@z’—l + N;_1. []
Denote by
o xly 'y o
Wl — dr, 07 = dy, 0<14+7<k, k>1
U1 1 2)F AT /

and

Ju(h) = 7{ S k>l (0.4)
H(x,y)=h

Then we claim that Ji.(h) are the generators of M;(h). In the following

we decompose wfj 521-3. into the combination of 5]630, hfj(w, H)dH

and dej(x, H), where de- are the forms of perfect differential of
functions in variable of x and H.

Lemma 0.3 All the I-forms w;; and d;; can be expressed as follows:
(i) For 0 <i+j5 <2 with k = 2, we have

W%o:d(—lim)» Wiy :d(—lix)Jr%o»

Why = lideer(—lex — T+ g + 2In(1 + x)),

Wi = A fz)QdH — 2H 63 + 65 — 204 + dy,

wly = d(in(1 +2) = =), Wi = d(e - 7o— —2n(1 + 7)),
o= jx)QdH —d(in(1+a) = =), 8 =8y — 8,
52, = q f@?dH —d(x — 7~ 2In(1 +2))

05 = 05y — 2000 + dy, 0% = 2H&%) — 039 + 208, — dy.

(i) For 0 <i+ 7 < k with k > 2, we have
if 5 is even,
Wl = W (z, H)dH + d(QF:(z, H))
1) 1) ) 1] Y )
) J/2 R )
—i—j+
0ij = Y (H)" S0y, T - 6o,
r=0
if 9 is odd, - - -
where hfj and ij are functions of x and H, and 2(530, cee 5]630) is
the linear combination of5(l)0(l =1,2,---, k) inZ.

3. Outline of Proof

With the above notations, w can be written as the following form,

2 2 2 2 2 2
W = CL00500 -+ CL10510 + a01(501 -+ CL2052O + CL11511 -+ CL02502
2 2 2 2 2 2
+ bOOWOO + blOwlo + 5010001 + bg()LUQO + bllwﬂ -+ b02w02.

The first Melnikov function is

My(h) = 72( )No = A1J1(h) + AgJo(h) + AshJa(h),
z,y

where Jy, Jo, h.Jy are independent,

A1 = bgy — 2b11 + a9 — 2a90 + 2a09
Ao = b11 +agy — ap + agp — a2
Az = 2ap9 — 2bq1.

Theorem 0.3 M (h) has at most two zeros, namely, system (0.2)
has at most two limit cycles by the Melnikov function of first order,
which can be reached.

If Ml(h) = (0, then A| = Ay = A3 =0, that is,

agy = a2y — bo1, a1y = 2asy — by, apo = b11.

From Lemma 0.2, we have

Ms(h) = ]é{( ) th = B1J1(h)+BaJo(h)+BsJ3(h)+ByhJs(h),
T, Y )=

Theorem 0.4 /f M(h) = 0, My(h) has at most two zeros, namely,
system (0.2) has at most two limit cycles by the Melnikov function of
second order, which can be reached.

It My(h) = Ms(h) =0, we have

3 3 3 3 3
~By=B|—By+°By=DBy—°By—°By=°B3+°B,=0.
1 1 2+44 2= 55355 23+44 0

that is, one of (1)-(3) in Theorem 0.2 and the following case A holds

bi1 #0, agyp=ag —bo1, a2 =>bi1, a1p=2a — by1,
boob11 = —2ap1a20 + 2a01bp1 + ar1a20 — a11bg1 — 2a20bp2 + 2001002,
b1ob11 = —2ap1a20 + ag1b11 + a11bpr — 4aspboz + 2001602 + 2011,
boob11 = —a11a20 + a11011 — 2a20bp2 + bp2b11-
Theorem 0.5 If one of cases (1)-(3) holds, then My (h) =0, k >
3, that is the perturbation (0.2) is integrable.

Theorem 0.6 /f M(h) = Ms(h) = 0, and case A holds, Ms(h) has
at most two zeros, namely, system (0.2) has at most two limit cycles
by the Melnikov function of third order, which can be reached.

In fact, we obtain

M35 = C1Jo(h) + CyJs(h) + CsJy(h) + CyhJy(h) + C5J5(h) + CghJs(h)

_ _<\/17_T_2h)9h(2h — 1)(eoh® + c1h + ¢p).

Now if Mi(h) = Ms(h) = M3(h) = 0, we get the case (4) in
Theorem 0.2 and other three cases (4b), (4c) and (4d).

Theorem 0.7 Assume that (4) in Theorem 0.2 holds, which implies
Mi(h) = My(h) = Ms(h) =0, we have Mp.(h) =0, k > 4, that is
the perturbation (0.2) is integrable.

We obtain the fourth Melnikov function M, from Lemma 0.3
D1J3+D2J4—|—D3J5+D4hJ5—|—D5J6—|—D6hJ6+D7J7—|—D8hJ7+D9h2J7.

Theorem 0.8 Assume Mj(h) = My(h) = Ms(h) = 0, then
(i) if case 4b holds, M4(h) has at most one zero,
(ii) if case 4c holds, My(h) has at most two zeros,

(iii) if case 4d holds, M4(h) has at most three zeros.
Moreover, the zeros of My(h) can be reached, and My (h) % 0.

In fact, for the case (4d), we have
M4<h) = *(Jghg + CZQhQ + d_lh + CZQ)

lts coefficients are depend on two parameters. lts three zeros are
obtained by asymptotic analysis.
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