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In this paper, we consider the quadratic perturbations of the one parameter
family of reversible quadratic system that write in the complex form as
z=—iz(l+aZ)

being a # 0 a complex number. We prove that the exact upper bound of the
number of limit cycles produced by the period annulus system is two.
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1. INTRODUCTION AND MAIN RESULTS

The problem of finding the maximal number of limit cycles for polyno-
mial system is the second part of the Hilbert’s 16th Problem, and relatively
little progress is made to the final solution of this problem. A weak form
of this problem, proposed by Arnold [1, 2], can be expressed as follows:

Let H, f and g be real polynomials in x,y of degree n + 1, at most m
and m respectively, /A be a set of h such that the real algebraic curve
H(z,y) = h has a compact component §(h), and w = gdx — fdy be a
polynomial 1-form. Denote by I(h) the Abelian integral of w over 6(h),
then which is the least upper bound Z(n,m) of the number of zeros of I(h)
(h € A) for fixed n,m and arbitrary H, f and g7

The number Z(n,m) is closely related to the number of limit cycles
of the perturbed Hamiltonian system Xy + &(f % + gé%)7 where Xy =

Hyge — Hygp and 0 < e < 1. It is known that Z(n,m) is finite ([13, 17]),
but there is no concrete estimation of Z(n,m). Up to now the number
Z(n,m) was given only for n = m = 2, see [7, 9, 18, 15, 6] and the

references therein.
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To study the Hilbert’s 16th problem, it is also necessary to consider the
perturbations of integrable but non-Hamiltonian systems (the extended
version of the weakened Hilbert’s 16th problem). Unfortunately, few works
go in this direction, due to the complex structure of the first integral of the
unperturbed systems: the first integral is not algebraic or algebraic with a
large genus. Hence, in general it does not admit a Picard-Fuchs equation
or the order of the Picard-Fuchs equation is very high or even infinite.

In the quadratic case, the integrable systems admitting period annulus
must have at least one center. Besides the Hamiltonian class (QX7), the
integrable systems with centers can be classified as the reversible (Q¥), the
Lotka-Volterra (Q%") and the codimension 4 (Q,) classes, see [16, 19, 11].
Most mathematicians working in this field believe that the perturbations
of the reversible systems may give the richest dynamical behavior, see [3]
for instance.

It is well known that a quadratic reversible system can be written in the
form

T = —y + ax? + by?, (1)

j=a(1+cy),
where a,b and c are real constants. There are some papers dealing with
the case ¢ # 0 (see [12, 5] for instance), and in these cases the Picard-Fuchs
equations are of high order or infinite order. As far as we know, there is
no work concerning to the case ¢ = 0, and in this case it does not admit
the Picard-Fuchs equation, since the first integral contains the exponential
function.

In this paper we consider the case ¢ = 0 and a = b # 0. Note that by
a scaling it can be changed to the case a = b = 1. After perturbations in
quadratic systems we will prove that the least upper bound of limit cycles,
bifurcating from the period annulus, is two.

This system can be seen from another point of view. In [8] the authors
study the period function of the systems that in the complex form write as

z=—if(2)g(2).

If one studies the number of limit cycles under perturbations of this kind
of systems, it is natural to start from the system

z=—iz(1+ Az), (2)
where A is a nonzero complex number. Changing to the real form, and
making a scaling, from (2) we obtain system (1) with c=0and a =b= 1.

THEOREM 1. Under quadratic perturbations, the exact upper bound of
the number of limit cycles produced by the period annulus of system (2) is
2.



LIMIT CYCLE BIFURCATED FROM A CENTER 207

Theorem 1 follows basically from a careful estimate of the number of
zeros of the associate Abelian integrals. Since there is no Picard-Fuchs
equation associated to the quadratic perturbations of (2) , we use different
technique to give an estimation of zeros of the Abelian integral.

2. PROOF OF THE MAIN RESULTS

After a complex scaling z — z/A, in real coordinates, system (2) looks
as:
T =y,
. 3
y=—(z+2%+y?). (3)
It has the first integral

H(z,y) = (2° +y*)e™,

with integrating factor M(x) = 2e?®. We observe that system (3) has a
homoclinic loop connecting saddle point (—1,0), which is the outer bound-
ary of the period annulus. Hence, in the period annulus, the Hamiltonian
function takes values between 0 and h* = e~2, where H = h* corresponds
to the saddle and its separatrices connecting it. So in the period annulus
we have H(z,y) = h € (0, h*).

To prove theorem 1, we will use the following results given in [11].

LEMMA 2. (1) (See page 108 of [11]) A quadratic system possessing a
reversible center at the origin can be reduced to the complex form as

3= —iz+az® + 22> + b7?,

where a,b are arbitrary real constants. Moreover, the origin is a generic
reversible center if and only if a # —1,4 ora =4, b # +2.

(2) (See Theorem 1(ii) on page 114 of [11]) The upper bound of limit
cycles produced by the period annulus of a generic reversible center under
quadratic perturbations is realizable by the following essential perturbation

2= (Me—0)z+ (a+ir3e)2® +2]2]2 + (b +idse) 22,

where A\ are arbitrary real constants independent on €.

(3) (See Theorem 2(ii)(3) on page 116 and Appendix (i) (3) on page 157
of [11]) The exact upper bound for the number of limit cycles produced by
the period annulus of a generic reversible center with a = b under quadratic
perturbations is equal to the mazimum number of zeros in (he, hs), counting
multiplicity, of the following related Melnikov integral

M,y (h) = / / M(@)(n + o + psa®)dady,
F(z,y)<h
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where F(x,y) is the first integral:

2 -1 a a
F _ etz (Y G 2 _
(w,y) =e 2 2a+1)  2@+1? 8a+1)3)’

and M(z) = e+t s the integrating factor. h. and hg are the crit-
ical values of F(x,y) corresponding to the center and the outer boundary
of the period annulus, respectively. In the Melnikov integral, the p; are
independent constants which are linear combination of the former \;.

From (2) we have that after a scaling 2 — — 2z, the origin of the system
(3) is a generic center in the sense of lemma 2 (1). For system (3), the
integrating factor and the first integral are given in the first paragraph of
this section. Hence by lemma 2 (3), we need only consider the maximal
number of zeros of the following integral

h):// e* (o + Bx + ya?)dxdy,
H<h

where «, 3, are real constants dependent only on )\ (see lemma 2 (2))
but not on e. Note that h € (0,h*) = (0,e72).

Let (z1p,0) and (x2p,0) be the intersection points of the closed curve
§(h) with the z-axis, satisfying z15, < 0 < xa, h € (0,e72). Noticing that
d(h) is clockwise oriented. We have, by Green’s formula, that

I(h) = ]{{7}] e* (a+ Bz + ya?)ydx

Z2h
2/ (4 Bz 4+ yx?)e®V h — x2e22dz.
T

1h

(4)

Write z = f(xz) = ze®. Since f'(x) = (x+1)e”®, it defines a homeomorphism
for x € (—1,2*), where x* satisfies 2*¢® = e~! and hence 0 < * < 0.28.
By the Implicit Function Theorem, an inverse function z = z(z) = f~1(2)
is defined in the domain |2| < e™!. We shall use the notation z(z) for
simplicity. Under this transformation, the generalized Abelian integral
looks as follows:

vh
I(h):2/ (a4 Bz(z) +v2*(2))Vh — 22/(1 + 2(2)

~VE

Let z = Vhsin6, then

de.

2h/ (a+ Ba(vVhsinb) +~2%(Vhsinh)) cos? 0
z 1+ z(v/hsin@)
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By using the above expressions, it is not difficult to prove:

LEMMA 3. It follows that 1(h) = 2hJ(h), where J(h) = a + BJo(h) +
’?Jz(h) with

™

H 1 1 )
Jolh) = /0 [l—l—x(\/ﬁsinﬁ) * 1—&-37:(—\/Esi1r19)]cob bab, (5)

Ta(h) = /0 e(vVRisin0) + (—v/h sin )] cos” 06,

[ME]

and & = (B —7), B=a—pB+7, ¥ =r. The fact that &, and 7 are
independent constants follows from the independence of a, 8, (cf lemma
2(3).

To prove theorem 1, we need the following proposition.

PROPOSITION 4. If &% + 32 + 7% # 0, then J(h) has at most two zeros
in the interval (0, h*).

Proof.  Firstly we note that If 3 = 4 = 0, then J(h) = @ # 0. So
we assume without loss of generality that 32 + 52 # 0. Secondly, we
consider the number of zeros of J'(h). For this purpose, we prove that for
h € (0,h*) it holds that Jj(h) > 0. This fact allows to introduce a new
function P(h) := J4(h)/J4(h) so that J'(h) = J}(h)(3 +7P(h)). Hence to
prove proposition 4, it suffices to prove the monotonicity of P(h). Let us
start by showing that J{(h) > 0.

By definition of z(z) we have that the following inequalities hold for
0<z<el

0 < fz(+2) <
a'(2) = (x(2) + ) texp(—a(2)), (6)
x(z) +z(—2) < 0.
Let
z=Vhsinb, &(z)= Arof k=1,2,---,
then we have that
Ti(h) = —ﬁ : (E5(2(2)) — & (2(—2))) cos? 8 sin 846,

. (7)
; = L : z(2)) — & (2(—2))) cos? 0 sin
B0 = 5 [ (@) — € (a(=2) cos® 0 sinan

From &, (z) = —(x+1+k)[(z+1)* 1e®] =1 we know that & (z) are decreasing
for x > —1 and k > 0. On the other hand, for 0 < h < h* = 72, we have
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that |z| < e~!. Therefore, for § € (0,7/2), we have that —1 < z(—2) <
0 < z(z) < 1. Hence from (5)—(7), we have that Jo(h) > 0, Ji(h) > 0,h €
(0, h*), as we want to see.

Suppose that P(h) is defined as above, then

P'(h) = (Jo) (3 Jg = J3Jg)

which shows that P’(h) has the same sign that J(h)Ji(h) — J5(h)Jy (h).
Let
ko(h) = =2VhJy(h), ka(h) = 2vVhJj(h).

From (4), we observe that

sy [P ot Ba(z) +y2%(2)
I(h)_/_ o) do.

x
2
Hence we have

I"(h) = 4J'(h) + 2hJ" (h)

_ 1 [Fpoatyae) +y27()
‘m/_g T+aP o) 0"

Choosing a =1, = = 0 in the last equality, we have

V[ ep(a(2)

d ) .
7 (h2J(’)(h)) =— 5 sinf df.

sz (T+2(2))

Similarly we have

d oy Vh (% exp(-a(2)
o (h?J5(h)) = T/_ 1+ 200) sin 0 do.

Therefore, by definition of ko(h) and ka(h), we obtain

™

) = —gpha(h) + 5 [ (€la(2)) ~ Eala(=2)sinoas;
ky(h) = —%k&(h) + % /OE (&1(z(2)) — & (x(—2))) sin Od8.

Let us make a comment here. Although we can compute the derivatives
by using their definitions, we cannot be more effective to get the above
formulae.
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Hence we have

J5 (h)Jo(h) — J3(h)Jg (h)

= < (R a(h) — ko) (1) .
= Flfﬂ /02/02 G (6, ¢) sin 0 sin ¢(cos® ¢ — cos® 0)dfdg,
where
G(0,9) = p(0)p(¢)(¥(0) — ¢(9)) (9)
is defined by letting g(f) = f~'(vhsin#) and thus
=T
vie) = ((1+x)3 - (1+:Z)3) (1+x - 1+:z) ’
with
r=g0), T=g(-0), y=9(), 7=g9(-9), (10)

Remember that f(x) = ze®. Note that in (8), we express the product of
integrals as double integral in which the variable 6§ becomes ¢ alternatively.

By definitions of f(z) and g(f), it can be seen that xe® = —Fe® =
Vhsin @ under the above notations. Therefore using (10) we have

B (1+2)°i+z(1+2)°
o= 1+2)2 1+ (Q+2)F+z(1+7)

From £eé = —ne” we obtain a function n = f~1(—f(¢)) dlef p(&), & €

[0, 2*) satisfying

vy dn (DS nE+1)
PO =G = T De 1)

with —1 <7 =p(§) <0 < £ < z*. Denoting

(1+6)°p(E) +£(1+p(€)’
1+ (1 +p©)* (L +&)pE) +EQ+p©))

then we have that ¢(0) = k(g(6)). Since g(6) is monotonely increasing, to
consider the monotonicity of (), we need only consider the monotonicity

K(€) =
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of k(§). Now we have that

W(€) = m(©) [0+ 00 W €+ nv2en?]

Let u =€ —n =~ p(€), then

du . n€+1)

since —1 < n = p(f) < 0 < £ < z*. Hence u is an increasing function
of £ and 0 < u < 1+ z* < 1.28. Using the relationship between ¢ and
n = p(&) we have that £ = u/(e* + 1),7(¢) = —ue"/(e* + 1). Under this
transformation, x1(§) becomes:

u
51(5) = (1 —|—6u)9 (’LL),
where
6
M(u) = Zpi(e“)uz,
i=0

and

po(v) =2(v—1)(v*> +1)(v+1)°,

p1(v) = 2v(1+v)%(5 — 14v + 5v?),

p2(v) =4 (v—1) v(1+0)* (2+19v+20?),

= —v(1+v)’ (541601380 +16v° +50%),
(v—1)v(1+2v)* (1+6v—500%+ 60> +v?),
=—v? (1+0) (14+2?) (1-22v+0?),

= 403(1 — v3).

i~

w
/—\AA?A/—\/—\
—_ N —

Soin 0 < u <14 a*, M(u) has the same sign that ¢'(z) in 0 < z < z*.
Now we have

192
_ 8192

M(u) 3

+ 0@, 0<u<1, (11)

and therefore M (u) > 0 for u positive and small enough. Furthermore we
have that



LIMIT CYCLE BIFURCATED FROM A CENTER 213

where

(v) =18v(=1+0)(1+v)",
(v) (1+)° (=1 —21v + 1602),
() = (1+v)* (=23 —201v+ 41102 + 49 03),
I3(v) = =9(140)*(1+7v—6902 + 90> +40v%),
(W) =1 +0)? (=1 =170+ 27502 — 22903 + 28 v* + 8v5),
(W) =—v(1+4+v)(2—-89v+9v? — 10903 + 7v?),
(v) =—12v2 (203 - 1).

2 ’LL3 u4 u5 ’LL6

F ly the i lity e* — 1 Sund e T
or u > 0, we apply the inequality e >u+2+6+24—|—120+720
in the factor e* — 1 of lp(e*) obtaining that

5

1 .

M’ (u) > 4—Oue" E 1} (e")ut,
i=0

where [} (v) are polynomials of v and

13(e*) = 240(e* — 1)(1 + €*)>(1 + 19¢e).

2 'LL3 u4 U5

Similarly, applying the inequality ¢* —1 > u + > + 5 + 2 + Eo(u > 0)
to the factor e* — 1 of I§(e*), we can prove that

1
M'(u) > 4—0u2e“M1(u),
where Mj(u) > 0, as can be shown easily by using the inequality 0 < u <
1+ z* < 1.28. We omit these computations here.

Finally, since M(u) > 0 for 0 < u <« 1 and M’'(u) > 0 we have that
M (u) > 0 for all u € (0,1.28) and hence that x;(£) > 0. For £ > 0 we have
k'(€) > 0. As a function of 6, the derivative of ¢ (0) with respect to 6 is
given by the chain formula as

dy(0) _ dr(§) ~dg(0)
do € |y d0
dg(0)

which combining the fact that a0 = Vheos8/f (z(Vhsinh)) > 0 gives

%(:) > 0. Noticing that —1 < & < 0 < = < z*, by (9), we have

that G(6, $) has the same sign as z — y = g(v/hsin#) — g(v/hsin ¢) by the
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monotonicity of g(z) and therefore has the same sign as 6 —¢. On the other
hand, cos? ¢ — cos? § also has the same sign as 6 — ¢ since 6, ¢ € [0, 7). The
above discussions show that the integrand in the double integral in equality
(8) is nonnegative and so we have proved the convexity of P(w). Hence
the proof of lemma 4 is completed. |

Remark 5. 1In [14], the authors give a general method of proving the
monotonicity of the ratio of two integrals. In proving proposition 4, though
the idea is the same as that in [14], but the theorems given in [14] are not
applicable here.

Proof of Theorem 1 From lemma 2(1) we know that system (3) is
generic. Therefore, lemma 2 and proposition 4 together show that an upper
bound of limit cycles produced by the period annulus is two. From the
proof of proposition 4, we have that Jj(h) > 0. Hence we can define
u = Jo(h) and its inverse h = h(u). Write p(u) = Jo(h(u)), then ¢'(u) =
P(h(u)) and ¢ (u) = P'(h(u))% = P'(h(u))/J)(h(x)) > 0 by proposition
4, which means that the curve v = ¢(u) is strictly convex. Hence a zero
of J(h) corresponds uniquely to an intersection point of the straight line
a+ Bu + v = 0 with the curve v = ¢(u) in the (u,v)-plane. By the
strict convexity of the curve v = Lp(u), we can choose appropriate &, B,ﬁ/
(since they are independent constants), such that the number of intersection
points of the above curve and the corresponding straight line is two, which
gives two zeros of J(h) in h € (0, h*) and hence of I(h). Hence the theorem
follows. |
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