LIMIT CYCLES BIFURCATING FROM PLANAR
POLYNOMIAL QUASI-HOMOGENEOUS CENTERS

JAUME GINE!, MAITE GRAU! AND JAUME LLIBRE?

ABSTRACT. In this paper we find an upper bound for the maxi-
mum number of limit cycles bifurcating from the periodic orbits
of any planar polynomial quasi-homogeneous center, which can be
obtained using first order averaging method. This result improves
the upper bounds given in [7].

1. INTRODUCTION

In this work we deal with polynomial differential systems of the form

(1) T = P(l’,y), y = Q(l',y),
where P(z,y),Q(z,y) € Rlx,y]. The dot denotes derivative with re-
spect to an independent variable ¢ real. We say that the degree of the
system is n = max{deg P, deg Q}.

Let N denote the set of positive integers. The polynomial differential
system (1) is quasi—-homogeneous if there exist p, ¢, m € N such that for
arbitrary a € R,

(2)  P(aPz,a%y) = o’ P(x,y), Q(aPz, aly) = o’ Q(x,y),

where p and ¢ are called the weight exponents of system (1), and m the
weight degree with respect to the weight exponents p and g. We say that
system (1) satisfying conditions (2) is a quasi-homogeneous system of
weight (p, ¢, m). We remark that for the particular case p = ¢ = 1,
system (1) is the classical homogeneous polynomial differential system
of degree m. We note that conditions (2) imply that the origin of
coordinates is a singular point of system (1). We will first characterize
when the origin of system (1) is a center (that is, it has a neighborhood
filled with periodic orbits with the exception of the origin). Lemma
4 statement (ii) (see below) are characterized all the centers of the
quasi-homogeneous systems. This characterization is well-known see
for instance [7]. Moreover in [1] the authors provide an algorithm for
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obtaining the quasi-homogeneous systems with a given degree which
is a combinatorial problem.

When the origin of system (1) is a center, we consider the one-
parametric family of systems

(3) & = P(z,y) +eP(z,y), ¢ = Qz,y) +:eQ(x,y),

where ¢ € R is the perturbation parameter and P and Q € R are
arbitrary polynomials of degree n. Our goal is to give the maximum
number of limit cycles which can bifurcate from the periodic orbits of
the center localized at the origin of system (1) with ¢ = 0, inside the
family (3) for ¢ # 0 sufficiently small. We can give this maximum
number in terms of p, ¢ and n.

Moreover our result is a generalization of the one given in Theorem
A of [7] because we do not need the hypothesis that the polynomials P
and @) are coprime. Indeed, we will use the averaging method at first
order of ¢ instead of the Abelian integral which is used in [7]. In our
approach we use the classical trigonometric functions sin € and cosf
instead of the generalized trigonometric functions C's # and Sn 6 which
are related to quasi-homogeneous functions. In our work the integral
that we find, see (5), instead of the Abelian integral is an integral of
elementary functions.

Our main result is the following one.

Theorem 1. We consider any quasi—homogeneous polynomial differ-
ential system of weight (p,q,m) of the form (1) having a center at the
origin. We denote by (p*,q*) = (p/M,q/M) where M = ged(p,q). We
perturb system (1) inside the class of all polynomial differential systems
of degree n, that is, we consider systems of the form (3) where P and Q
are arbitrary polynomials of degree n. We assume thatn > p* > ¢* > 1.
Then, the maximum number of zeros rq > 0 taking into account their
multiplicity of the first averaging function (see (5)) is at most

(a) 2(n+1)p*—p?+ B+ (=1)" ™ p* = 7)/4 if p* and ¢* are odd;

(b) (2(n + 1)p* — p** + 2p* — 4)/4 if p* is even and q¢* is odd; and

(c) (2(n + 1)p* — p*? + (—=1)" + 2p* — 4)/4 if p* is odd and q* is

even.

Statements (b) and (c) of Theorem 1 are an improvement of the ones
given in [7] because the expression 2p* — 4 there appears as 4p* — 8.

The upper bounds provided in Theorem 1 cannot always be reached,
as the following result shows.

Proposition 2. We consider the system

4) &=y (@@ +y")+eP(xy), § =2 +y")+eQ(z,y),
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where e € R and P(x,y), Q(x,y) are real polynomials of degree n =
7. The mazimum number of zeros rq > 0 taking into account their
multiplicity of the first averaging function (see (5)) is at most 5 and
there are polynomials P(x,y), Q(x,y) for which this upper bound is
reached.

We remark that the bound 5 is lower than the bound given in The-
orem 1. In this example, proved in section 4, we can compute the first
averaging function and we can improve the bound given by Theorem 1
to get a sharp upper bound.

Another contribution of this paper is that we give the explicit func-
tion whose simple zeros provide the periodic solutions of the quasi—
homogeneous center in (1) which for ¢ sufficiently small persist as limit
cycles for system (3). This function is

27
) e = X ([ eutoran)
keS, 0
where we define the set of indexes
S, = {ip+jqg : i,j>0 0<i+j<n+1},
the functions
(pcos® 0 + gsin® 0)
9 p—
(pk( ) 9(9)2 ]
—P(cos6,sin 0)Q—_,(cos b, sin 9)] w(@)F—m-p=atl

[Q(COS 0,sin 0) Py_,(cos 0, sin §)

where P, and Q. are the quasi-homogeneous terms of weight (p, ¢, /)
in P and @), respectively, the trigonometric polynomials

f(0) = P(cosf,sinf) cosf + Q(cos,sinf)sin b,
g(0) = pQ(cosb,sinf) cosd — q P(cosf,sin ) sin 6.

and the 27-periodic function, see Lemma 4 statement (ii),

u(f) = exp </00%d3) .

In fact for homogeneous cubic systems perturbed inside the class
of all cubic polynomial systems these explicit formulas were given [6].
Some upper bounds for the number of limit cycles which bifurcate from
the period annulus of a quasi-homogeneous polynomial differential sys-
tem with a center have been given in [2]; see also the references therein.

The rest of the paper is organized as follows. In section 2 we present
some lemmas which will allow to prove Theorem 1 in section 3. Section
4 contains an application.
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2. PRELIMINARY RESULTS

First we present the following technical result.

Lemma 3. Given a quasi-homogeneous system (1) of weight (p,q, m),
we can suppose without restriction that p and q are coprime.

The proof of this lemma is an extension “mutatis-mutandi” of the
proof of Lemma 2.1 of [3] for systems with P and ) not coprime, see
also [1]. We give here its proof for completeness.

Proof. Let M be the greatest common divisor of p and ¢q. Then p =
Mp* and ¢ = Mq* with p* and ¢* coprime. If P(x,y) is not zero, let
z'7y’» be a monomial with nonzero coefficient of P(z,y). Since

P(afz,a%) = o™ 'P(2,y) forall acR.

we have that (aPx)%(ady)ir = aPra@irgirylr = oqPt™=lgieyde which
implies that pi,+qj, = p+m—1, or equivalently p(i,—1)+qj, = m—1.
Consequently m — 1 is divisible by M except if (iy,j,) = (1,0). If
P(xz,y) =z or P(x,y) = 0, and Q(z,y) is not zero then we consider
the monomial z'1y’s with nonzero coefficient of Q(z,y). Taking into
account that

Q(c?z,aly) = ™™ 1Q(x,y) forall a€R,

we obtain pi, + ¢(j, — 1) = m — 1. From here we deduce that m — 1
is divisible by M except if (i, j,) = (0, 1).

Therefore, either m — 1 is divisible by M or system (1) writes as one
of the following four cases

P P i =0, P =0,
y:y> yZO, y:ya yzoa

which are homogenous systems of degree 1 with (p,q, m) = (1,1,1) and
therefore with p and ¢ coprime.

In any other case we can write m — 1 = M(m* — 1). In this case we
claim that system (1) is (p*, ¢*, m*) quasi-homogeneous with p* and ¢*
coprime. Indeed, we have that any monomial z'7y’» of P(x,y) must
verify that p(i, — 1) 4+ ¢ j, = m — 1 which can be divided by M to give
p*(i, — 1) + ¢*j, = m* — 1. In a similar way for any monomial z'1y7s
of Q(z,y) we obtain p*i, + ¢*(j, —1) = m* — 1. Hence we obtain a
quasi-homogeneous system of weight (p*, ¢*, m*). O

In the following we assume that system (1) is a quasi-homogeneous
system of weight (p, ¢, m) with p and ¢ coprime.
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Now we take the weighted blow—up x = r? cosf, y = r?sin 6 and we
apply it to system (1) which becomes

(6) _ Tmf(e) 9 _ Tm_lg(e)
pcos?f + gsin® 6’ pcos?f 4 gsin® 6’
with

f(6) = P(cosf,sinf) cos + Q(cosf,sinf)sin b,
g(0) = pQ(cosf,sinf) cosf — q P(cos b, sin ) sin 6.

We note that pcos?6 + ¢sin®6 > 0 for all § € R because p, ¢ > 0.
The next well-known result characterizes when system (1) has a center
at the origin of coordinates in terms of trigonometric polynomials f(6)
and ¢g(0). For completeness, we prove it here.

Lemma 4. Consider a polynomial system of the form (1).

(i) If system (1) has a singular point which is a center then this
singular point is at the origin of coordinates.
(ii) System (1) has a center (at the origin of coordinates) if and

only if g(0) has no real roots and f027r % de = 0.

(iii) If system (1) has a center (at the origin of coordinates) its period
annulus is R? \ {(0,0)} (the whole plane).

Proof. (i) Let (xq, yo) be a point different from the origin of coordinates
which is a singular point of system (1). By the conditions (2) we see
that the whole algebraic curve L = {afzg,a%yy),a € R} is full of
singular points of system (1) because

P(aPzg, a%yp) = ot P(20,y0) = 0,
Q(cPxg, alyo) = a1 Q(0, yo) = 0.

Therefore in any punctured neighborhood of (zg, yo) there are singular
points which implies that there cannot be any neighborhood filled with
periodic orbits. Hence (¢, y) cannot be a center for system (1).

(ii) We consider system (6) which is a blow—up system of (1). If
g(0*) = 0 for 0* € R, we have that the real algebraic curve L =
{rP cos 0*,r%sin 0*),r € R} is invariant for system (1). In fact we have
L={(z,y) € R? : (cos@)%yP — (sinf*)Pz? = 0}. And if we define
@(z,y) = (cos#*)iy? — (sin@*)Px? we have that (P,Q) - Vi, = 0.
Moreover we see that ¢(0,0) = 0 and that in any neighborhood of the
origin of coordinates in R? there are points of the curve p(z,y) = 0,
because we are assuming that p and ¢ are coprime and therefore at
least one of them is odd. If p is odd, for instance, we see that the
function ¢(0,y) = (cos %)% changes sign in a neighborhood of y = 0
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(unless cos@* = 0), which implies that ¢(z,y) = 0 has a real branch
passing through (0,0). If cos@* = 0, since g(6*) = 0 we have that
sin 0*P(0,sin#*) = 0 from here we get P(0,sin#*) = 0. This implies
that = divides P(x,y) and, therefore, there is an invariant algebraic
curve with real branch passing through (0,0). Hence the origin cannot
be a center.

When ¢(#) has no real roots, we can consider the differential equation

dr  f(0)
(7) a0 —Tm7

corresponding to system (6). We remark that system (1) has a center
at the origin if and only if all the orbits in a neighborhood of r = 0
in system (6) are periodic of period 27. Indeed, this is the case if and
only if all the orbits in a neighborhood of r = 0 in equation (7) are
periodic of period 2w. We denote by r(6;79) the solution of (7) with
initial condition r(0;79) = ro. We remark that

r(Bim) = roen aﬁds) .

0 9(s)

We see that these orbits are periodic of period 27 if and only if

1) 4

®) o g0

(iii) If system (1) has a center then we have that g(#) has no real roots.
Therefore, system (6) has no singular points in the domain r > 0. We
note that since p, ¢ > 0 then pcos?6 + ¢sin?6 > 0 for all . Therefore,
system (1) has no singular points except the origin of coordinates and
all the orbits rotates in counterclockwise or clockwise sense, because
g(0) > 0 for all 6 or g(f) < 0 for all 6, respectively. If the origin of
(1) is a center, then condition (8) is verified, this implies that all the
solutions of equation (7) are 2r—periodic in 6, that is, r(2m;79) = ro
for all ry € R. Hence, any orbit of system (1) which is not the origin
of coordinates is periodic. We conclude that the period annulus of the
center at the origin is R?\ {0, 0}. O
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We consider the perturbed system (3) and the weighted blow—up
x =1Pcosf, y =rlsinf and we get

r™ f(6)
pcos? + gsin? 6

L 7P cos O P(rP cos 6, 77 sin 6) + =9 sin Q(r? cos §, 9 sin )
pcos?f + gsin® 6 ’
r™g(0)

pcos? § + gsin® 0

. r=9p cos 0Q (1P cos 0, 79 sin §) — r~Pgsin O P(rP cos 6, 7 sin 0)

pcos?  + gsin® 0

We assume that system (1) is quasi-homogeneous of weight (p, ¢, m)
with p and ¢ coprime (using Lemma 3) and that it has a center at the
origin of coordinates. By Lemma 4, this implies that ¢g(#) has no real
roots. Therefore, we can consider the ordinary differential equation
associated to the above differential system which is

dr_ f(0) _(pcos’6 + gsin®6)
o g(0) rmtrte=2g(6)?
(9) [qu(COS 0, sin 0) P(rP cos @, r?sin )

—1rPP(cos®,sin 0)Q(r? cos §, r¥ sin 9)} + O(e?)
= GQ(’I“, 9) + €G1 (7’, 9) + 0(82).

We will apply the averaging theory of first order in € to the equation (9)
for studying the limit cycles which bifurcate from the period annulus P
surrounding the origin of the unperturbed system (1). We see that, by
hypothesis, an open interval with boundary the origin of coordinates
and belonging to {(z,y) € R? : x>0, y = 0} is a transversal section
for system (1) on the whole period annulus P. Therefore there exists an
¢ sufficiently small such that this interval is also a transversal section
for system (3). We consider the Poincaré return map associated to this
transversal section and if we denote by . (6; ro) the solution of equation
(9) with initial condition ¢.(0;79) = 7o, the Poincaré return map is
e (2m;19). We remark that when e = 0 we have that ¢o(2m;79) = rg
for all ry > 0, because all the orbits are periodic with the exception of
the origin. By the analytic dependence of the solutions of an ordinary
analytic differential equation with respect to parameters and initial
conditions we have that there exists an analytic function ;(rg) such
that

0 (2m;10) = 1o + 1 (1g) + O(?).
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We see that a limit cycle of (3) which bifurcates from a periodic orbit
of P corresponds to a value r* such that ¢.(27;r*) = r*. Therefore,
if 11(rg) is not identically zero, for each simple zero r* of 11 (rg) there
exists a periodic solution of (9) whose initial condition tends to r* when
e — 0, see Corollary 5 (a) in [4]. In this case we say that a limit cycle
bifurcates from the periodic solution of (1) with initial condition at r*
at first order in €. In the aforementioned paper we give the formula for
11(ro) and we present it below. We have that the explicit solution for
equation (9) with € =0 is

@o(f;70) = T exp (/09 %ds) = rou(6).

Following Theorem 4 of [4] we have that
27
1
10 = — G4(0 0))de.
(10) i) = [ = GalO.ru(0)
3. PROOF OF THEOREM 1
Our proof is based on the one given in [7] in many aspects.
By Lemma 3, we assume that p and ¢ are coprime. We first observe

that the number of zeros ro > 0 of 1(rp) coincides with the number of
zeros z > 0 of 1y (2) = 2™TPT4=2y),(2). By (10) we have that

(11)
- 7 1 (pcos? 0 + qsin®0)
h(2) = /0 u(f)m+rra—1 9(6)?

[zqu(Q)qQ(cos 0, sin §) P(zPu(6)P cos 6, z9u(#)? sin )

—zPu(0)P P(cos 0, sin 0)Q(zPu(0)P cos 8, z7u(f)?sin 6) | db.
We can write the polynomials P and @ as the sum of their quasi-
homogeneous parts.
p(x,y) = pO—I—Pp(x,y)—i—---—}—pnq(x,y),
Q(%?D = Qo+ pp(x,y) +- pml(x>y)>

with P, and Q) polynomials which are quasi-homogeneous of weight
(p,q, k). We note that k takes values in the following set

S, ={0,p,¢,2p,p+¢,2q,...,np,(n—1)p+4q,...,p+ (n—1)g,ng}
={ip+ijq : 4,7 >0, 0<i+j<n}.

All polynomial vector fields can be decomposed into quasi-homogeneous
components with respect to a given weight (p, q), see for instance [5,
page 46].
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Hence, from (11) we have

(12)
- T (pcos? O + gsin® 0
BT i et L)
o u(f)mrrraig(6)
[zqu(ﬁ)qQ(cos 6,sin0) Z Py.(cos 0, sin 0) zFu(6)*
kESn
—2Pu(0)? P(cos B, sin 0) Z Qr(cos 0, sin 9)zku(9)k] de.
kESH
We define
(pcos? 0 + gsin® ) - :
0) = cos,sin @) Py,_,(cos b, sin
— o L )Pl )

—P(cos 8, sin 0)Qy_,(cos 0, sin 9)} u(f)k—m-p-atl

where P, ,(cosf,sinf) = Q, ,(cosf,sinf) = 0. By reparameterizing
the index k in (12) we get that

1 w6 =X a3 ([ aom) -

keS, keS,

where

S, ={p,a.2p.p+¢.2q,....,(n+Vp,np+4q,...,p+ng, (n+1)q}
={ip+jqg : 1,7>0,0<i+j5<n-+1}

The following lemma corresponds to Proposition 3 of [7].

Lemma 5. We consider a quasi-homogeneous system (1) of weight
(p, g, m) with a center at the origin of coordinates. Then the following
statements hold.

(a) If p and q are odd, then m is odd and the periodic orbits of the
center are symmetric with respect to the origin of coordinates.

(b) If p and q are even, then m is odd.

(¢) If p is odd and q is even, then m is even and the periodic orbits
of the center are symmetric with respect to the y-axis.

(d) If p is even and q is odd, then m is even and the periodic orbits
of the center are symmetric with respect to the x-axis.

We remark that since we can assume; without loss of generality, that
p and ¢ are coprime, statement (b) of Lemma 5 can be discarded. The
described symmetries in statements (a), (¢) and (d) mean that
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If p and ¢ are odd, by statement (a) of Lemma 5 m is odd, and
from (2), we have that

if p is even and ¢ is odd, by statement (d) of Lemma 5 m is
even, and from (2), it follows that

if p is odd and ¢ is even, by statement (c) of Lemma 5 m is
even, and from (2), we obtain that

(17) P(—l’,y) = P(l’,y), Q(—I,y) = —Q(I,y);
for all (z,y) € R%

Lemma 6. Let P and () be polynomials which define the quasi-homogeneous
system (1) of weight (p,q, m). Assume that g(0) has no real roots and
that u(2m) =1 (that is, system (1) has a center at the origin). Then

(i) If p and q are odd, uw(6 + 7) = u(f) and g(0 + 7) = g(0) for all

6.

(i) If p is even and q is odd, u(—0) = u(f) and g(—0) = g(0) for
all 6.

(iii) If p is odd and q is even, u(w — 0) = u(0) and g(m — 0) = g(6)
for all 6.

Proof. (i) If p and ¢ are odd, we need to show that

(18) /€+W®ds—/9L?ds:o,

for all @, this 1mphes that u(0+ ) = u(@) for all . We have that

IO g [ g [0,
9(s)
In the second 1ntegral we do the change S=T —i— m and we have
2 f(s) f T+ m)
. ( g(T+7)
We recall that cos(7+m) = —cos T and SIH(T +7) = —sin 7. Therefore

using (15) we have
f(r+m) = —P(—cost,—sin7)cosT — Q(—cosT,—sinT)sint
= P(cosT,sinT)cosT + Q(cos,sin7)sint = f(7).

and ¢(7 + m) = g(7) analogously. Therefore,

[ = s
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Oz“f / f

because by assumption the first 1ntegral is zero. Now we consider the
left-hand side of (18)

[ase Lagee e e

because we have shown in the previous paragraph that f(s)/g(s) is a
m-periodic function.

Thus

(ii) If p is even and ¢ is odd, we need to show that

-0 0
(19) J) g [T g g
o 9(s) o 9(s)
for all 0, this implies that u(—0) = u(f) for all . We recall that
cos(—s) = cos s and sin(—s) = —sin s. Therefore using (16) we have
f(=s) = P(coss,—sins)coss — Q(coss,—sins)sin s
—P(cos s,sin s) cos s — Q(cos s,sin s) sins = — f(s).

and g(—s) = g(s) analogously Doing the change s = —7, we see that

- f = _ M@
o= [ = [ 5
Therefore (19) is satlsﬁed.

(iii) If p is odd and ¢ is even, we want to show that

(20) / d—/fEd—O

for all 6, this implies that u(7r —0) = u(0) for all 8. We recall that

cos(m — s) = —cos s and sin(m — s) = sins. Thus using (17) we have
f(m—s) = P(—coss,sins)coss+ Q(— coss,sin s)sin s
= —P(coss,sins)coss — Q(cos s,sins)sins = —f(s).
and g(m — s) = g(s) analogously. Doing the change s = 7 — 7, we have

/0 ()ds_ f;f:: dT):/GL:)d

The left-hand side of (17 usmg the previous equahty writes as
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On the other hand,doing s = m — 7, we have that

" f(s) /Of(f) /’rf(f)
—<ds = ——dr = — —=dr.
o 9(s) = 9(7) o 9(7)
Hence / Md? = 0 and (20) is satisfied. O
o 9(7)
We consider the functions ¢ (#) defined in (13). We can establish

the following result.

Lemma 7. The following statements hold.

2
(i) If p and q are odd, then / r(0) dd = 0 when k is odd.
0
2
(ii) If p or q is even, then / vr(0)dO = 0 when k is even.
0

Proof. (i) If p and ¢ are odd by Lemma 6 we have that u(f + 7) =
u(f) and g(0 + ) = g(#). We recall that cos(d + ) = —cos@ and
sin(f + 7) = —sinf. Hence we have

P(—cosf,—sinf) = —P(cosf,sinb),
Q(—cosf,—sinfh) = —Q(cosh,sinb),

which is (15). Now we consider a P;_,(x, y) which is a quasi-homogeneous
polynomial of weight (p,q, k — q). Then

Pey(=1)"z, (=1)7%) = (=1)* 7Py (. y).

Therefore Py,_,(—z,—y) = Py_,(z,y) because p, ¢ and k are odd. In
the same way

Quopl(~12, (~1)7y) = (~1)FPQuy (2. y).
S0 Qu-pl(—,—y) = Qu_yla,y). Hence

2 L2
op(0+7m) = (p cos 9(49—)351n %) [— Q(cos 8, sin ) Py,_,(cos 0, sin 0)
9
+P(cos 8, sin 0)Qy_,(cos 0, sin 9)] u(@)k—m—r=atl = — 5, (6).
Consequently

/0% oi(0) db = /OW i (0) d9+/:” 0(60) dO.

Now doing the change ¢ = s + 7 in the second integral we obtain

/0W<Pk(9)d9+/0”<pk(8+7r)ds=/Owsok(é’)dé’—/;(pk(s)ds:o.
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(ii) If p is even and ¢ is odd by Lemma 6 we have that u(—6) = u(0)
and g(—0) = g(f). We recall that cos(—0) = cosf and sin(—0) =
—sinf. Hence we have

P(cosf,—sinf) = —P(cosf,sinb),
Q(cosh,—sinf) = Q(cosh,sinb),

which is (16). Now we consider a P;_,(x, y) which is a quasi-homogeneous
polynomial of weight (p,q, k — q). Then

Pr (172, (~1)1y) = (~1)~1P_ (2, y).

Therefore Py,_,(z, —y) = —Py_,(z,y) because ¢ is odd and p and k are
even. In the same way

Qr—p((=1)Pz, (=1)%) = (=1)" PQp_p (2, y).
So Qk—p(x> _y) = Qk—p(x> y) Hence
(pcos? 0 + gsin® 0)

or(=0) = PGE [Q(cos 0,sin 0)(—Py_,(cos 0, sin 0))

+P(cos 0, sin 0)Q,_,(cos d, sin 9)]u(9)k_m_p_q+1 = —pr(0).

Since g (0) is a 2m-periodic function we have
2 T 0 s

@) [ awi- [ aow- [ aows [ aoa
0 - - 0

Now doing the change § = —s in the first integral we obtain
0 T T T
| e+ [ oo = [ o+ [ =o
T 0 0 0

If p is odd and ¢ is even by Lemma 6 we have that u(m — ) =
u(f) and g(m — 0) = g(#). We recall that cos(m — 0) = —cos@ and
sin(m — @) = sin #. Hence we have

P(—cosf,sinf)) = P(cosf,sinb),

Q(—cosf,sinf) = —Q(cosb,sinh),
that is, we obtain (17). Now we consider a Pj_,(z,y) which is a quasi-
homogeneous polynomial of weight (p, ¢, k — ¢). Then

Pey((=1)Pz, (~1)7%) = (=1)* TPy (. y).

Therefore Py_,(—z,y) = Pr_,(z,y) because p is odd and ¢ and k are
even. In the same way

Qup((=1)"z, (=1)7y) = (=1)* " Qr—p(. y).
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So Qr_p(7, —y) = —Qi_,(z,y). Hence

2 .2
op(m—0) = (p cos 9(49—)351n %) [— Q(cos 8, sin 0) Py,_,(cos @, sin 0)
9

—P(cos®,sin 0)(—Qy._,(cos b, sin 9))] u(@)k—m—r=atl = — i (6).

Consequently we get

/0% oi(0) db = /OW i (0) d9+/:” 0(60) dO.

Now doing the change 6 = m — s in the second integral we have

/07r ©r(0) d9+/0_7r or(m — 8)(—ds) = /07r on(0) do — /_0 o(0) db.

s

Since @y (0) is a 2m-periodic function it satisfies equality (21). Therefore

/0 i (0) df + /07r or(0)di = /OW 0 (0) db — /0 ou(0) dO,

which implies

/0 or(6) do = 0.

—T

Moreover doing the change § = m — s we have that

/0” pr(0) do = /: pr(m—s)(—ds) = /0” rp(m—s)ds = —/07r ou(s) ds.
Therefore /Oﬂ I

Finally

/02” ©r(0) do = /0 or(0) db + /OW or(0)do = 0.

—T

U

The difference between the bounds in Theorem 1 and the ones in [7]
comes from the fact that in [7] it was erroneously stated that if p or

q is even, then f027r vr(0)dfd = 0 when k is odd, instead of the correct
statement (ii) of Lemma 7.

By (14) and Lemma 7 we have that

2 a6 =Y ([ Taow) s = ([ awam)

k‘ESn keSy
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where S, = {ip+jq : i,j>0,0<i+j<n+1} = S,y1\ {0} and
we define

(23) & =

n

N {k=ip+jge S, : keven} if pandqodd,
{k:ip+jq€3n : kodd} if p or ¢ even.

Recall that p and ¢ are assumed to be coprime by Lemma 3. We
define the following set of indexes from which we will determine its
cardinal:

(24)
B(p,q,n) =
" k odd if p or q even

:{k:ipﬂ'q 04,7 >0,0<i+j<n k even if p and ¢ odd }

ip+7jq:1,7>0,0<i+j<n, joddif peven and ¢ odd

{ i+ 7 even if p and g odd }
7 odd if p odd and ¢ even

We remark that if p and ¢ are odd, the cardinal of the set S* is
the cardinal of the set B(p,q,n + 1) minus 1. This “minus 1”7 comes
from the fact that the value i + j = 0 is not considered in S. If p or
q is even, the cardinal of the set 3;; coincides the cardinal of the set
B(p,q,n+1).

Next lemma provides the cardinal of the set B(p,q,n).

Lemma 8. Let p, ¢ and n be positive integers with p and q coprime
and such thatn > p > q.

(a) If p and q are odd, then
2np —p* + (34 (—1)")p+1

B —
B(p.0.1) .
(b) If p is even and q is odd, then
2np — p? + 2p
Blp.g.m)| = LT

(¢c) If p is odd and q is even, then

2np — p? +2p — (—1)"
B(p.q.m)| = o r

Proof. We first consider the particular case that p = ¢ = 1. Then we
have that S, = {i : 0<i<n+1}, S, = S, \ {0} and

S = {kegn:keven}.
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We see that
B(1,1,n) = {k : 0<k <n,k even}

and its cardinal is (n+1)/2 if n is odd and (n+2)/2 if n is even. These
values coincide with statement (a) of the lemma substituting p by 1.
For the rest of the proof, we assume that p > q.

We first consider the set {ip+ jq : 4,5 > 0,0 <i+j <n}. We de-
pict its values in the following way: we take the first quadrant of coor-
dinate axes with 7 in the horizontal axes and 7 in the vertical axes. The
values of these coordinates belong to the triangle i, 5 > 0,0 < i+75 < n.
Next to each point (i, j) belonging to this triangle, we write the value
ip+ jq. Figure 1 corresponds to this triangle for the case n =12, p = 3
and g = 2.

We define the trapezoid T, ., = {(i,7) : 4,7 >0,0<i+j <n,j<
p}. Figure 2 shows this trapezoid for the case n = 12, p = 3 and ¢ = 2.

If (i, 7) and (7', j') are two different points on the triangle i, j > 0,0 <
i+ j < n, for which ip + jq = i'p + j'q, then i # i’ and j # j'. We
take, for instance, the case i > ¢’. Then, we have (i —¢)p = (j' — 7)q.
Since p > q > 1and p and q are coprime, we deduce that the value
j - ] is a multiple of p, say j' — 7 = mp for a positive integer m, and
1 —1i" = mq. Geometrically, one sees that the relation ip+ jq = i'p+j'q
can only be satisfied if the points (¢’, /) and (i, j) are the vertices north-
west and south-east of a rectangle of height mp and width mq. As a
consequence of this fact, we claim that all the values of the function
ip + jq are different for different points on the trapezoid 7,,,; and
that each of all the values of the set {ip+ jq : i, > 0,0<i+j <n}
is taken exactly once by one point on the trapezoid 7,,,. The first
claim comes from the fact that no rectangle of height a multiple of p
is contained in the trapezoid 7,,, and the second claim from the fact
that from any point of the triangle 7,7 > 0,0 < ¢+ j < n one can draw
a rectangle of height mp and width mq whose south-east vertex reaches
the trapezoid 7, .. For the rest of the proof, we will only consider the
points in the trapezoid 7, ,,. There are three cases p and ¢ odd; p even
and ¢ odd; and p odd and ¢ even.

(a) ASSUME THAT p AND g ARE ODD. We have the set
B(p,q,n) = {ip+jq : 4,5 >0,0<i4j<n,i+jeven}.

The elements of the set B(p, ¢, n) are the points of the trapezoid 7,4,
which belong to segments of slope —1 with one vertex in the point
(,0) for ¢ even and the other vertex in the point (i —p+ 1,p — 1) if
i—p+1>0or (0,7) otherwise. Figure 3 shows the values of the set
B(5,1,8) encircled, and Figure 4 the values of the set B(5,1,9).
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n==_, p=3, q=2
;
'16
|14 17
|12 '15 '18
'10 '13 '16 '19
| 8 '11 '14 '1' '20
‘ 6 . 9 '13 '15 '18 'Zl
' 4 . 7 '10 '13 '16 '19 '32
| 2 N 5 . 8 '11 '14 '1“ '20 '23
0 3 6 9 12 15 18 21 24 .

FI1GURE 1. The triangle 7,7 > 0,0 < ¢+ 7 < 8 with
values 3¢ + 2.

We first assume that n is even and we compute the cardinal of the
set B(p,q,n). We see that in the row corresponding to the line j = 0,
there are n/2 + 1 points encircled. In each of the rows corresponding
to the lines 7 = 1 and j = 2, there are n/2 points. In each of the
rows corresponding to the lines j = 3 and j = 4, there are n/2 — 1
points. Each time that we take a row twice higher, we lose one point.
Each of the last two rows, corresponding to the lines 7 = p — 2 and
j = p—1 (recall that p is odd by assumption), contain (n —p + 3)/2
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n==s§, p=3, q=2

;

|16

|14 17

|12 '15 '18

|10 '13 '16 '19

| 8 '11 '14 '1" '20

‘ 6 . 9 '13 '15 '18 'Zl
4 7 10 13 16 19
2 N 5 . 8 '11 '14 '1'
0 3 6 9 12 15

FIGURE 2. The trapezoid 7Ts2s.

points. Therefore, the cardinal of the set B(p, ¢, n) is the sum

By adding up this arithmetic progression, we get that

2np —p* +4p+1
|B(p,q,n)| = 1 :
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n==s, p=5, q=1

FIGURE 3. The values of set B(5,1,8) are encircled.

n=9, p=5, q=1

FIGURE 4. The values of set B(5,1,9) are encircled.

If n is odd, we see that the values of the set B(p,q,n) coincide with
the values of the set B(p,q,n — 1), see Figures 3 and 4. Therefore
2n—1)p—p*+4p+1 2np —p* +2p+1

B == =
B(p.q, 1) ; ;
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The latter expressions coincide with the ones given in statement (a) of
Lemma 8.

(b) ASSUME THAT p IS EVEN AND ¢ IS ODD. We have the set
B(p,q.n) = {ip+jq : i,j >0,0<i+j<n,jodd}.

The elements of this set are the points of the trapezoid 7,,, which
belong to horizontal lines with one vertex in the point (0, j) for j odd
and the other vertex in the point (n — j, 7). Figure 5 shows the values
of the set B(4,1,7) encircled.

n=7, p=4, q=1

2
(=)
ot
=
it
e
ot
=]
-2
[

FIGURE 5. The values of set B(4,1,7) are encircled.

We see that the row corresponding to j = 1 contains n points en-
circled. The row corresponding to level j = 3 contains n — 2 points.
Each time that we take a higher row (with j odd) we lose 2 points.
The last row, which corresponds to j = p — 1 (recall that p is even by
assumption), contains n — p + 2 points. Therefore, the cardinal of the
set B(p,q,n) is the sum of an arithmetic progression:

p/2—1 2
2np — p° 4+ 2p
B = -2 = —
Bp.gn) = > n ;
=0
(c) ASSUME THAT p IS ODD AND ¢ IS EVEN. We have the set

B(p,q,n) = {ip+3jq:14,j>0,0<i+7<n,iodd}.
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The elements of this set are the points of the trapezoid 7,,, which
belong to vertical lines with one vertex in the point (4, 0) for ¢ odd and
the other vertex in the point (i,p—1)ifi < p—1, or (7,n—1) otherwise.
Figure 6 shows the values of the set B(5,2,7) encircled and Figure 7
the values of the set B(5,2,38).

n=7, p=5, q=2

= [=2%

. .
=

o) (B
L] L]

— —

i [
. .

=~ [3¥]
(&) =
"1 * 1o

e =

(3]

o

= 2

—

SES
L]

— —

o 1o

—

— [y

12 * o

= 1o

—

) o

h 1
L]

fwhed

bt

30 (35) z

FIGURE 6. The values of set B(5,2,7) are encircled.

Assume first that n is odd. See Figure 6 for an example. In the first
(n—p+2)/2 columns (recall that p is odd by assumption), correspond-
ing to the lines ¢ = 1,3,5,...,n — p + 1, we have p points encircled.
Then we lose two points each time we move one line to the right (that
is, from the line of abscissa ¢ to the line of abscissa i 4+ 2). The vertical
line ¢ = n — p + 3 contains p — 2 points of the trapezoid 7, 4., the ver-
tical line i = n — p+ 5 contains p — 4 points, and the last “line” (with
abscissa i = n) contains just 1 point. Hence the cardinal of the set
B(p, q,n) is the product of the p points in each of the first (n—p+2)/2
columns plus the sum of an arithmetic progression:

(p—3)/2 9

n—p+2 2np —p*+2p+1

B —p—rr= €W+l = .
|B(p,q,n)| = p 5 + ;:O + 1

Assume now that n is even. See Figure 7 for an example. As in the
previous case, in the first (n — p 4+ 1)/2 columns (recall that p is odd
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n==_, p=5, q=2

[#a]
—
L]
L
[#a]
[
(%)
)
2]

[
.
S
o
[
.
=
&
*12
-2
P,
[2]
1
®
=2

FIGURE 7. The values of set B(5,2,8) are encircled.

by assumption), corresponding to the lines i = 1,3,5,...,n — p, we
have p points encircled. The next column at the right, corresponding
to 1 =mn — p+ 2 contains p — 1 points. Then we lose two points each
time we move one line to the right (that is, from the line of abscissa i
to the line of abscissa i + 2). The vertical line ¢ = n — p + 4 contains
p — 3 points of the trapezoid 7, ., and the last column (with abscissa
i =n —1) contains 2 points. Hence the cardinal of the set B(p, q,n) is
the product of the p points in each of the first (n — p + 1)/2 columns
plus the sum of an arithmetic progression:

(p—1)/2 2
n—p+1 2np —p* +2p—1
Bp,g:n)] = p——— + ;:1 1

The latter expressions coincide with the ones given in statement (c) of
Lemma 8. U

By Lemma 3, we can assume that p and ¢ are coprime and, thus,
the bounds given in Theorem 1 in terms of p* and ¢* can be rewritten
using p and ¢. The first averaging function is defined in (10) and from
its expression given in (22), we have that the maximum number of its
zeros ro > 0 is the number of monomials in S’;ﬁ minus 1. Indeed, as we
have already stated, if p and ¢ are odd, then |5~’;§| = |B(p,q¢,n+1)|—1;
and if p or ¢ is even, then |S:| = |B(p,q,n + 1)|; see (23) and (24).
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Therefore, the maximum number of zeros ry > 0 of the first averaging
function is |B(p,¢,n+1)| — 2 if p and ¢ are odd and |B(p,q,n+1)|—1
if p or q is even. The bounds provided in Theorem 1 are these values,
once taking Lemma 8 into account.

4. EXAMPLE
We consider the following planar polynomial differential system
T = _y3(1,2 +y4)7 y = Z’(l’2 +y4)7
which is quasi-homogeneous of weight (2, 1,6). We note that the poly-
nomials P(z,y) and Q(z,y) which define this system are not coprime.
The function H(z,y) = 222 + y* is a first integral of this system and,

therefore, the origin is a center. We perturb this center with polyno-
mials of degree 7 and we get Proposition 2.

Proof of Proposition 2. We take

7 T—i 7 T—i
)= 2D by Q) = 30 aya'y
i=0 j=0 i=0 j=0
where p;; and ¢;; are real constants. The weighted blow-up z = % cos 6,
y = rsin @, transforms the unperturbed system (4) with e = 0 into
L) )
2 cos? ) + sin? 6’ 2 cos? 6 + sin? 6’

with f(0) = cos®#sinf(cos?d + sin* ) and g(f) = (2cos?f + sin® §)
(cos? @ + sin #). The first averaging function is defined in (10), where
the function G1(r,0) is given in (9) and the function w(0) is

f( ) /9 cos® ssin s
u(6) exp< o g(s) ° P o 2cos?s+sin?s °
21/4

(2 cos?  + sin? 9) 174

We consider the functions ¢ () defined in (13) and the expression of
the first averaging function (14) as the sum of monomials of z whose
coefficients are the integrals of the functions ¢ (6) over a period. As
a consequence of the proof of Theorem 1 (see the proof of Lemma 8),
we only need to take the values of & which are odd and belong to the
trapezoid 731 7. The values on the trapezoid are depicted in Figure 8
and the values of k£ to be considered are encircled.

Therefore we only need to consider the functions ¢1, @3, ©s, ©7, @,
11, @13 because the integral over a period of () for k even is null,
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n=7,p=2, q=1

IE I € I ) I ) B CO I ( TV I ()

F1GURE &. The values k to be considered are encircled.

see Lemma 7. We have 7 functions but we will show that the integral
of 1 over a period is null and that the integrals over a period of the
other functions ¢, kK = 3,5,7,9,11,13, can be taken to be not null.
From (13) we have that

2 L2
v1(0) = (2cos g@((;;sm %) [cos 0(cos® § + sin* 9)p00] NORE

2 -2
©3(0) = (2 cos g@((;;sm %) [cos 0(cos? 0 + sin 0)(p1o cos 6 + pgy sin® 0)

+sin® §(cos? 6 + sin? #) oy sin 9] u(6)7?;

2 S92
ws(0) = (2cos g@((;;sm %) [cos 0(cos? 6 + sin* 0) (pyg cos? 0

+p1g cos @ sin? 0 + pgy sin’ 0) + sin® O(cos® § + sin 0)

(q11 cos @ sin 6 + g3 sin® 9)} u(6)~3;

2 cos? ) + sin? 0
w7(0) = (2 cos g(e_;;m ) [cos 0(cos? 6 + sin* 0)(pso cos® 0
+pao cos® 0sin? 0 + pra cos O sint @ + pog sin® 0)

+sin® 0(cos? 6 + sin 0) (a1 cos? Osin O + q3 cos Osin® O

s sin® e)] w(@)~Y;
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2 .
wo(l) = (2 cos 99(9—1)—281:(1 f) [cos 6(cos? 0 + sin* 0) (pso cos* 6

+p3a cos® §sin? § 4 poy cos® Osin® § + pyg cos O sin® §)
+sin® f(cos® 6 + sin* §) (g1 cos® Osin O + go3 cos® O sin® 0

+q15 cos 0 sin® O + o7 sin” 9)] u(0);

2 2 i 02
en(d) = (2 cos g@(;)—;m ) [cos 6(cos® 0 + sin* ) (pso cos® 6

+pag cos® O sin? O 4 psy cos® Osin §) + sin® O(cos? O + sin 0)

(qu1 cos® @ sin @ + g3 cos® @ sin® 6 + g5 cos® § sin® 9)] u(6)?;
(2 cos? 0 + sin® )

p13(0) = ROE [cos 6(cos® 0 + sin* ) (pgo cos® 6

+psa cos® O sin? §) + sin® O(cos? 6 + sin® 6) (¢s1 cos® O sin @
+qu3 cos® § sin® 9)} u(6)°.

We observe that if a periodic function J(0) of period 27 is such that
Y(m —60) = —19(0), then the value of the integral of this function over
a period is null. This observation implies that

2w
/ 01(0)do = 0.
0

Analogously, if a periodic function ¥(f) of period 27 is such that
Y(—0) = —9(0), then the value of the integral of this function over a
period is null. Using these observations, we can get rid of some terms
and we can define the functions ¢x(0), for £k = 3,5,7,9,11,13, such
that

/ " ul8) do = / " () do.

We have
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P13(0)

J. GINE, M. GRAU AND J. LLIBRE

(2 cos? 0 + sin® )
9(6)?
+sin® (cos? 6 + sin* #)qo; sin 9} u(6)7?;
(2 cos? 0 + sin® 0)
9(0)
+sin® §(cos? 6 + sin* #) g3 sin® 9] u(0)7?;
(2 cos® 0 + sin® 0)
9(0)?
+p14 cos O sin* §) + sin® O(cos? O + sin* 0) (gg1 cos® O sin O

+aos sin® 0) [ u(6)

(2 cos? 0 + sin® )
9(0)?

+p1 cos 0 sin® 0) + sin® @(cos? O + sin® 0) (qq3 cos? O sin® 0

+aor sin” 0) [ u(0);

(2 cos? 0 + sin® )
9(0)

+-p3y cos® O sin §) + sin® A(cos? 6 + sin® §) (qu1 cos” Osin O

+qo5 cos? 0 sin® 9)} u(0)?;

(2 cos? 0 + sin? )
9(0)

+sin® #(cos? 6 + sin* 0)qy3 cos* § sin® 9] u(6)®.

[cos 6(cos? O + sin 0)pq cos O

[cos 0(cos® § + sin* 0)p5 cos O sin® 0

[cos 6(cos? 0 + sin* 0) (pso cos® 6

[cos 6(cos® 0 + sin* 0)(ps cos® § sin® 0

[cos 6(cos? 0 + sin* ) (pso cos® 6

[cos 6(cos® § + sin* 0)ps, cos® § sin®

We note that each of the periodic functions appearing in P9y with
¢=1,2,...,6 whose coefficients are pio, qo1, P12, Go3; P30, P1a; G21, qos,

P32, Pi6s 423, o7, P50> P34, a1, 25, Ps2, Qo3 are strictly positive. This
implies that given any point (ci, ¢z, cs, ¢4, ¢5,¢6) € R, there is a choice

of the polynomials P(z,y) and Q(x,y) for which

2w
/ Pa1(0) dO = ¢y, ¢=1,2,...,6.
0
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We have, as a consequence of (14), that the first averaging function
becomes

6

(25)  thi(z) = ) < /0 " ¢2g+1(e)d9) 22— gq 22+

(=1

Therefore the polynomial ¢;(z) has at most 5 positive roots and there
are values of ¢, for which it has exactly 5 positive and simple roots. [

We remark that for any given system (3), we can remove useless
terms from the integrand of (5) in an analogous way as we did in the
previous example. Indeed, only integrands which are strictly positive
will appear, and consequently the sharp upper bound of simple ze-
ros of the function ¢;(z) can always be computed as in the proof of
Proposition 2.
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