AN ESTIMATIVE FOR THE NUMBER OF LIMIT CYCLES IN A
LIENARD-LIKE PERTURBATION OF A QUADRATIC
NON-LINEAR CENTER

ANA CRISTINA MEREU, REGILENE D. S. OLIVEIRA,
AND RICARDO MIRANDA MARTINS

ABSTRACT. We study the maximum number of limit cycles that can bifurcate
from an integrable non-linear quadratic isochronous center, when perturbed
with a Liénard-like polynomial perturbation of arbitrary degree.

1. INTRODUCTION

The number of limit cycles in systems that are perturbation of a linear non-
denegerate center has been extensively studied in [2, B, 4] . The main tool used to
study such problems are the averaging methods [2].

In this paper we consider systems of the form

(11) { LL’ = p(sc,y)—l—aPn(x,y),

Yy = Q(xa y) + 5@71(337 y)7
where p, g are quadratic polynomials and P,,Q, are n-degree polynomials to be
choosen inside a particular family to be specified later. It is natural to consider
that, for e = 0, system has a center at the origin. In addition, we shall consider
that for e = 0, has a isochronous system at origin.

Our aim is to study the maximum number of limit cycles that can appear on
system when € # 0. The main tool we employ is the averaging method
described in [2].

In [2] is proved that if we consider a 2-degree polynomial perturbation of system
(L.1), then at most 2 limit cycles bifurcate from this center. The same result was
proved in [9]. A computational-numeric approach to this problem (using general
perturbations up to some degree) can be found in [12] [6].

A correlated problem is the study of the number of limit cycles that bifurcates
from the linear center of system

T = —y—|—6Pn(x,y),
(12) {y = z+eQn(x,y),

with € = 0, when € # 0. This problem is considered in a huge number of papers (see
[2] and references), including its analog in higher dimension. The averaging theory
has been the main technique to attack this problem, especially in the last years.
We shall compare our result, for system (L.1]), with the existing results for system
. In particular, in Section 3, we emphasize the main differences between the
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application of averaging theory to linear centers (system (1.2))) and the general case

(system (|1.1)).

The main result we prove in this paper is the following. Consider system

i = —y+a?
(1.3) {y = z+ay+e(yfnlx)+gn(x)),

where f,, g, are polynomials of degree n.

Theorem 1.1. Suppose that in system , fn>gn are polynomials of degree n.
Then the maximum number of limit cycles that bifurcates from the center (e =0 in
E3) is

i1, ifn=23,

i) 2, if n = 4,5,

iii) lower of equal than n —2 (if n > 4 is even) orn —3 (if n > 5 is odd).

One of the goals of this paper is consider perturbations of system of arbi-
trary degree (inside a specific family), while the existing results are for perturbations
of fixed degree.

This paper is organized as follows. In Section 2 we provide a classification of
quadratic systems with an isochronous center at origin. In Section 3 we describe
the results of the averaging theory that we shall need to our purposes, and briefly
compare the applications of the averaging theorems for systems and (L.2).
Moreover, we define the special family of perturbation we shall consider. The proof
of Theorem [[J]is contained in Section 5.

2. QUADRATIC CENTERS

In [7] is proved that the origin is an isochronous center of the quadratic system

i = —y+azer?+a 12y + a2y
U = x4 byox® 4 byxy + bo2y?

if and only if the system can be brought to one of the systems (2.1)), (2.2)), (2.3) or
(2.4) through a linear change of coordinates and a rescaling of time:

o {0z
. S S
(2.3) {;c = ;(yl__ %2)
. (o

All these systems are integrable. Regarding the expression of the first integral,
system ([2.2)) is the simplest of all. In this paper, we just consider perturbations of
system ((2.2)
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3. AVERAGING THEORY

In this section we briefly describe some results on periodic averaging of first
order. This is the simplest form of averaging, and is concerned with approximating
solutions of a non-autonomous differential equation by solutions of a autonomous
one. In particular, the first order averaging method is equivalent to the study of the
first order Melnikov function (both are equivalent to the study of the displacement
function). For more references on this, see [13].

The averaging theory was formalized by 1930, but some naive results were con-
jectured even in the 18th century. For a historical description, we suggest [10].

The next theorem is the classical averaging theorem for periodic differential
system.

Theorem 3.1. We consider the following differential system
(3.1) o' =ef(t,x) +e%g(t,2,€)

where x € D (D is an open subset of R), t € [0,00), € € (0,0, f,g are T-periodic
in the variable t. Suppose that f and g are maps of class C%. Consider the average
function of f(t,x) with respect to t

T
(3.2) £y) = / f(ty) dt.

If p € D is such that f°(p) = 0 and Df°(p) # 0, then for every |e| > 0 small,
there existes a T-periodic solution @.(t) of system (3.1) such that ¢(t,e) — p as
e —0.

Systems in the form of are said to be in the standard form. We remark
that the regularity condition that f, g are of class C? is not really necessary, but
simplify the statement. For a proof and more comments, see chapter 6 of [10].

Theorem is about the existence of periodic solutions for non-autonomous
systems. The following construction allows us to use this theorem for proving the
existence of limit cycles.

Consider the planar system

z = p(z,y)+eP(z,y)
(3.3) {y = q(z,y) +eQ(z,y)

where p, ¢, P,Q : R? = R are continuous functions.

Let us first consider the case p(z,y) = —y and ¢(x,y) = . Then, for ¢ = 0,
system is the linear center.

In this case, using a polar change of coordinates x = rcos(6), y = rsin(d), we
obtain

(3.4) { 7 = e[cos(0)P(rcos(),rsin(f)) + sin(6)Q(r cos(), rsin(6))]

0 = 1+ (¢/r)[cos(9)Q(rcos(8)) — sin(6) P(r cos(h), rsin(0))]

For small e > 0, the second equation of (3.4)) is not zero. Then we can reparametrize

(3.4) to obtain
3.5

(3.5)
g [cos(0) P(r cos(),rsin(0)) + sin(0)Q(r cos(#), rsin(0))] + o(e?)

7',*
6 = 1
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Taking 6 as the new time, (3.5]) turns into a non-autonomous differential equation
(3.6)
{r = elcos(0)P(rcos(d),rsin(h)) + sin(0)Q(r cos(d), rsin(0))] + o(e?)

where the prime is derivative with respect to 6.

Note that we can apply Theorem to system (3.6]).
Let

G(r) = /27T [cos(0) P (r cos(0), rsin(f)) + sin(0)Q(r cos(8), r sin(6))] db.

0
By Theorem each simple zero of G is associated with a periodic solution of
and then with a limit cycle of .
If P, are polynomials with no constant terms, P with degree M and () with
degree N, for instance,

M
(3.7 P(z,y) = Z Z ai ;'Y Qz,y) Z Z bijr'y’,

k=1i+j=k k=1i+j=k
then G(r) writes as

G(r) = os'T1(6) sin’ (9) db.

/ cos'(#) sin? T (0) db.

Note that G(r) is a polynomlal with degree max{M, N}, that is, the maximum
number of limit cycles of system with p(z,y) = —vy, q(z,y) = z and P,Q
polynomials given by is max{M, N}. In particular, the number of limit cycles,
and even the function GG, depends directly on the coefficients of P, Q: the coefficient
of ¥ depends just on aij,b;; withi+j =k.

Now we turn to the general case. Our aim is to put in the standard form
to apply the Averaging Theorem

The polar coordinates do not help anymore - in fact, they just work when the
system is a linear center for € = 0.

From now, we assume that , for € = 0, has a first integral H, and a contin-
uous family of closed orbits

{Fh} c {(xay) : H(I]S‘,y) - hahl <h< h2}

This allow us to find a change of coordinates that put (3.3)) in the standard form.
Assume that zp(x,y) — yp(z,y) 7é 0 for all (z,y) in T's. Let

(vVh1,v/ h2) x [0,27) — [0, 00)
be a continuous function such that
H(p(R, ¢) cos(¢), p(R, ¢) sin(¢)) = R?

for all R € (v/h1,v/h2) and all ¢ € [0, 27).
The change of coordinates z = p(R, ¢)cos(¢), y = p(R, ¢)sin(¢) applied to

system (3.3) give us

_|_

FMZTTME
HM HM

{R = ¢L(R,9),
6 = 1+eS(R,9),
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for some smooth functions L,S. Now, using the same argument as in the linear
center, we can obtain a non-autonomous system in the form

(3.8) R' = €eL(R,®)+ o(e?),

where the prime is the derivative with respect to ¢. Note that is in the
standard form.

Applying the Averaging Theorem to and writing the expression of L,
we obtain the following result:

Theorem 3.2 ([2], Theorem 5.2). Consider that system (3.3) has a first integral

H fore =0, and a continuous family of closed orbits
{Th} C{(z,y) : H(z,y) = h,hqy < h < ha}.
Let u(x,y) be an integrating factor for system (3.3)). If
27 2 2
pe(2®+y7) - (Pg— Qp)
3.9 F(R) = / do,
(39) (®) 0 2R - (qz — py) ’

where p, P,p, Q,q depends on x = p(R, ¢) cos(p) and y = p(R, ¢) sin(¢), then each
simple zero of F(R) give us a limit cycle of (3.3).

Remark 3.3. The integrand of F(R) is exactly the function L(R,¢) we defined
above.

Now we workout an example that shows that the dependence of F' on P, @ is not
so directly as in the linear case.
Consider the system of differential equations

Lo 2 2
(3.10) {x = —y+ 2% +ecay?,

y = z+ay+elax® +by3),

where ¢ > 0 is a small parameter and a,b,c € R. For ¢ = 0, this system has a
center at the origin.
The function F' given by (3.9) is

F(Z) = p(Z)(2aZ? + (a + ¢ — 3b) Z — 2¢),

where R =+/1— Z2 and p is a C! function without zeroes for Z € (0, 1).
F(Z)
p(Z)
not associated with the higher degree terms in ; furthermore, the coefficient
associated to the third order term y* in the second line of appears just on
the coefficient of the linear term of d.

This indirect dependence of F' on the coefficients of the perturbation make dif-
ficult to consider general perturbations of non-linear centers.

As we want to study systems with perturbations of arbitrary degree, we fix a
system, given by

T = —y—|—a:27
3.11 .
(3:11) { g = x+ay+eful®)+gn(2)),
where f,, g, are polynomials of degree n.
We call this perturbation Lienard like due to its similarity with the classical
Lienard system.

Note that the leader coefficient in the polynomial d(Z) = is 2a, but a is
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4. PROOF OF THEOREM [I.1]

Recall system (1.3])
Lo 2
(4.1) { L= oy,
¥y = ztay+ef(@)+gn(@)),
. . z® +y?
with f,, g, polynomials of degree n. If we take H(x,y) = ek , then H is a first
integral for (4.1]) with e = 0, and all the level curves H = ¢ are closed for ¢ € (0,1).
R
The solution of H(pcos(), psin())) = R% is p = - Resn(@)’ Note also that

2

(1+y)3
The integrand in expression (3.9)), for this case, is given by

the integrand factor is p =

L(R.v) = C(R)fn (%)
(4.2) R cos(t))
+ (R, ¥)gn (1—Rsm(w))
where
((R,%) = —R%sin(y)) — Reos*(y) + R,

n(R,) = RZ%sin(¢) — 2R + Rcos?(¢¥) + sin(y).
Finally, the first Melnikov function (given by (3.9)) is

Fm = [ (cmonn () g, (1200 a

Note that we are interested in the isolated zeros of F(R) with R € (0,1) (as the
center is contained in H~1((0,1)). _
Put fn.(z) = ZJ La;jzd and gn(z) = 2?21 bjx’. Then F(R) is given by

(4.3)

F(R) = /027T C(R,i/))ij@(%) +77R1!)jz:;bg<1i%;§:m)¢)>

n

cos? T2 (¢

B ™ sin(v) cos? (1) I
= —Za Rg+2/0 1—Rsin(¢7 drp — ZaJRJﬂ/O (1—R51n(
i [T e (@) i[O sin(¥) cos’ (¥)
’ ;R | TRt d“;"fR @R
n 2m J+2 n 2m <J
i+l cos’ ™ (¢) B it cos’ ()
+ Zb]R]+ /0 (1 — Rsin(¢))? i Z;bjRﬁ /0 (1 — Rsin(v))7

y 2™ sin(1) cos? (1))
* Zb R /0 (1= Rsm(w)y V"

27
R7 cos? (¢ R cos? (1)
= b
/0 RwZ]l—Rsanﬂ) ngjl—Rbm )
1/) J

)

Y

dyp
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Denote
2T i«
sin® (1) cos” ()
44 Ja R) = — = d.
(44) polB) = [ G
The next lemmas make explicit expressions for Jy ; ;(R), Jo,j+2,;(R) and Jo ; ;(R).
We just present the proofs for two of them, the others are similar.

Lemma 4.1. Jyo+1,2i41(R) =0, for all I
Proof. Note that

2 g2l
Joir1,241(R) = /o (1_Rsm<(7é}§2l+1 dy
T cos® (¢) cos(1)
/0 (1 — Rsin(¢))2i+1 v

(1 —u?)du L —w?)du O (1 —u?)du
/0 (1 — Ru))2+1 /_1 (1 Ru))2it " /_1 (1= Ru))>+1

= 0
O
Lemma 4.2. Jyo;2/(R) = )\M for all I, where Z = /1 — R2, X is
] Z21—1(1+z)l’ ’ )
some constant and u; is a j-degree polynomial.
Proof. If we write z = tan(y/2) then cos(¢) = 1_722 in(y) = 2 dy =
d. we wri = =152 T
2dz ; then we have to solve
1+22

/°° 2(1 — %)% "
oo T+ 2 (22 — 2Rz + )2

We proceed using an well-know application of the Residue Theorem [I].
Lemma 4.3 ([I], section 5.3). If G is a rational function, an integral of the form
[75. G(x) dx converges if and only if the degree of the denominator of G is at least

two units higher than the degree of the numerator, and if no poles lies on the real
axis. In this case,

(4.5) / G(z)dx = 2mi Z Res,, G
—o r

where Res,,, G is the residue of G on the pole w;, and the summation is done over
all poles in the upper half plane.

Remark 4.4. Obviously, the complex product in (4.5)) is a real number.

Let
2(1 _ w2)2l

C) = A (w? — 2Rw + 17

where w is a complex variable.

The poles on the upper half plane are w; = 4 (simple pole) and wy = R +
iv1 — R? (pole of order 2I). We have to compute the residues of G over these
poles.
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Lemma 4.5 ([1). The point zy is a pole of order m > 1 for G if and only if

Gw) = (ng(w))L for some analytic function ¢. In this case, the residue of G
w — wy)™
over wq 18 given by
(m—1)
Resy, G = & (wo).
(m—1)!

where ¢~V is the (m — 1)-derivative of ¢.

The residue over w; is easy to compute: we write

2(1 — w?)*

(w+1)(w? — 2Rw + 1)%

Gi(w) = (w—)G(w) =

i(—1)+1
and then Res,,, G = G1(w1) = e
Now let p; = R+iv1— R2 and p2=R— iv/1— R2. Then
1 2(1 — w?)2
G(w) = A-w)”
(w=p0? 1+ w?)(w = p2)?
2(1 — w?)?

If we define ¢(w) = then to obtain the residue of G over w;

(1+w?)(w — p2)?”
we need to compute ¢~V (p,).

2(1 — w?)?
For [ =1, ¢(w) = (1+ EU?)(;;}—) p2)? and
‘ ' ' 2
6 (py) = — (zi+ iR~ RV1- R?)

(iR - VI— %)’ R2(1 - R2)*
Using the change Z = v/1 — R? in both residues we obtain

/°° 2(1 — 22)? b 2m,< i iz +Vi=22) )
oo (1+22)(22 — 2Rz +1)2 1—22 Z(im—Z)Q(—1+Z2)
2m (=222 + 201 - 227 + 1)
(V1-22-2)°(Z+1)2
2w
Z(Z+1)

where Z = /1 — R2. So the case I = 1 is done. The case [ > 1 is similar. The
specific degree in the statement is obtained when we simplify the sum of residues.

O
Lemma 4.6. Jy21+32+1(R) =0, for all l.
3 A+1  v_o(2)
Lemma 4.7. JO’Q,O(R) =T, J()’4’2(R) = m, JO,2l+2,2l(R) = ST (Z n 1)l+122l73

for alll > 2, where Z = /1 — R? and v; is a j-degree polynomial.
Lemma 4.8. J1,21+1721+1(R) = 0, fO’I‘ all 1.
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27T(1 — Z) )\mwl(Z)
= L A, N AR >
rRz(+ 2y e B) = ga i Jer alll 22,

where Z = /1 — R? and wj is a j-degree polynomial.

Now we apply Lemmas to simplify (4.3)).
Lemma 4.10. The coefficients a;j,b; of fn,gn with j odd don’t contribute to (4.3).

Lemma 4.9. J; 22(R)

Proof. Just note that these coefficients are associated to the integrals Jo 2;41,2i1+1

or Joo2i4+3,2141 O J1 21412141, and according to Lemmas (4.1)), (4.6), (4.8), these
integrals vanishes. [

By Lemma (4.10) we may cousider f,, g, even degree polynomials; moreover, we
may take these polynomials even functions, that is, without odd degree terms. So
from now on we consider just this case.

Lemma 4.11. Consider n =2 in (4.3). Then
(Z — 1)2((2a2 — 2b2)Z — a2 — bg)
™ b
VA A

where Z = /1 — R?. The equation F(Z) = 0 has exactly one solution for Z € (0,1)
az + by

F(Z) =

when ag # ba and 0 < < 1; otherwise there is no solution.

Proof. Straightforward calculations. ]

Lemma 4.12. Consider n = 2m (m > 1) in (4.3). Then the numerator of R-F(Z)
is given by

numer(R- F(Z)) = Y a2;(a,0)2% + Bam—3(a,b) 2> + By _1(a, ) 2>
j=0
! 2m—2 ,
= (Z2-1° ) uia,b)Z,
j=0

where Z = /1 — R? and oy(a,b), Bs(a,b), u;j(a,b), depend on a;j,b; (recall that j
is always even), while the denominator is a function without zeroes in the interval
(0,1). In particular, the equation F(Z) = 0 have at most 2m — 2 solutions for
Z e (0,1).

Example 4.13. Consider the system

(4.6) £ = —y+a,
' g = z+ay+e(y(agr® + agz?) + (baz® + baat)),

where € > 0 is a small parameter and as, a4, b2, by are real constants. Then
—3ay4 + 2a9 + 3by — 2b2)Z2 + (bag — as — 3bsz — bg)Z — 2ay4
Z\V1 - 22

The equation F(Z) = 0 has at most two solutions for Z € (0,1). In particular,
if
A= a42 —6a4bs +6aqas —26a4b2—|—9b42+6b4a2 —|—6b4b2+a22—|—2a262+b22 > 0,
I'= 75a4+3b4+a2+b2 and
C = 2(3b4 - 262 +2a2 - 3(14) 74— 0,

F(Z)=n(Z - 1)2(
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I'+vA
the solutions are Z4 = f For instance, choosing as = —2 gy = —1—12, by =1

3

and by = % we obtain two solutions.

The estimative in the last lemma that the equation F'(Z) = 0 have at most

R -F(Z

2m — 2 solutions is just based on the degree of (Z(l))Q and is not sharp.
(7 —

Example 4.14. Consider the system

ap [ = v

’ Yy = x4+xzy+te (y(a2x2 + agx* + agz®) + (box® + bya* + b6x6)) ,
where € > 0 is a small parameter and as, aq, ag, bz, by, bg are real constants. Then
R-F(2)
Ge(Z) = ——=—"L = (12by — 15bg + 15a6 — 12a4 — 8by + 8as) Z*
6(Z) TZ =17 (12b4 6 + 1oag ay 2 + 8az)

+ (—12b4 + 30bg — 4by + 20a4 — 4as — 38@6) VA
+ (_15b6 - 8@4 + 29&6) Z2 - 4&62 — 2(16

The degree of polynomial G is 4, but we cannot choose coefficients such that
this polynomial has 4 roots in the interval (0,1). In this case we have just 3 roots.

Remark 4.15 (Conjecture). Consider system (4.1)) with f,,, g, polynomials of degree
n. We conjecture that the maximum number of limit cycles (solutions of F/(Z) =0
for Z € (0,1)) is n — 3 when n is odd and n — 4 when n is even.

Remark 4.16. We note that the difficult in proving general quotas is common in
papers dealing with perturbation of non-linear centers. Note that in the proof of
Theorem (in special in the proof of Lemma the degree of u;_, was easy
obtained, but its exact dependence on the coefficients is hard to determine. Similar
problems are found in [3].
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