FIRST-ORDER PERTURBATION FOR
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ABSTRACT. In the weak 16th Hilbert problem, the Poincaré-Pontryagin-Melnikov func-
tion, Mj(h), is used for obtaining isolated periodic orbits bifurcating from centers up
to a first-order analysis. This problem becomes more difficult when a family of centers
is considered. In this work we provide a compact expression for the first-order Taylor
series of the function Mj(h,a) with respect to a, being a the multi-parameter in the
unperturbed center family. More concretely, when the center family has an explicit first
integral or inverse integrating factor depending on a. We use this new bifurcation mecha-
nism to increase the number of limit cycles appearing up to a first-order analysis without
the difficulties that higher-order studies present. We show its effectiveness by applying
it to some classical examples.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

A limit cycle is an isolated periodic orbit in the set of all periodic orbits of a differential
system. The maximal number of limit cycles that a polynomial differential system in R?
of degree n might have is denoted by H(n) and it is called the 16th Hilbert’s problem.
For further information see [8, [0, [10] and the references therein. The determination of
H(n), even for the simplest case n = 2, remains open. A classic strategy to investigate
lower bounds for H(n) is to apply the averaging theory of first and/or higher-order in the
study of the number of limit cycles that bifurcate from centers. In fact, the problem is
reduced to the study of the number of simple zeros of an specific non-linear function. For
autonomous planar vector fields it coincides with the well-known Poincaré-Pontryagin-
Melnikov function, see [2]. When we perturb an integrable system, this function

_ Qz,y)dx — P(z,y) dy
Ml(h) B /H(:p,y):h V('T7y) (1)

is obtained from the Taylor expansion of the displacement function
A(h,s) :8M1(h)+62M2(h)—|— , (2)

associated to the differential equation

' =—H, —i—g—P(x’y),
o) @)
;o T,y
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Here we have denoted by V the inverse integrating factor defined in an open set of R?
that contains the singular point which is a center for the unperturbed system and, as
usual, the level sets of the first integral, H(x,y) = h, are closed curves for h € [0, hg).
The 0 and hg level sets of H define the center equilibrium point and the boundary of the
period annulus, respectively. We remark that the function (1)) is called an Abelian integral
when V' is a constant and the functions H, P, () are polynomials. In the literature, the
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investigation of the number of zeros of the function M; is also called the weakened 16th
Hilbert’s problem and it was proposed by Arnold, see [I]. The Implicit Function Theorem
provides the relation of both problems. More concretely, for each simple zero h* of M,
there exists a limit cycle I'; of such that I'. tends to the level curve {H = h*} when
€ goes to zero.

Usually, as the center defined by the first integral H and the inverse integrating factor V/
are fixed, the function M;(h), defined in , depends only on the perturbation parameters
defined in the perturbative functions P and (). Clearly, when all the involved functions
are polynomials, this dependence is linear in the coefficients of P and (). In this paper we
will perturb families of systems depending on a multi-parameter a = (a1, as, . .., a;) € R’
That is, the associated first integral and inverse integrating factor are respectively H =
H(x,y,a) and V = V(z,y,a) in and (3). So, the displacement function (2)) is given
by

A(h,a,e) = eM(h,a) + e*Ma(h,a) + -+ . (4)

The main obstruction on the study of the zeros of

2 = Qz,y)de — P(z,y) dy
Ml(h7 ) N /H(x,y,a):h V(ZL’,y, CL) (5)

is the difficulty to work with the above integral for any a. Most of the works study special
values of a for which the integrals on the level curves of H(x,y,0) = h are explicitly
obtained although they were defined via elliptic or hyperelliptic integrals. When a family
is analyzed, it is not restrictive to put these special cases at a = 0. Then, near this special
point, the study of the zeros of M; can be developed via the Taylor series of M; with
respect to a parameter. This idea has been used previously in some examples, see for
example [7, Chapter 9]. The goal of our main result is to get a closed formula for its
linear Taylor development. We will show how, with this mechanism, we obtain more limit
cycles than working only at a = 0. Obviously, a second-order approach might provide
better lower bounds for H(n) but with a higher computational effort. But it is well-
known that a higher-order analysis not always can be developed. As we will see in the
proofs, although this bifurcation technique is essentially a first-order bifurcation analysis
for a family of centers, it can be partially interpreted as a second-order analysis of a fixed
center. We could say that we are seeing a piece of the second-order function M, in ([2)).
Hence, roughly speaking we could say that we are presenting an averaging function of
order one and a half.

In the following we present our main results, that they will be proved in Section [
Firstly, we detail the expression of the first-order Taylor series of M;(h,a) with respect to
a. Secondly, we define the new Poincaré—Pontryagin—Melnikov parametric function and
how its simple zeros provide limit cycles for system .

Theorem 1.1. For a € RY in a neighborhood of the origin, we can write as

My(h,a) = Mo(h) =) ai(M;(h) + Li(h)) + O(a®), (6)

i=1
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where 5.0) (.9)
Q(z,y)dr — P(z,y)dy
M h :/ )
O< ) H(z,y,0)=h V(I,y,())
M- [ e |
( ) H(z,y,0)=h aai a=0 (V(l‘,y,O))Q
- [ (e, (YniPena)))
H(z,y,0)=h ¢ V(ZIZ', Y, a) a=0
. 1 0H
with XH‘%‘ = (Wa_al) VH. Here
0 0 0 0 0
cxw:(f—o‘+ Zia f+ﬁ ) (f—+ %o f+5 >
Tay Yoy
1s the Lie derivative of the one-form w = adx + Bdy with respect to the vector field
0 0
X=f— —.
f@x + gay

The expression for M;(h,a) defined above is a consequence of the proof of Kelvin’s cir-
culation theorem, for more details see [5]. In the following we present a direct application
of this first-order development study which propose a new first-order Melnikov function,
providing a better understanding about how the number of limit cycles bifurcate from a
period annulus change depending on the parameters of a center family.

As we have commented before, we are interested in periodic orbits in planar polynomial
differential equations. In this case, the perturbative functions P(z,y,\) and Q(x,y, \)
depend linearly on the monomial coefficients A. Hence, also the function M;(h) defined in
depends linearly on . Under this assumption, the next result present a new Poincaré-
Pontryagin-Melnikov function that can be used in the study of limit cycles bifurcating
from center families.

Theorem 1.2. Let Mi(h,a,\) be the function defined in @ associated to the perturbed
differential equations (3)) with H = H(z,y,a), V = V(z,y,a) and being A\ = (Ao, \1) €
R™ @R™ the vector of coefficients of the perturbative functions P(x,y, \), Q(x y,\). We

assume that there exist functions f[j] Ul and g([)j]7 such that My(h, \) Z)\m [j]

) 1717

and M;(h,\) + L;(h, \) nglglm ) + Z)\ Ui(h), fori = 1,...,¢, Then, taking

Ao = 0o, Ny = p1, and a = (5b for each Szmple zero h* of

./V[1 (h, 1) Zu[ﬂf[]] )+ Zb Z“m [J] (7)

and for a,e small enough, there exists a limit cycle Fs,h* of the perturbed system such
that T, p« tends to the closed curve {H = h*} when (h,a) goes to (h*,0).

We remark that all the involved function Mgy and M;, £;, for i = 1,... ¢ in (6] are
defined via integrals over the closed level curves of a nonperturbed system (i.e. (3] with
e = 0). Moreover, the above result can be used only in the bifurcation study of limit cycles
of small (Hopf) and medium (Melnikov) amplitudes. We can not consider the bifurcation
of limit cycles from the outer boundary of the period annulus, because it could change
with a. This last problem requires a more delicate analysis, similar to the one developed
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recently in [I4]. The key point in Theorem is the blow-up type change of parameters.
This mechanism is also used in [4] to analyze the limit cycles bifurcating from the outer
boundary of center when it is of heteroclinic cycle type. In [4] the number of zeros of
the Abelian integral is less than the ones obtained studying directly the return map.
This bifurcation phenomenon is similar to the one described in Theorem [1.2] because the
Abelian integral M, obtained for a = 0 changes to adding, taking a small enough,
some extra terms that increases the number of limit cycles in some families. This blow-up
type change is also used recently in [6] for studying the local cycliticy problem when center
polynomial families are perturbed also with polynomials but with a fixed small degree
class. We notice that in we have an extra dependence on b that not always is used in
the study of the number of zeros of . Clearly, this number increases when some of the
functions fl[]Z are independent with respect to the set { féll, ey T%} This is the case in
all the analyzed applications.

Some applications of the above theorem are presented in Section In such section
we also discuss about how the presence of a parameter a in the system can increase the
number of limit cycles on it, i.e, why the function @ has more zeros with a # 0 than when
a = 0. We notice that, as can be seen in the definition of the function N, the dependency
with respect to the parameters (a, \) is actually of degree two. We could say that we are
doing a partial second-order study. In general, we are not seeing completely the second-
order Melnikov function but we are looking at part of it. As we are particularly interested
in planar polynomial vector fields, we have presented the results considering that the first
integral H is of Darboux type and, as it is usual in these cases, the inverse integrating
factor as well as the perturbation functions P and () are polynomials. Clearly we only
need a C! dependence on the multi-parameter a in the unperturbed vector field. Hence,
our last application of first-order analysis deal with piecewise polynomial perturbations
of classical and simple Hamiltonian and Darboux centers.

The first-order analysis obtained from Theorems [I.1] and [T.2], using the function Ny, is
mainly based on the fact that we have a closed formula for the first derivative with respect
to the parameters in the center family. A generalization of Theorem is presented in
Sectionwhen higher-order developments of (|5)) can be obtained. The blow-up procedure
is used up to kth-order developments for special center families such that only V' depends
on a, while H not. The higher-order analysis is studied from a collection of functions N,
for i = 1,...,k, presented in Section @] To be consistent in the notation we notice that

M(] - Mo]

2. FIRST AVERAGING FUNCTION DEPENDING ON PARAMETERS

In this section we prove our main results Theorems and [[.2] We remark that if
system has a parameter a then the Melnikov function of first-order M (h,a), defined
in , depend on the first-order Taylor series of such function with respect to the multi-
parameter a € Rf at @ = 0. In Theorem we present a computable expression for
the first-order Taylor series in a of the first-order Melnikov function M;(h,a). Since the
expression of the function M;(h,a) involves an integration of a one-form over a closed
curve parametrized by a, in order to compute the partial derivatives with respect to
the components of a, we need a multivariate version of the Leibniz integral rule. Next
technical lemma provides the derivative of the integral over a closed curve of a one-form
when both depend on a parameter that, for simplicity, we will take only one dimensional.
For the sake of completeness we provide its proof. For further information on this topic,
see for instance [5].
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Lemma 2.1. Consider b € R. Let w = w(x,y,b) be a one-form, v, = v(x,y,b) a closed
curve, and X the vector field associated to the flow @), that describes the variation of
with respect to b, that is Yyrp = Pp(yp) for all h = 0. Then

d / Ow /
— [ w=[ —+ | Lrw, (8)
db J,, w 00 ),

where Lyw is the Lie derivative of the one-form w with respect to the vector field X .

Proof. From the definition of the first derivative with respect to b, the left hand side of
can be written as

d 1 /
— | w=lim— w(x,y,b—l—h)—/ w(z,y,b)
db Yo h—0 h ( Yot h Yo
1
= lim — </ w(:c,y,b—i—h)—/ w(x,y,b))
h=0 h @p () b

.1 .
:fng%E </’qu)hw(x7y7b+h)_/’wa(‘rayJ)))7

where ®}w(x,y, b+h) denotes the pullback of the one-form w along @, so the last equality
above is the substitution rule for integrals in several variables. This expression can be
computed as follows: first we swap the limit and the integral; second we replace w(z, y, b+
h) by its Taylor series at h = 0 which is w(x,y,b+h) = w(z,y,b)+b [%w(m, y,b+ h)}hzo—l—
O(h?); and third we apply the linearity of ®* to obtain the following

A lim % <CI>};w(x, y,b) + h O {%w(m, y, b+ h)]

h—0
b

+ ®;O(h?) — w(x,y, b)) :

h=0
Since lim ®;O(h?) = 0 and
h—0

lim ¢} (%w(w, Y, b+ h)) = }llim %w(m, y,b+h)= { 0

b0 50 %M(l’, Y, b+ h):| s

h=0
the last equality becomes

b b+h)— b
/ {ﬁw(x,y,b—i— h):| + / lim hW(l’,y, + ) w(x,y, )
Yo oh h=0 Yo h=0 h

The proof finishes because the limit in the integral is by definition the Lie derivative of
the one-form w with respect to the vector field X, that is Lyw. O

Proof of Theorem[I.1. Clearly the evaluation at a = 0 of M;(h,a) provides (6]), that is
Mo(h) = My(h,0).

For the computation of the first derivative with respect to each component of the multi-
parameter a = (ay, as, ..., ay) we can apply taking b = a;, for i = 1,...,¢. The curve
v, is defined implicitly by H(z,y,a) = h and the one-form w by

Q(xay) dx — P(I7y) dy

w(z,y,a) =
(2,9, a) V)
The derivative of the level curve H(x,y,a) = h with respect to time provides the relation
oOH
VH - Xy, + S 0, where V denotes the gradient operator. Since Xp, L H, then we

can write

Xy, = FVH,

a
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0H
for a function F. Hence, as VH - FVH + 90 0, we can get the function F' that writes
a;
-1 OH
as F' = —————. This is the provided expression of the vector field —Xp, in the
[|VHI]? Da; i

statement.
The proof finishes substituting all the above expressions in and considering the

linearity of the Lie derivative we obtain the expression for the first derivative with respect
¢

to a, that is — Z a;(M;(h)+L;(h)). The functions M;(h) and L;(h) are the ones provided
i=1
in the statement. U

Proof of Theorem[I.2 From the hypotheses of the statement and equation (€]), the dis-
placement function A(h,a, A, e) defined in (4)) writes as

(Z A5 (h +Zaz (Z Mg/ (h) + iljw]f{{}(h)) + 0<a2>) +0@).  (9)

With the blow-up type change in the parameter space, writing Ao = 0\, a = da, and
e = 2. Then @D writes as

(Z S () + Z 8 (Z S Bl (n) 4 mz AV f{ﬁ(h)) + o<52)) + O
-5 <Z )\[J]f[]] ) + Z a; Z )\[J]f[]] ) + 0(54)

7j=1

The coefficient of 4 in the above function defines the function N in the statement where,
for simplicity, the ™ in the parameters )y and a has been removed. The statement follows
directly from the Implicit Function Theorem dividing the above function by 2, as in the
classical result the displacement function is divided by e done by Pontryagin in [16]. O

3. MORE LIMIT CYCLES FROM DEVELOPMENTS OF FIRST-ORDER

In this section we present four different applications of Theorems [1.1 and [1.2 The
aim is to study the existence of limit cycles emphasizing how the number of zeros of the
Abelian integral for a = 0 changes when «a is a nonvanishing but small multi-parameter.
More concretely, showing which is the influence of this distinguished parameter. The
first and simpler example is the perturbation of the quadratic potential with quadratic
polynomials getting, as usual, only one limit cycle, see Proposition The second center
family has three parameters, it is the quartic potential, which we perturb inside the quartic
polynomial family, see Proposition [3.2] These first two examples are Hamiltonian, so, as
they have constant inverse integrating factors, the functions M; vanish. The relevance of
our main results is shown in Proposition where we perturb a center family having a
rational first integral and, obviously, an inverse integrating factor. Both depending on a,
which is chosen in R? to detail better how Theorems|1.1/and [1.2]apply. Although we have
not detailed either in the statements or in the proofs, both main results can be applied
when we do a piecewise perturbation of a smooth family of centers. The only difference
is how we compute the integrals defined in @, see for example [11]. This last application
is described in Proposition (3.4}

Proposition 3.1. Consider the perturbed differential system
(«,y) = (~y,a2®) + e(P(z,y,\), Q(z,y, \)), (10)
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where P and @ are quadratic polynomials in (x,y), a € R, and € # 0 sufficiently small.
Then, for each small enough a # 0, there exists A such that system has a limit cycle
bifurcating from the period annulus up to a first-order analysis in €.

Proof. We consider system with P(x,y, \) Z pijT’ ‘v, Q(z,y, A Z g’ 7.
i+7=0 i47=0

As it is not restrictive to assume that P(0,0,\) = Q(0,0,\) = 0, the parameter space

defined by the coefficients of the perturbative polynomials P and @, is denoted by A € R*°.

We notice that for ¢ = 0 system has the following Hamiltonian

22 + g2 23

H(x,y,a) = 5 —I—ag,

then V(z,y,a) =1 is the inverse integrating factor.
In order to calculate the function M;(h,a) as in @ we compute the following vector
field

zt(az + 1) 3y
XHa = X —|—
3(a’zt + 2ax3 + 22 + y?) 3(a’zt + 2az3 + 22 + y?)
and we obtain the expression of Lx,, (P(z,y)dy — Q(z,y) dr) which we omit here because
it is very long.
Applying a polar change of coordinates © = hcos, y = hsin6, h € (0,4+00) we obtain
the following expressions

dy

Mo(h) = =7 (p1o + qo1)P?,
Mi(h) =0, since V(z,y,a)=1,
_ P20 Q11 4
L) = ”( 2 4 )h

Therefore

My (h,a) = = (po + go)h® + ax (p;‘) q:) W+ O(a?).

The proof follows directly applying Theorem [1.2] m The function writes as
./\/’m(h, )\) = h2<)\0 + )\1]12),

beingmg=my =1,b=1, A\ = —W(Plo—i‘QOl), AL = 77(2p20+6h1)/4a fo(h) = hZa go(h) =0,
and fi(h) = h*. The superscript !/ has been removed to simplify the reading. O

We observe that from the differential system ((10) when a = 0 (linear center) no limit
cycle bifurcates up to a first-order analysis in the quadratic polynomial class. Therefore,
using the function presented in Theorem 1.1} which is written so that Theorem applies,
we have a limit cycle due to the special role that the small additional parameter a # 0
has.

Proposition 3.2. Consider the perturbed differential system
(@', y) = (—y, 2 + a12® + apa® + agz) + e(P(x,y,A), Q(x,y, \)), (11)

where P and Q are quartic polynomials, a = (a1, as,a3) € R®, and € # 0 sufficiently
small. Then, for small enough a # 0, there exists A such that system (L1)) has at least
three limit cycles bifurcating from the period annulus up to a first-order analysis in c.

Proof. Note that

L, 2 ay 3, @2 o

—(x” + + —x + — +

(@ )+ a4 et

is a first integral of system and V(z,y,a1,as) = 1 is an inverse integrating factor, so
such system has a non—degenerate center at the origin.

H(xa Yy,ai, as, a3) =
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Applying polar coordinates x = hcosf,y = hsinf and performing the calculations to
get the integrals described in Theorem we obtain

Mo(h) = — i (¢21 + 3qos + 3pso + p12) B* — 7 (qor + pro) A,
Li(h) =— iﬂ (531 + 3qu3 + 20pao + 2p22) h® — 277 (q11 + 2p20) h*,
Ly(h) =— 3%7 (5¢21 + 3qo3 + 15p3o + p12) h® — 1—3677 (go1 + pro) b,
Ls(h) = — 6%177 (7q31 + 3qu3 + 28pao + 2pan) h® — %77 (q11 + 2pao) h°.

Since V(z,y,a) = 1 we have that M;(h) = 0, i = 1,2,3. After performing a linear
change of variables in the parameter space, we obtain, by using the notation introduced
in Theorem [I.2]

My(h,a) = M0+ A2 4 ay (AR + AT h4) +

[2] 1] (3] (1]
an (A2 = 20 Y e - B0 s A BN sy Al 2L po
8 16 8

and, reordering monomials in A and taking b; = by = b3 =1,

(3] (1]
31 1]
,/\f[l](h, u) = (N[14] 81 )hg + ( 21 + u[f] + >h6 (MOQ] + ,ul )h4 + uol]h2

The proof finishes taking for example ,u[l] = um 0 and using Theorem u Because the

remaining four parameters are independent and therefore the polynomial Ay will have
three simple zeros. To simplify the reading, we have not written explicitly the functions

1990, and 1) :

In the last proof, as it can be seen analyzing the function M;, the number of zeros
increases from one, when a; = ay = az = 0, to three when ajasas # 0. But, clearly, the
same result can be obtained with a; = as = 0 and a3 # 0.

Proposition 3.3. Consider the perturbed differential system
v = —(-1422) a2’y +6asy® + a1 2> +5a1y* + 4y) + eP(x,y, \),
y =4 -y —2)(ay’ +ary +1) +eQ(z,y, ),

where P and Q are quartic polynomials, a = (ay,az) € R?, and € # 0 sufficiently small.

Then, for small enough a # 0, there exists X such that system has at least four limait
cycles bifurcating from the period annulus up to a first-order analysis in €.

(12)

Proof. We consider system with P(z,y, A Z pijT’ 'y and Q(x,y, A Z gijr’ 7.
i+35=0 i+35=0

As it is not restrictive to assume that P(0,0,\) = Q(0,0,\) = 0, the vector defined by

the coefficients p;; and g;; provides A € R?®. We notice that for € = 0 system has the

following first integral

(2* +y*)Vary® + a1y +1
1-22
and the inverse integrating factor V(z,y,a) = 2(1 — 22)*\/asy® + a1 y + 1.
Since the first integral H is analytic in a neighborhood of the origin, by the well-known
Lyapunov—Poincaré Theorem [15] system with € = 0 has a non-degenerate center at
the origin.

H(x,y,a) =
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The vector field Xy, , for i = 1,2, defined in the statement of Theorem is given by
Xn,, = yXn, , where
Xu,, = S(z,y)(4(a® — y* — 2)(agy® + a1y + 1)9/0x
— (1 = 22)(2a22”y + 6asy® + a1z + Sary” + 4y)0/0y),
with
S(z,y) = y(1 — 22)((4z* + 522%y* + 16y* — 42® — 68zy”® + 2° + 25y%)a} + 4y(4a*
+ 3622y + 8y* — 4a® — 4day® + 2* + 15y*)aray + Sy(82? + 4y* — 122 + 5)a,

+ 4o (4o + 242%y* + 4yt — 42® — 28zy® + 2 + IyP)al

+16y(62° + 2y® — 8z + 3)ag + 16(2% + 4> — 20 + 1)) .

We apply the following change of coordinates, defined for h € [0, 1),

_ hcosf—h? B h sin 6
T ShcosO—h2—1" Y7 Qhcosh—h2—1
to the integrals (€). By direct computation we have that M, (h), r = 0,1,2 and L,(h),
s = 1,2 are written as sum of Abelian integrals multiplied by rational functions in h.
More concretely, each of them writes as

>Ry (B NI (R,
where the sum is defined for j =1,...,7, m=0,1, and £k =0,...,5 —m + 1. Moreover,

R?’m(h, A) are rational functions on h depending linearly on the perturbation parameters
A and the Abelian integrals

Ik’m(h) B /27r cos’ sin™ 0 df
i ~Jo (2hcos® — h2 —1)i

can be explicitly computed. Therefore the expression of M;(h,a) defined in @ is given
as follows

My(h,ay,as) = Mo(h) + ar(My(h) + L1(R)) + as(My(h) + Lo(h)) + O(a?),

with
_ hPPya(h?) _ h*Pas(h?) WPy (h?)
MO(h) - —(h2 — 1)3 y Ml(h) - —(h2 — 1)4 y Mg(h) = w,
_ hPas(h?) WP (h?)
L) = e Lalh) = 5

being P; ; polynomials of degree ¢. Moreover, their coefficients are polynomials of degree
1 with rational coefficients in the parameters . Applying a suitable linear change of
variables in the parameter space, we get

O R s e o I OV AP R LDV )

M;i(h,a) (h? — 1>3 (h2 — 1)

(3]

R OGRS + ARt 4+ ATh? 4+ L)
a
(h? — 1) >
that, with the adequate rescaling and taking by = by = 1, the function ([7)) is

4 3 3 3 3 2 2 3
Ny (hy 1) = (5 4 1+ pme + () — P+ Pl — 208 R0+

(h? —1)°
(' = i+ i " = 205" + g )R+ (! — i g = 205 + g,
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The proof ﬁnishes as the previous proofs just taking zero all the parameters except u([]H,

ug], ug)’], M1 , and fug U We notice that the remaining five coefficients in A are linearly

independent, so the four limit cycles described in the statement can be obtained easily. [J

In the above proof we could choose a rational first integral and a rational inverse
integrating factor for system with € = 0, but the way that we have presented shows
that our approach also works when the first integral is non-rational.

Proposition 3.4. Consider the piecewise perturbed differential system

(PH(z,y,A), QT (z, 9, A),  ify >0,
(P (z,y,A), Q (z,y,7)), ify <0,
where P, P~, Q" and Q= are cubic polynomials, a € R and ¢ # 0 sufficiently small.

Then, for small enough a # 0, there exists X such that system has at least four limait
cycles bifurcating from the period annulus up to a first-order analysis in €.

Proof. System ([13)), when & = 0, has

(o', y) = (—y,ax3+ax2+:c)+€{ (13)

L s 2 a 3 a4
H(x,y,a) = Q(x +y°) + 5% + e
as a first integral, being V(x,y,a) = 1 the corresponding inverse integrating factor. We
note that system ([13)) with ¢ = 0 has a non—degenerate center at the origin for any a.
In this case A € R and it is not restrictive to assume that P£(0,0,\) = Q*(0,0,\) = 0.
Doing the polar change of coordinates z = hcosf,y = hsinf we perform the calcula-
tions similar to the ones in the previous examples, except to the integrals along the closed
curves are done in two parts, the upper semiplane (6 € [0, 7]) and the lower semiplane
(0 € [, 27]) since system has the straight line y = 0 of discontinuity. Then we get

1 _ _ _ _
_5(3@3_3 + %3) + (pE +p12) + (qgﬁ + 921) + 3(?;0 +p30))h4

2 B - 1 B B
+ (0 - Pi) + (420 — @30) + 2(q0z — 4gz))1° — 5((Plo +Pro) + (401 + Ga))h?,

Mo(h) =

Li(h) = 614(15(2730 + p3o) + 5(6121 + q91) + (pTQ + pia) + S(QSE; + Q(E))h(s
t 307 (8(ai2 — @12) +20(450 = 430) + 8(p21 = P2n) + 15(420 — 420)
+3(pfy — py) +6(a52 — do2) )1 + 3%((4611*1 + q11) + 3(pio + o)
+8(p3y + ) + 3(adi + go))P* + 3%(611*0 — qio)l°.

Since V(z,y,a) = 1 we have that M;(h) = 0. Applying a suitable linear change of
variables in the parameter space, we get

My(h,a) =M02 + AR 4+ At + a (AR 4+ APt 4+ APTR5 4 ARS),
that, with the adequate rescaling and taking b; = 1, the function (7)) is
Ml](h, M) h2< (1] (M([JQ} [H)h + ( [3] [2})]12 + ,u[3]h3 [14]h4).

Then the proof finishes. We notice that the coefficients of NVjjj are linearly independent,
so the four limit cycles can be obtained easily. 0
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4. HIGHER ORDER DEVELOPMENTS

This section is devoted to describing a partial higher-order analysis. It is known that the
computation of the higher order Melnikov function is usually a difficult task, sometimes
impossible to be obtained explicitly. But, as we have previously explained, the study of
the first Melnikov function for center families gets some information about the complete
higher order analysis. More concretely, Theorem generalizes Theorem [1.2] when the
Taylor series of the first Melnikov function with respect to the parameters of the center

family can be computed up to kth-order. We show an application to quadratic vector
fields in Proposition [£.2] and two to cubic vector fields in Propositions [4.3] and [4.4]

Theorem 4.1. Let Mi(h,a,\) be the function () associated to the perturbed differential
equations with H = H(x,y,a), V =V (z,y,a), and P(x,y,)\),Q(z,y,\), being a € R*
and A € R™. Let

K (h,a, \) Z Ma(h, Na (14)
la]=0
be the Taylor series of My with respect to the multi-parameter a up to kth-order, where
a® =af'ay?---ayt, o= (o, ...,q), and |a| = a; + - - + ap. We assume that there exist
functions f¥' and gm such that, for each o,
mqy g
Z MLRE) + D2 > A gl
1B]<|e| 7=1

with = (B1,...,0), |8] = P+ -+ Be, and my, ma s € N. Then taking A = 5’“_‘0‘%[0{],
a = 6b, for each simple zero h* of

Ny (b, 1) Z Zu“]ba (15)

la[=0 j=1

and for a,e small enough, there exists a limit cycle I'. - of the perturbed system such
that I'c p+ tends to the closed curve {H = h*} when (h,a) goes to (h*,0).

Proof. The displacement function A(h,a, A, €) defined in writes as
A(h,a, A ) = e(Mpyg(h, a, A) + Opya(a) + O(€?), (16)

with My asin (14)). Then, using the blow-up rescaling proposed in the statement together
with € = ! we have that , up to straightforward computations, writes as

O N (h, ) + O(5%42),

with the function N defined in . We observe that, from a = 0b we have a® =

§l*lp®. The proof finishes as the proof of Theorem (1.2 applying the Implicit Function
Theorem. 0

We remark that in the following applications we have taken concrete values of b, such
as b =1 and b = (1,2). But examples where the number of zeros of depends on the
chosen b may exist. In fact we could use a weigthed blow-up so the role of taken other b
can help to study the new averaged function M.

The simplest cases where the above result apply are the ones for which H does not
depends on a, only the inverse integrating factor V. Hence, the function (j5) writes as

Ml(h a) :/ Q(xaya)‘) dx — P(:anv)‘) dy :/ w(x y \ CL). (17)
’ H(z,y)=h V(x,y,a) H(zy)=h T
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We can use Theorem |4.1|just integrating the Taylor series of the one-form w(z,y, A, a) over
the ovals of H = h. The following applications are centers with an explicit parametrization
of the level curves such that a curve of equilibrium points have been added to increase
(artificially) the degree of the family. Obviously, the curve never passes through the center
point. As is usual in these studies, when we have fixed the degree, the number of limit
cycles under polynomial perturbations increases.

The next example is the quadratic perturbation of the linear center with a straight line
of equilibria. The first- and second-order analysis of this problem for degree n perturba-
tions can be found in [12] and [I3], respectively. The key point of both works is the explicit
computation of the integrals. This fact is also observed in [I7] where, as application, the
quadratic perturbation is again analyzed, obtaining two limit cycles up to a second-order
analysis. In Proposition we show how with our approach also two limit cycles can
be obtained without the difficulties of the second-order study. Because all our integrals
are computed over circles. In particular we can see the existence of a second limit cycle
for (simpler) third- and higher-order studies. We will see also that the optimal result is
obtained analyzing third-order developments.

Proposition 4.2. Consider the perturbed system

(@', y) = (ax + 1)(—y,z) + e(P(z,y,A), Q(x, 9, A)), (18)

where P and @ are quadratic polynomials and € # 0 is sufficiently small. The first new
Melnikov functions (15)) associated to system can be written as

Ny (h, 1) = poh?,

Ny (b, ) = poh® 4+ h?,

Nigy(hs 1) = proh® + (p1 + p2)

N (h, ) = poh® + (pn + p2)h* + psh®, for k= 3,4,5,6.

Therefore, for € and a small enough, there exists \ such that system has no limit
cycles up to order 0, 1 limit cycle up to first- and second-order and 2 limit cycles for
kth-order studies with k = 3,4,5,6. All limit cycles bifurcate from the period annulus up
to a first-order analysis in €.

(19)

2 2
Proof. We write P(z,y,\) = Z piir'y, Qa,y,\) = Z gijx'y’. As usual, it is not
i+j=0 i+j=0
restrictive to assume P(0,0,\) = Q(0,0,\) = 0. Hence, A € R!? is the parameter space
defined by the coefficients of the perturbative polynomials.

System admits H(z,y) = (22 + y*)/2 as a first integral and V(z,y,a,b) = ax + 1
as an inverse integrating factor. Clearly, system (|18)) when ¢ = 0 has a non—degenerate
center at the origin. In fact, this system is topologically equivalent to the linear center
adding the straight line az 4+ 1 = 0 of equilibria.

Applying the usual polar change of coordinates (z,y) = (hcos6,hsin@), by direct
computation we have that can be written as

3
> SR (),
i+j=2
where S, j(\) are homogeneous polynomials of degree 1 in A and

2T cost @ sin’ 0
J;i(h) = ——d#. 20
a(h) /0 ahcosf + 1 (20)
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Instead of computing explicitly J; j(h) we get the Taylor series of it with respect to a and
then we do the integral. So, the expression of M;(h,a) defined in is given as follows

1
M, (h,a) = Moh? + M\ih*a + Xoh*a® 4+ A\shba® — ghﬁ(Ao — 8X\g)a’

5 )
— 1—6h8()\1 4)\3)@ — 3—2h8()\0 — 6)\2)& + O( )

To simplify the reading, we have removed the superscript ! in the above expression.
Therefore, Theorem provides the functions and the conclusion of the number of
limit cycles for each k. We remark that the obtained functions for £ = 3,4, 5,6 are equal
because the parameters of the coefficients of a*, a®, and a® in are linear combinations
of the independent ones which have appeared up to k = 3. Hence, all the new powers in h
appear at the higher-order terms in 6272 and do not play any role when k increases. [

(21)

The next example was analyzed firstly in [3] for degree n perturbations. Here we only
recover partially some of the results because our perturbation is in the cubic family. We
show how Theorem can be applied to higher-order developments to simple families
with two parameters.

Proposition 4.3. Consider the perturbed system

(@', y) = (az + D)(azy + 1)(—y,z) + e(P(z,y,A), Q(x, 9, A)), (22)

where P and Q) are polynomials of degree 3 in (z,y) and € # 0 sufficiently small. There
exist linear changes of coordinates in the parameters A such that the first functions ({15
in Theorem [{.1] write as

Noj(hs 1) = h*(norh? + 100,
Ny (hs 1) = h*(mh? +mo),
Nigj(h, 1) = h?(1azh® + 1ma1h® + 1a0),
N (h, p) = h? (7732h4 + m31h? + 130),

./\/'[k](h,pb) = h2(7743h6 + 7742h + 7]41h + 7]40), fOT f = 4, 5, 6.

Consequently, for € and a = (a1, as) small enough, there exist values of the parameters \
such that system has one limit cycle up to orders 0 and 1, two up to orders 2 and 3
and three up to orders 4,5, and 6. All limit cycles bifurcate from the period annulus up to
a first-order analysis in €.

Proof. As the previous proofs we take P(z,y, \) Z 'y, Qx,y, A Z gijx" 'y
i+75=0 i+75=0

and P(0,0,)\) = Q(0,0, ) = 0. Hence X € R'® belongs to the parameter space defined by

the coefficients of the perturbative polynomials.

System has H(z,y) = (2? + y?)/2 and V(x,y, a1, az) = (a1 + 1)(agy + 1) as first
integral and inverse integrating factor, respectively. So, when ¢ = 0, we have a non—
degenerate linear center at the origin and two straight lines of equilibria: a;z+1 = 0 and
agy + 1=0.

Applying the usual polar change of coordinates (z,y) = (hcos6, hsinf), by direct
computation we have that is written as

3
> SR T (h),

itj=2



14 J. ITIKAWA, R. OLIVEIRA, AND J. TORREGROSA

where S; ;(A) are homogeneous polynomials of degree 1 in A and
o cos' f sin’ 0
Jii(h) = de. 23
i) /0 (arhcosf + 1)(azhsind + 1) (23)

Integrating after computing the Taylor series of the integrand with respect to a and
applying a linear change of coordinates, we obtain the expression of M;(h,a) defined in

as follows

1
Mg (h, a, ) = RPN AR ta 1+/\[1]h4a2+1h4(2(>\[ Lo p2aallianlhy g2

1
TR arazt i (20060 — 2050 BN —4M0)a3

PN N T (AN RN NS (PPN 1) N | N
+?(2)\ "‘)‘10)@1“‘7(2)‘21+>\01)a1a2_7(2)‘30_)‘10)641@2

ho RS
2( oA —Alhyg3 4 16((5)\020]+20)\ Lr16al) A2+ 1000 + 1600

RS 1S
+ g((:ﬂ[ﬁ] w3+ aday + 1—6((3)\([% — AP 16Alh 24205 a2a?
h6 RS

8((5)\[121 sAIYRZ 4 M) a a3+ 16((5AE§ 122201600 2 200 — 16 ML) ad
5h h BB

T 2 a4l . 6(12A;1]+5A51])a1a2+ ; 6(—4)\310]+3)\[110)

BB he 5h8

16 (a3 ) adad — T (12250 —5ATg)ara — - (4Xs] = Ao a3,

The last step is to establish an adequate blow-up to use Theorem [£.1, We have chosen
(ay,as) = 6(1,2) and, straightforward computations, the new Melnikov functions are

Noy(h, ) = h*(p ]h2+ﬂoo)

Ny (1) = W (i + 20161 + pig)h* + i)

Nigg(h, p) = B (257 —3M[2])h4 (1160 + 2001 + 1y + 2413 — Bubg)h? + p1gd),
Nigg(hy 1) = B*((2p [21 b0 — 6p1b — 3k )’

+ (b + 2#01 ol 20t = 3l R + ),

Nigg(h 12) = W2((=6pa5 + 1350 h° + (205 — Bpsg — 615y — 3pai)
+ (/L([% + 2um [1] o+ 2u[1] 3M[1])h2 [1]), for k =4,5.

We have computed also the sixth-order function and it coincides with the fourth-order
above. We have not written here the complete development because of its size and no
better results can be obtained. Renaming the coefficients of the functions Ny the result
follows. O

It can be checked also that if in the last proof we take (ai,a2) = 6(1,1) not all the

independent parameters pb] appear, but although the functions My in the proof are
different, the ones given in the statement are the same. Hence, the same number of zeros
are obtained. As in the previous quadratic family, the increasing number of zeros stop
when there are no new independent parameters in the higher-order developments.

Our last application of Theorem is to the same family of the previous result but
fixing as = 1. In particular, all the integrals over the closed paths can be explicitly
computed and the result is quite better than the obtained in Proposition [4.3] As we
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will see in the proof, the number of zeros increases up to stabilizes when no more new
independent parameters appear in the higher-order developments.

Proposition 4.4. Consider the perturbed system
(@, y) = (ax + 1)(y + 1)(—y, 2) + e(P(x,y, A), Q(z, ¥, N)), (24)

where P and Q) are polynomials of degree 3 in (z,y) and € # 0 sufficiently small. There
exists a linear change of coordinates in the parameters \ such that, taking r = /1 — h?,
the first functions (L5)) in Theoreml can be written as follows:

Ny(rym) = (1 =) Wr s g )

Ny (r,m) = (1 - T)(nl rt 7714]7“3 + %+ n?}r - 775”)/7“
Nigg(rn) = (1= )5+ 05" + gl 4+ nle iy,
Nig(rn) = 1 =)@+ 1) + 08t + 0y + 002 + 0 + 0y /r, fork—3,4,5

Consequently, for e and a small enough, there exists A such that system (24) has three
limit cycles up to order 0, four up to orders 1 and 2 and five up to orders 3,4, and 5. All
limit cycles bifurcate from the period annulus up to a first-order analysis in .

Proof. The proof follows exactly as the proof of Proposition taking a; = a and as =1
up to getting the expression of the function M;(h,a) defined in (17). In the Taylor
development of integrals of type with as = 1 with respect to a; = a appear integrals
of type but with Asinf# + 1 in the denominator. After straightforward computations

and taking k =5 and h = /1 — r? we get, for 0 < r < 1,
1—
Mg (r.a, 2y = L= - r) QT2 22+ 2+ A)) + (1= )2 (A2 + AP + A a

1— 2
NGl 47’) (AT (Y 4+ 38T+ 20012 200+ 208 + ATy 420

1 — 3
+ AT 28+ A a? + a=r 7 ") (22057 + AP)r® 20605+ 227 — AP
F300 A AT Ay Al T A a6
1— 3
s < ") (80T + (80T + 55T+ 9A)r® + (2405 + 8AF + 7AG + 3A")r?

+ (30 240 T+ 6agr + A+ 8L 4 38T + 20 et

1— 4
i : GT) (54N + At 4+ 4200 + arP — 3a[T)?
+20A0 4+ 60AY + 1227 — 14a7)2 1420 1 200 + AT — 52
+ 20 2007 + AP - 56
The next step is to choose the blow-up indicated in Theorem with b = 1. Hence, the
new Melnikov functions are N (r, p) = (1 — r)r Ny (r, p) where
3],.2 (2] 1]

A[[O]<r7“> “g]r3+ﬂo YAy T g

Y, 3 2 3 4 1 2 3 2
Nig(r,p) = =irt = (= " = up)r® = o = g = g )+ (' )+

Y 3 1 3 4 1 1 2 3
Nar(ro ) = =Gy’ + iyt = (g 4 i = i = ughyr® = i = ! = i = i)
1 1 2 1
+ (' g+ g+

N (r, 1) = S P R Y P 1 Y P B B AP
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= (" =y =y = = ) G T g g,

and ./\7[3] = ./v[4] = M5]. A last linear change of coordinates provides the functions ./\/'[k]
indicated in the statement and the conclusion on the number of limit cycles follows im-
mediately for £ = 0,1, 2. For k = 3,4, 5, Descartes’ rule ensures that we have at most five
positive zeros of the corresponding Ay function and it is easy to check that they exist as
simple ones. U
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