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Limit Cycles Bifurcating from a Quadratic Reversible
Lotka-Volterra System with a
Center and Three Saddles*

Kuilin WU! Haihua LIANG?

Abstract This paper is concerned with limit cycles which bifurcate from a period annulus
of a quadratic reversible Lotka-Volterra system with sextic orbits. The authors apply the
property of an extended complete Chebyshev system and prove that the cyclicity of the
period annulus under quadratic perturbations is equal to two.
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1 Introduction

The second part of Hilbert’s 16th problem (see [6]) asks about the maximum number and
the location of limit cycles of a planar polynomial vector fields of degree n. If the quadratic
centers belong to the Hamiltonian class, then the study of the number of limit cycles bifurcating
from a period annulus or annuli (i.e., the weak Hilbert’s 16th problem for n = 2) is finished,
and the study of the number of limit cycles bifurcating from a singular loop, or from infinity is
partially finished (see [3-4, 8-9, 12, 15, 17] and the references therein). If the quadratic centers
belong to the reversible class (and do not belong to the Hamiltonian class), then the study
seems very difficult, and the known results are very limited.

A weaker version of this problem is proposed by Arnold (see [1]) to study the zeros of Abelian
integrals, that is the weak Hilbert’s 16th problem or infinitesimal Hilbert’s 16th problem. The
problem is related to in the following way. Consider the perturbed system of a Hamiltonian
vector field X, = Xy + €Y, where

XH:—Hyaz—kaay, Y:Pax+Qay~

A closed connected component of a level curve {H = h} is denoted by ~;, and called an oval of
H. The Abelian integral is

I(h) = ¢ Qdzr— Pdy.
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Therefore the number of isolated zeros of I(h), counted with multiplicities, provides an upper
bound for the number of ovals of {H = h} that generates limit cycles of X, for € = 0 (see [5,
12] for details). If the unperturbed system is integrable and non-Hamiltonian, then one has to
consider pseudo-Abelian integrals (see [1] for details). As far as we know, most of the papers
investigate the Hamiltonian centers and few papers study the non-Hamiltonian centers (see [3,
8, 17] for instance). Recently, Zhao [16] proved that the cyclicity of the period annulus of Q4
is less than or equal to five.

It is well-known by Iliev [8] that any quadratic polynomial reversible Lotka-Volterra system
can be written in the complex form

2= —iz4+ 22+ bZ]%, z==zx+iy,

or in the real form

{x‘ =y+ (b+1)z? — (b+ 1)y,
(1.1)

y=—x+2(1 =b)xy,

where b is a real parameter. Arnold [2] declared that the infinitesimal problem for system
(1.1) is still open. For the system (1.1) of genus one, Gautier et al. [4] classify this kind of
systems into 6 cases (rlvl)—(rlv6). Until now, [7, 11] have studied the cases (rlvl) and (rlv2),
respectively, and [5, 14] have studied the cases (rlv3) and (rlv4), respectively.

, %, was studied in
[3-4], respectively. In this paper we study the case b = %, that is, the number of limit cycles

The cyclicity of system (1.1) under quadratic perturbations for b = 0

bifurcates from the period annulus of the following quadratic reversible Lotka-Volterra system:

{a'v = —y(1+2z),

(1.2)
y =z — 22>+ 2%

System (1.2) has a first integral
1
H(z,y) = —6x2(3 +22) (=2 + 322 + 22%) + (1 + 2)*y?

with the integrating factor
M(z) =2(1 4 z)2.

Note that system (1.1) for b = 2 can be reduced to system (1.2) by using a linear transformation.
There is a period annulus surrounding the center at (z,y) = (0,0) bounded by three straight

{x:—l, y::l:2x\/_€1},

corresponding to H(x,y) = %. The intersection points (x,y) = (— 1, —*/76), (z,y) = (— 1, ‘/76),
and (z,y) = (%, 0) of the three straight lines are three saddles of system (1.2). Therefore, the
period annulus can be expressed by {’yh, h e (0, %) }, where the periodic orbit v, C {H (z,y) =
h}.

The next result is a particular case of Theorem 3 in [8]. For convenience, we state it in the
present paper.

lines
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Lemma 1.1  The exact upper bound for the number of limit cycles produced by the period
annulus of system (1.2) under quadratic perturbations is equal to the maximal number of zeros
inh € (O, %) (counting multiplicities) of the Abelian integral

I(h) = 7{ (1+az) (ay + bl—i—Lx + cg)dx, (1.3)

where a, b and c are arbitrary constant.
The main result of this paper is the following theorems.

Theorem 1.1  The cyclicity of the period annulus of system (1.2) under quadratic pertur-
bations is two.

This paper is organized in the following way. In Section 2 we introduce the definitions and
the notations that we shall use. In Section 3 we give the proof of Theorem 1.1 by applying
Theorem B in [5]. We shall rewrite the Abelian integral (1.3) as a linear combination of {Iy(h),
I (h), Iy(h)} and prove that (Io(h), I1(h), I2(h)) forms an extended complete Chebychev system.
Due to Theorem B in [5], we turn the problem of the number of zeros of the Abelian integral into
a pure algebraic problem, namely, counting zeros of a polynomial. To solve the latter problem
we shall use the notion of a resultant. The interested reader is referred to the appendix in [5]
for details.

2 The Definitions of Chebyshev Systems
In order to prove the main results, some definitions and lemmas are needed.

Definition 2.1 Let fo(x), fi(x), -, fn—1(x) be analytic functions on an open interval L
of R. Then we have the following:

(a) (fo(x), fr(x), -, fn_1(x)) is a Chebyshev system (in short, T-system) on L if any non-
trivial linear combination

aOfO(x) + alfl(x) + 4+ an—lfn—l(x)

has at most n — 1 isolated zeros on L.

(b) (folx), fr(x), -, fn—1(x)) is a complete Chebyshev system (in short, CT-system) on L
if (fo(x), fr(@), -, fr—1(x)) is a T-system for all k =1,2,--- n.

() (folx), fi(x), -+, fan1(x)) is an extended complete Chebyshev system (in short, EC'T-
system) on L if, for all k =1,2,--- ,n, any nontrivial linear combination

aofo(@) + arfi(z) + -+ ap-1fe-1(2)
has at most k — 1 isolated zeros on L counted with multiplicities.

It is clear that if (fo(x), f1(x), -, fn—1(x)) is an ECT-system on L, then (fo(x), fi(x), -,
fn—1(x)) is a CT-system on L. However, the reverse implication is not true. Moreover, if
(fo(x), fr(z), -+, fn—1(x)) is a T-system on L, and f(z) is an analytic function and has a
constant sign on L, then (f(z)fo(z), f(x)fi(x), -+, f(z)frn-1(x)) is a T-system on L.

Remark 2.1 If (fo(z), fi(z), -+, fn_1(z)) is an ECT-system on L, then, for each k =
0, 1, 2,---, n— 1, there exists a linear combination with exactly k simple zeros on L (see [10,
13] for instance).
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Definition 2.2 Let fo(x), fi(z), -+, fn_1(z) be analytic functions on an open interval L
of R. The Wronskian of (fo(x), f1(z), -+, fu—1(2)) at x € L is given by
fo@) o faa(x)

| FAE Y e
Wifo, fr,- -+ s famal(x) = Det(f;”(x))o<ij<n—1 = : .

-1 1
@) K@)
The following result is well-known (see [10, 13] for instance).

Lemma 2.1 The system (fo(z), fi(x), -, fa—1(x)) is an ECT-system on L if and only if,
for each k=1,2,--- n,

W(fo, fi, - fe—1](z) #0 for all z € L.

3 Proof of Main Results
Recall that H(z,y) = A(x) + B(x)y* with

_x2(3 + 2z)(—2 + 32% + 223)
6 )

A(z) = B(z) = (14 z).

It is clear that H(z,y) has a local minimum at (z,y) = (0,0), B(z) > 0 and A(x) have a
local minimum at x = 0. Denote the period annulus associated to the center origin by P and
the projection of P on the z-axis by (z;,x,) = (— 1, %) Then there exists a unique analytic
involution function o(z), such that A(z) = A(o(z)) for all z € (z;,z,) = (=1, 3). The next

result is a particular case of Theorem B in [5]. For convenience, we state it in the present paper.
Theorem 3.1 (see [5]) Let us consider the Abelian integrals
I;(h) = filx)y* tdx, i=0,1,---,n—1,
Th

where, for each h € (0, ho), v is the oval surrounding the origin inside the level curve {A(x)+
B(x)y? = h}. Let o be the involution associated to A(z) and we define

I R ) N
A(2)B(x)"3 Ao(2))B(o(x) 7"

Then (Io, I, ,In—1) is an ECT-system on (0,hg) if s > n —2 and (lp,l1, - ,ln—1) is a

CT-system on (0, ).

li(z)

Recall that a mapping o is an involution if 0 o 0 = Id and o # Id. An involution o is
a diffeomorphism with a unique fixed point. Noting that I;(z) = —I;(o(x)), we have that
(lo,l1,++ ,lp—1) is a CT-system on (0,z,) if and only if (lg,l1, -+ ,ln—1) is a CT-system on
((El, 0)

We rewrite the Abelian integral (1.3) as I(h) = alo(h) + bl (h) + cI2(h), where

(1+2)3z

) dz. (3.1)

Io(h):yg (1 + x)3yda, Il(h):?g (1 + x)*yda, Ig(h):]g

The following lemma, proved in [5], establishes a formula to change the integrand of an
Abelian integral into other Abelian integrals that we want.
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Lemma 3.1 (see [5]) Let vy, be an oval inside the level curve {A(x) + B(z)y? = h}, and

consider a function F(x) such that 5,((9;)) is analytic at x = 0. Then, for any k € N,

j(I{ F(x)y**'dz = G(z)y* T da,
Th

Yh

6@ =5 (5r) @ - ()@

In what follows, we shall apply Theorem 3.1 to prove that (Io(h), I1(h), I2(h)) is an ECT-
system. By Lemma 3.1, it yields that
I(h) = }1{ Otape,, —27{ (2+2)(0+2)7°,
Ty Yy r, (—1+2z)
However, we discover that n = 3 and s = 1 in the integrand of (Iy(h), I1(h), I2(h)), so that the
condition s > n — 2 is not fulfilled. Therefore we must take s = 3 and apply Lemma 3.1 to
overcome the shortcomings. Applying Lemma 3.1, we have that

Io(h) :ﬁ (1 + 2)%yde — %ﬁ (A(z) + Bx)y?)(1 + 2)*yda

where

_ 1 3. _ 17
=7 " fo(x)yde = hfo(h),

where
(1+2)3(24 + 22 — 11922 — 8523 + 190z* + 2602° + 882°)

18(—1 + 2)?

fo(x) =

Exactly in the same way we obtain

1 . 1~
Ii(h) = n fl(x)gfda: = Eh(h),
Ty
1 5 1~
I(h) = n fa(x)y’de = 51201)7
IS
where
fi(a) = (1+2)2%(24 — 4o — 1112% — 6823 + 1842* + 2402° + 802°)
B 18(—1 + 21)2 ’
fol) = 2(1 + 2)3(—24 — 11z + 9122 + 5323 — 1642* — 13025 + 402° + 4027)
T 9(—1 + 2x)* '

It is clear that (Io(h),I1(h),I2(h)) is an ECT-system in the interval (0,7;) if and only if
(Io(h), I (h), I3(h)) is an ECT-system in the interval (0,%).
Setting

Fie) = 4

=
=
S~—
Sy
8
S~—
[NV

then

24 + 22 — 11922 — 8523 + 190z + 26025 + 8826

FO(J:) = - 6 3 ’
36x(1 + 2)8(—1+ 2z)
24 —dx — 1112% — 682° + 1842 + 2402° + 802°
B 36x(1 +2)7(—1+ 22)3 ’
—24 — 11z 4 9122 + 5323 — 1642* — 130> 4 402 + 4027
92(1 + z)8(—1 + 2z)° '
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Denote by o the involution associated to A(zx), i.e., A(x) = A(o(x)). In order to compute
Wronskians, we set z = o(x) and

fi(2) fi(z)

Li(z,2) = 2\/§AIEZ)B(Z)%  A(2)B(x)?

Then I;(x) = L;(x,z). We only need to prove that system (Lo(z, 2), Li(x, 2), Lo(z,2)) is an
ECT-system on (0, %) On account of

1
A(z) — A(z) = _6(2 —2)(32 + 222 + 32 + 222 + 227)
x (=24 32% 4 223 + 322 4 223)
= 0,

it turns out that z = o(z) is defined by

q(z,2) =3z + 222 + 32+ 222+ 222 =0 (3.2)
and
, 344z + 2z
o'(z) = —5—F—.
3+ 2z +4z

We shall depend on Wolfram Mathematica to compute three Wronskians and the resultant
between two polynomials to show the nonexistence of zeros of a polynomial on the interval. In
the following, we show the following lemma.

Lemma 3.2 System {Lo(x, z), L1(z, 2), La(x, z)} is an ECT-system on the interval (0, %),
i.e., system {lo(2),11(2),l2(2)} is an ECT-system on the interval (0, %), where z is defined by
(3.2).

Proof By Lemma 2.1, we split the proof into three cases to show that the three Wronskians
have no zeros on (O7 %)

First, note that W[Lo(x, z)] = Lo(z, z). By the common denominator and the factorization,
we have

(x — 2)ag(z, 2)
WL = =5
Lol@:2)] = S A 201 7 2275201 + 2)5(—1 £ 2)°
where ag(z,z) is a polynomial of degree 15 in (x,z) with a very long expression. It follows
from direct computations that the resultant with respect to z between ag(x, z) and ¢(z, z) is
512(1 + 2)'2(—1 4 22)%Co(z) (i-e., eliminating z from ag(z,2) = 0 and q(x, z) = 0), where

Co(x) = 576 + 1442 — 580822 — 48662° + 233772 + 346432° — 332662° — 9611627
— 2970428 4 8543227 + 10244820 + 461122 + 774422

Note that (o(0) = 576, (o(3) = 36, and (y(z) has a local minimum 35.0652 at z ~ 0.486258
on the interval (O, %) Therefore, ag(z,z) = 0 and ¢(z, z) = 0 have no common roots for any
z € (0, %), which implies that W[Ly(z, z)] # 0 for any z € (0, %) or z € (—1,0).

Secondly, by the definition of W[L(z, 2), L1 (z, )], it follows that

(x — 2)3a1(z, 2)

W(Lo, L1] =
(Lo, 4] 129622(1 + )14 (—1 + 22)522(1 + 2)14(—1 + 22)5(3 + 2z + 42)’
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where a1 (z,z) is a polynomial of degree 20 in (x,z) with a very long expression. It follows
from direct computations that the resultant with respect to z between aq(z,2) and ¢(z, z) is
131072(1 + )22 (=1 + 22)19¢; (2), where

Ci(z) = 2799360 — 4105728z — 4650307222 + 4578508822 + 4003385042 — 1839376802°
— 22756725452°% — 12979057227 + 91305669702° + 52185406972 — 2561097634720
— 295714995442 + 4508962049622 + 945431001522 — 258022106802
— 1853399413762 — 9221089974426 + 1930504971522 + 2624182158088
— 80543068162 — 26123219353622° — 2084310210562 + 156752230402%2
+ 1469961011202 + 12861591142422* + 6061563904022 + 1717805056022
+ 2775449600227 + 198246400275,

By calculating, we have that (1(0) = 2799360, Cl(%) = 6561, and (;(«) has a local minimum

6128.2996 at x ~ 0.487723 on the interval (0, %) Therefore, a;(z,z) = 0 and ¢(x, z) = 0 have

no common roots on the interval (07 %), and W[Lo(x, z), L1(z,2)] # 0 for any x € (0, %)
Finally, let us compute the third Wronskian and we have that

_ (x_Z)GOQ(va)
WqL”L“Lﬂ"&mx%1+agﬂ(—1+2xﬂ2ﬁcr+zyw—1+2zﬂ2@-kzp+4@3’

where as(z, 2) is a polynomial of degree 50 in (z, z) with a very long expression. The resultant
with respect to z between s (z, 2) and q(z, 2) is 618475290624 (1 + 2)%7(—1 +22)'9¢s(x), where

Go(z) = 314424115200 — 3386105856002 — 7197591260160z + 3682188564480
+ 820478335219202* + 52109895110402° — 5924971191294725
— 372635968302720x" 4 2885867540768232x° 4 35587162694421722°
—92921423289638132'° — 191400078983530352 1 + 16482330221454718z:'2
+ 671140416638027482"3 4 54538133596625262** — 1549185124933818142:°
— 1262094948073675002' + 208708533197557384x17 + 3813400401137571842:'8
— 48210981342553392z° — 59783627181783331222" — 4018353628623020802:>!
+ 4038480326757637122:%% + 77443567083226803222% 4 2662215501479152642*4
— 46714372642627481622°% — 71255221635326156822¢ — 3986817923652464642>7
+1972296930319933442*% + 70362504236408832022% 4 6938973357729382402°
+ 81980316555083776231 — 5935756618792960002>% — 701169891281207296x33
— 226210840396169216x3* + 31941703947675238423° + 534653451975524352x36
+ 4336364563055247362°7 + 236139850292527104238 4 9293114581712896023°
+ 268701842957926402° + 5633450904125440x* 4 819325409689600:*2
+ 747055874048002* + 3248069017600z,

C2(0) = 314424115200, (2(%) = 76527504, and (2(x) has a local minimum 7.07214 x 107 at
x =~ 0.490262 on the interval (0, %) Hence, we can assert that WL, L1, Ls] # 0 for any
z € (0, %) By Lemma 2.1, the proof of the result is completed.

Proof of Theorem 1.1 By Lemma 1.1, Lemma 3.2 and Theorem 3.1, we obtain Theorem

1.1.
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Remark 3.1 The proof depends on the symbolic computations by Wolfram mathematica

and some very long expressions are omitted for the sake of briefness, while the derivative process
can be done precisely.
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