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Abstract. This paper is devoted to the analysis of bifurcations of limit cy-
cles in planar polynomial near-Hamiltonian systems. It is motivated by the
second part of the sixteenth Hilbert’s problem. We introduce a class of Hamil-
tonian systems which admit a high number of non-degenerate centers that can
be arbitrarily located in the plane. We study several perturbations of those
Hamiltonian systems, and analyze their effect by using the Melnikov method.
One of those perturbations is defined along the gradient of the initial Hamilto-
nian.

Keywords : Hamiltonian system; perturbation; bifurcation; limit cycle; Mel-
nikov function.

81 Introduction

The sixteenth Hilbert’s problem was stated in 1900 at the International Congress of Mathematicians
in Paris [1]. Its second part is concerned with the location and the maximal number H(n) of limit
cycles in planar vector fields of the form

=Pz, y), 9=0Qn(z,y),

where P, and @, are polynomials of degree n. Before the problem was stated, Poincaré had
introduced the concept of limit cycle, and proved that a planar polynomial vector field without
saddle connections cannot admit an infinite number of limit cycles [2]. The finiteness theorem in
the general case was proved separately by Ilyashenko [3, 4] and Ecalle [5], but it is still unknown
whether H(n) is finite or not, even for quadratic systems. The sixteenth Hilbert’s problem has
produced a huge literature, thus it is impossible to give a complete list of the existing works in this
field. However, detailed surveys are presented in [4], [6] or [7]. For example, the particular study
of Liénard equations has been a rich source of innovative reasonings [8], [9], [10]. Among others,
several methods have been developed to give lower bounds for estimating the growth rate of H(n).
One of those methods is to apply a perturbation to a Hamiltonian system, which leads to the study
of differential systems that can be written

. OH . OH
"Ezaiy-l-Ef(l', y)a y:_i—’_gg(mv y)7

ox

where H, f and g are polynomials, and ¢ is a real coefficient. A common approach is to make a
bifurcation analysis in order to prove that the perturbation can give birth to nests of limit cycles,
in a neighborhood of a weak focus or a center. In [11], [12], it was proved that the growth rate of
H(n) is at least of order n?. Afterwards, a new lower bound was obtained by Christopher and Lloyd
in 1995 [13], and is of order n?logn. Some mistakes in their paper were corrected in [7] and [14].
Anyway, Lloyd [15] conjectured in 1988 that H(n) should be of order n. We quote his reasoning
below.

I conjecture that H(n) = O(n®). My reasoning is simply that O(n?)
critical points can be encircled by limit cycles, and that there are likely
to be at most O(n) limit cycles around each critical point.



In this paper, we shall introduce a class of polynomial planar Hamiltonian systems, admitting
a high number of non-degenerate centers that can be arbitrarily located. These systems have been
constructed with a coupled network approach which is quite different from the previous works in this
field. Indeed, it is known that the effect of coupling oscillators can produce a richness of dynamics,
with the emergence of new periodic solutions [16]. In particular, we succeed in constructing a
planar polynomial Hamiltonian system of degree O(n) admitting O(n?) non-degenerate centers.
We remark that a similar form of Hamiltonian systems is considered in [17] in order to prove that
any configuration of limit cycles can be achieved by a polynomial vector field, which comforts our
conviction that this class of Hamiltonian systems can be an interesting source of understanding
the bifurcations of limit cycles in planar polynomial vectors fields. Those Hamiltonian systems are
presented in the first section. In the second section, we study several polynomial perturbations under
which a nest of limit cycles appears in the neighborhood of each non-degenerate center. To that
aim, we begin by analyzing basic geometric configurations for the location of the centers, involving
lines and rings. Then we propose a perturbation of any Hamiltonian system along its own gradient,
and prove how it is efficient to make centers bifurcate into nests of limit cycles. Our theoretical
results are systematically illustrated by computer made figures, in order to show the geometrical
ingredients that are omnipresent in our reasoning.

82 Construction of a class of Hamiltonian systems
2.1. Hamiltonian systems admitting arbitrarily located centers

We begin our paper with the construction of Hamiltonian systems admitting centers that can be
arbitrarily located. Let us consider a finite family of distinct points & = {(z;, v;), 1 <i < n} in
R?, where n is a positive integer. For each point p = (z;, y;) in &, 1 < i < n, we consider the
differential system (o;) defined by

(0:) {; R &

which admits a center at p = (z;, y;), and is a Hamiltonian system:

. 9Gi
ORI
g=——
with 1
Gi= - [(x—x) +(y—yi)2] (2)

Next, our goal is to build a differential system which admits a center at every point p = (z;, y;) in
&, and which behaves like the system (1) in a neighborhood of p = (x;, y;) for 1 <4 < n. To that
aim, we introduce the system

&= zn:y yzﬁ[ﬂc—% +(y - y])]
i=1 j=1
(%) n o
=) - x—x>[[[x—x] + (v - ).

which is obtained by coupling the systems (0;), 1 < i < n, in the same phase space, that is R2.
Indeed, for each i, the coupling term

n

11 [(w —z;)? + (v —y;)?|,

jAij=1



defined as a product of squared euclidean distances, controls the effect of the vector field induced
by (o;) in the neighborhood of the other points (x;, y;) for j # i. Furthermore, we remark that the
latter system is indeed a Hamiltonian system:

(@) {”3 =Gy (3)

1 1
o= T126:= 5 I (e —2” + v - w)?]. (4)
i=1 i=1
for all (x, y) € R2. For short, we have used the notations G, = %—(j, Gy = %—f. Before we state our
first proposition, we recall a sufficient condition for a critical point to be a non-degenerate center
(see [8], Theorem 2 in section 2.14, or [18]).

Theorem 1. Let H be a smooth function defined in R2. A point (xq, yo) is a non-degenerate center
of the Hamiltonian system
t=H,, y=-H,

if the two following properties are satisfied:
i. Hy(zo, yo) = Hy(wo, yo) =0,
1. Hzx(xOv yO)Hyy(an yO) - sz(xm y0)2 > 0.

In that case, there exists a continuous band of closed orbits v, C H=Y({h}) for h €0, ho[, with
ho > 0, encircling (zo, yo)-

Proposition 1. The Hamiltonian system (3) is a polynomial planar system of degree 2n — 1. It
admits n non-degenerate centers at each point of the family 2.

Proof. Since G is a polynomial of degree 2n, it is clear that (3) is a planar polynomial system of
degree 2n — 1. Next, we compute G, Gy and GGy — Gﬁy at each point (xg, yx), 1 <k <n. For
each k € {1, ..., n}, we have

%(wm Yk) = Z(xk — i) [T [(@r = 2))* + (e — 95)°]

j=1
ik
—|—Z(xk—x2) [(mk—mj) + Wk — y;) ]
i=1 j=1
i#k J#i
=0.
A similar computation leads to
OC s i) = 0
ay ky Ye) = U.
Next, we compute the derivatives of G of order 2. We have
Frl :Z{l X H (@ —2)% +(y —y;) ]+(x_xi)2(x—zj) H (@ — ) + (y — yk) ]}7
i=1 j=1 j=1 k=1
JF#i i k#i,k#j



from which we deduce

gicj(xk’ Yk) li[l [(xk - xj) + (Y — y]) ]

Analogously, we have

Finally, we compute

9*G " n n 2 2
axﬁy:Z(ff—xi) Z(y_yj) H [(z—2)?+ (y—w)?] ¢,

1 j=1 1=1
i 1117
thus 20
m(fﬂk, i) = 0.
We obtain
e 092G 092G > L 2
W(xka yk)aiyg(xka Yk) — (83383/ (g, yk)> = H (@ — 25)* + (g —y;)?]” >0,
=1
o
since the points of & are distinct. This achieves the proof. O
1 - |
0 - |
1] |
| | | | | | |

Figure 1: Phase portrait of system (3) with & = {(-1, 0), (0, —1), (1, —1), (1, 1)}, showing continuous
bands of closed orbits in the neighborhood of each point p € 2. The position of the centers can be arbitrarily
chosen.

This first proposition means that the Hamiltonian system (3) answers favorably for what it was
expected to, that is, admitting centers at arbitrarily chosen locations. The phase portrait of the
system (3) with & = {(-1, 0), (0, —1), (1, —1), (1, 1)} is depicted in Figure 1. It is worth noting
that system (3) can admit other critical points that are saddles, and is likely to exhibit saddles
heteroclinic or homoclinic orbits. Anyway, we focus in this paper on the possibility to make each
center bifurcate into a nest of limit cycles.



2.2. Hamiltonian system for a rectangular grid of centers

Next, our aim is to construct a Hamiltonian system whose degree is of order n, and which admits n?
non-degenerate centers. Let us consider two positive integers n, m. We introduce the Hamiltonian
system (.7,.m) given by

(Frm) {7” =5 (5)

where F' is defined by

m—1
F= Fkﬂk) (6)
k=0
with
1 n—1 m—1
2 2 _ 2
=31l (=i +@—k?], B= [To-o
1#£k

The Hamiltonian functions Fj, are related to the Hamiltonian function G given by (4) through the
relation

Fk:G(ng)a gzk:{(oa k)a (1’ k)v"',(nilv k)}a

thus the Hamiltonian function F is obtained by coupling Hamiltonian functions Fj admitting centers
that are located on parallel lines.

Figure 2: Phase portrait of system (5) with n = 3 and m = 2, showing closed orbits in the neighborhood
of the points (4, k) for 0 < <2 and 0 < k < 1, distributed on a rectangular grid.

The next proposition states that the resulting system (5) admits a grid of centers. It can easily
be modified so that the distance between each line in the grid is different. The phase portrait of
system (5) with n = 3 and m = 2 shown in Figure 2 illustrates the geometric disposal of those
centers.

Proposition 2. The Hamiltonian system (5) is a planar polynomial system whose degree is equal
to 2n + 2m — 3. Furthermore, it admits n X m non-degenerate centers located at the points (i, k),
0<i<n—-1,0<k<m-—1.

Proof. First, F' is a polynomial of degree 2n + 2(m — 1), thus it is clear that the system (5) is a
planar polynomial system of degree 2n 4+ 2m — 3. Next, we note that for each k € {1, ..., m}, we



have, by virtue of the Proposition 1:

oFy,. . O0F,, . .

E(% )_ 6y (Za ) 07

PF, .  O°Fy 2R, .\
axgk (7’3 k) 8(132k (7’3 k) - (8:58; (Z7 k)) > Oa

for all 4 € {1, ..., n}, since F, = G(Z;) with 2, = {(0, k), (1, k), ..., (n — 1, k)}. We compute
the derivatives of orders 1 and 2 of F. We begin with

3

~ 0

Fo = ox

[Fi (2, y)Br(y Z Br(y Fk: (z, y)].

{ngh

Now, let (ig, ko) such that 0

| /\

<n—1and 0 <ky<m—1. We have

m—1

Br(ko) = ] (ko —1)* =0, if k # ko.

=0

It follows that

OFy, .. OF, — OF,
2 (i0, ko) = By (ko) =22 (io, ko) + ];O Bi(ko) =+ (io, ko) = 0.
k;ko
We continue with the derivative with respect to y:

m—1 o m—1 dﬂ

k

Fy= Y 5 [Fule, 9)6i(y) {80 o [File, )] + S ) FiGar,) )

k=0 0y k=0 dy

As previously, we have

OFy,

Fi, (o, ko) = By

(i0, ko) =0, Br(ko) = 0 if k # ko.

Furthermore, we compute

dﬂk d m—1 m—1 m—1

—w ==K w0 => 2w-03 [] w—0?;.
dy dy
1=0 1=0 q=0
I#k i#k a#k,q#l
dBk oF .
thus d—(kzo) = 0 if k # kg, and we obtain a—(zo, ko) = 0. After elementary but tedious computa-
Y Yy

tions, we prove that

2

92F, 0°F, 92F, \°
o ’“°—< ’“) (io, ko) > 0,

(FmFyy - Fa?y)(zm ]{70) > [6/60 (ko)] Ox2 ayg axay

and this achieves the proof. O

For m = n, the system (5) is a planar polynomial system whose degree is of order n, admitting

n? centers. The first step in the conjecture stated by Lloyd in 1988, that we have quoted in our

introduction, is reached. Of course, it is possible to compute an instance of the Hamiltonian function



G given by (4) which also admits n? centers, but in that case, the resulting system would be of
degree 2n? — 1 (see Proposition 1). Now, the difficult step is to find a suitable perturbation of
degree O(n) of the system (5), so that each center bifurcates into a nest of O(n) limit cycles. The
investigation of such perturbations will be presented in the next section. Before that, we present a
geometrical variant of the Hamiltonian system (5) for which the centers are located on concentric
rings [19].

2.3. Hamiltonian system for coupled rings of centers

Let us introduce the Hamiltonian system defined by

T =FE,
(o) {y o ™)

with positive integers n, m, where the Hamiltonian function F is given by

m
E =Y Epd, (8)
k=1
and the functions Fj, and § are defined by for each k € {1, ..., m} by
1 n m )
By =g [Tl =zie)?+@—vi)?], o=]]@*+v"—0i)", 9)
i=1 =1
I#£k
with z; 1, = ppcos %, Yik = Pk Sin 217” and positive radii p;1 < p2 < --- < p,,. For each
ke {1, ..., m}, the polynomial Fj is again a particular instance of the Hamiltonian function

G given by (4), that is
21 21
E, =G(%), Pr= {(pkcos:;r, pksin;ﬂ-) , 1<i < n}

Proposition 3. For any positive integers n, m, the system (7) is a planar polynomial system,
invariant under the rotation of angle 2% Furthermore, its degree is equal to 2n + 4m — 5, and it

admits n x m non-degenerate centers at (i g, Yix), 1 <i<n,1<k<m.

Proof. Since E is a polynomial of degree 2n + 4(m — 1), it is clear that the system (7) is a planar
polynomial system of degree 2n 4+ 4m — 5. By construction, it is invariant under the rotation of
angle 27” As previously, we check after basic computations that

Eo(xig, Yik) = Ey(zik, yix) =0,
(BxaByy — EZ,) (@i ks yisk) > 0,

forl1<i<nand1l<k<m. O

As expected, the Hamiltonian system (7) presents a geometric structure with m coupled rings
of n centers. The phase portrait of (7) for m = 3, n = 6 and pp = k, 1 < k < 3, is depicted
in Figure 3. Applying the same method, it is possible to build a Hamiltonian system admitting
centers located on various curves, like cubical curves or hyperbolic curves for instance. This shows
that the Hamiltonian system (3) offers a rich palette of geometric patterns. We shall see in the
coming section how the location of the centers in both systems (5) and (7), with regular geometric
distributions, can facilitate the construction of a perturbation.



Figure 3: Phase portrait of the system (7) for m =3, n =6 and pr = k, 1 < k < 3, showing 3 rings of 6
centers, with continuous bands of closed orbits of small amplitude encircling those centers. The system is

invariant under the rotation of angle 3.

83 Construction of polynomial perturbations

In this section, we study various perturbations of the Hamiltonian systems previously introduced.
We begin with the presentation of the classical material that we will use in order to construct
polynomial perturbations of Hamiltonian systems, and to analyze their effect on the unperturbed
system.

3.1. Poincaré map, displacement function and Melnikov integral
Let us consider any perturbed Hamiltonian system of the form

where H, f and g are polynomials and ¢ is a real coefficient. Suppose that the unperturbed system,
obtained for ¢ = 0, admits a non-degenerate center p = (Z, y) with a family of closed orbits
vn included in the so-called energy levels H=*({h}) of the Hamiltonian function H, continuously
depending on h €]0, hgl, encircling p. The Melnikov integral [20] at p, (also called Abelian integral
[21], [22]), is defined by

MG, h) = ;4 f(, y)dy — gz, y)de. (11)

Equivalently, we have

]{h f(z, y)dy — g(z, y)dz = //Fh(fz + gy)dzdy, (12)

where I', denotes the interior of the closed curve 7.

Now let us consider a cross section S of the family of closed orbits vy, h €]0, ho[, stemming from
p, parametrized by h, and e sufficiently small. It is well known that one can define a Poincaré map
(see [8] or [23] for instance), independent of the choice of the cross section S, that associates to each
value of h €]0, hg[, the value P(p, h, €) that corresponds to the first return of the perturbed orbit
~v(h, €) across S (see Figure 4). We then define the displacement function

d(p, h, e) = P(p, h, €) — h, (13)



Figure 4: Poincaré first return map and displacement function. Under a small perturbation, the closed
orbit v, changes continuously. Its first return across the section S is captioned by the Poincaré map. The
displacement function is a measure of the variation between this first return and the starting point.

for h €]0, ho[ and € sufficiently small. It is known [8] that the Poincaré map, and consequently the
displacement function, are analytic functions in their domains of definition, when H, f and g are
analytic, and a fortiori polynomials. The next theorem gives a fundamental relationship between
the displacement function and the Melnikov integral. A detailled proof is given in [21] for instance.

Theorem 2 (Poincaré-Pontryagine). The displacement function satisfies

d(p, h, €) = e[M(p, h) +ep(h,e)],
as € tends to 0, where p(h, €) is analytic and uniformly bounded for (h, €) in a compact region near
(h, 0), with h €]0, hg|.

The following lemma establishes the link between the zeros of the Melnikov integral and the
existence of limit cycles in the perturbed system (10).

Lemma 1. We suppose that M(p, h) is not identically zero for h €]0, ho[. Then the following
statements hold.

1. If there exists hy €)0, ho[ such that M (p, h1) = 0 and M'(p, h1) # 0, then the perturbed system
(10) admits a unique limit cycle bifurcating from ~yy,. Moreover, this limit cycle is hyperbolic.

2. If there exist hy, hy €]0, ho| such that M(p, h1) > 0 and M(p, ha) < 0, then the perturbed
system (10) admits at least one limit cycle between yn, and Yp,.

The first statement is proved in detail in [21]. The second statement is presented in [13] without
proof. For the sake of completeness, we intend to give a detailed proof in the present paper.

Proof of the second statement. By assumption, there exist hi, ho €]0, hg[ such that the Melnikov
integral at p satisfies M (p, hy) > 0 and M (p, ha) < 0. For € # 0 and h €]0, hy[, we consider the
function § defined by §(p, h, €) = e~ 1d(p, h, €). By virtue of the Poincaré-Pontryagine Theorem,
we have

6(p, b, €) = M(p, h) +ep(h, €).
It follows that

5(57 h17 6) = M(ﬁ? h‘l) +5§0(h17 6)

%

M(]_), h1)>07 0<|€|§€1,

6(]37 h27 6) = M(ﬁ7 h2> + 8(10<h27 E)

IN
N~ N~

M(p, h2) <0, 0<|e| <es.



Now let us consider gy such that 0 < |eg| < min(ey, €2). Since § is analytic and satisfies
5(;57 h17 80) > 07 5(]57 h2> EO) < 07

the Rolle theorem guarantees that there exists a (not necessarily unique) h(eg) €]h1, he[ such that
6(]3, h(eo), 50) = 0. Thus the perturbed system admits at least one limit cycle between v, and 7,
for any sufficiently small €, and this achieves the proof. O

It is remarked that the second statement does not guaranty the uniqueness nor the hyperbol-
icity of the limit cycle appearing in the perturbed system for e sufficiently small. In particular,
bifurcations involving multiple limit cycles can occur when ¢ varies in a neighborhood of 0.

3.2. Perturbation of a line and a ring of centers

In this section, our aim is to construct a perturbation in the case of basic geometric configurations
of the Hamiltonian system (3) introduced in the previous section. In [13], the authors construct a
system admitting centers which are located on the orthogonal axes of the plane, that is z = 0 and
y = 0. This disposal of the centers in the unperturbed system is a key ingredient in their paper.
We begin with the situation when the points of the family &2 are located on a vertical axis.

Theorem 3. Let & = {(xo, y1), - -, (To, Yn)} be a family of n points located on the vertical axis
T = xg, with y1 < y2 < -+ < yp, T be a positive integer, and H be a polynomial Hamiltonian
function such that each point p € & is a non-degenerate center for the Hamiltonian system

t=Hy,, y=-H,.
Then there exists a polynomial fz,(x) of degree 2r + 1, such that the perturbed system
&= Hy+efy,(v), y=—H,

admits at least n X v limit cycles for € sufficiently small, that are located by nests of v limit cycles
in a neighborhood of each point p € &. Furthermore, fy,(x) is given by

T

fao(x) = Z(_l)T_SO‘S(x - x0)23+1, (14)

s=0

with real coefficients o, 0 < s < r, which enjoy the property
ap<ap <---<ap=1L1 (15)

Proof. Let us suppose that o = 0. By assumption, each point p € & is a non-degenerate center
for the unperturbed system
t=H,, y=-H,.

By virtue of Theorem 1, for each p = (0, y;) € &2, there exists a continuous band of closed orbits
v} encircling p = (0, y;), 1 < i < n. Our aim is to build a polynomial perturbation f,(z)
such that the Melnikov integrals at each point of the family &, change of sign r times along the
orbits of the latter continuous bands. Let us choose n orbits 73, 7, ..., & encircling the points
(0, y1), (0, y2), ..., (0, yn) respectively. We begin by considering the function Ny defined for any
close orbit ¢ by

No(¢) = %xwﬂdy.
14

In particular, we have

No(vp) = f Ty = // (2r + 1)z*dedy >0, 1<i<n,
g :

i

10



where T'{ denotes the interior of the closed orbit 7§, 1 < i < n. Next, we introduce, for each
i €{1, ..., n}, the function Nj defined for any close orbit ¢ by

Ni(O) = § @ ol aa™ ),

where we have chosen n sufficiently small coefficients ol _;, a2_;, ..., a”_; with of_; < 1, for

1 <1 < n, such that
Ni(v4) = j{ (¥t —al_2* ) dy = // [(2r +1)2* — (2r — 1)ak_,2°"|dady > 0,
% o

for 1 <i < n. By introducing a,._; = min(a’_;, 1 <i < n), it follows that the i-dependence of N7
vanishes. More precisely, we consider the function N; defined for any close orbit ¢ by

Ny (€) = %(552”1 - ar—lﬂfhil)dy,
¢

and we obtain:
Ni(7) = j{ (2 — a,_q2* ) dy > 0,
5

i

[¢]

for all i € {1, ..., n}. Next we choose n sufficiently small closed orbits v{, 2, ..., ¥} contained in
the interior of 7, 73, ..., 7% and encircling (0, 1), (0, y2), ..., (0, y,) respectively, such that

Nl(,ﬁ_) = % (x2r+1 - ar—leT_l)dy < 07
i

i
for all ¢ € {1, ..., n}. At this stage, we have proved, by virtue of Lemma 1, that the perturbed

system
T = Hy + €(x2r+1 _ ozrflac%_l), y _ —Hw,

admits, for ¢ sufficiently small, n limit cycles which are located in a neighborhood of each point
p € . Next, we apply the same method and construct a finite sequence ag, 0 < s < r, with
g < ap < --- < ap =1, and n finite families of closed orbits

1 2
(FYS)OSSST’ (78)0S3§T7 LR} (72)0S3§T7
encircling (0, y1), (0, y2), ..., (0, y,) respectively, satisfying the property
’Y.’é-i-lc,y‘i? OSSST—l) 1§2§na
such that the function NV, defined for any close orbit ¢ by
N,.(£) = f{ (2 — 2™+ (—1) ] dy
¢

admits r changes of signs along the orbits ~:
Ne(75) >0, Np(71) <0, ..., 1<i<mn.

Finally, we set f,(z) = 2?1 —a,_12?"7! + ... + (=1)"apx. For each closed orbit 7%, 0 < s < r,
1 <17 < n, we have
N:(vs) = M((0, yi), hy),

with v2 € H=1({h%}). Thus, the Melnikov integrals at each point p € & change their signs r times
along the orbits contained in the continuous bands encircling (0, y;), 1 < i < n. By virtue of the
second statement in the Lemma 1, we conclude that the perturbed system admits, for ¢ sufficiently
small, at least n x r limit cycles that are located by nests of r limit cycles around each point p € &2.
This achieves the proof in the case xg = 0.

The case xy # 0 is easily treated by a change of variable x — x + xg. O

11



Obviously, this theorem applies to the Hamiltonian function G given by (4), when &2 is composed
of points that are located on a vertical axis. It also applies to the Hamiltonian function F' given
by (6). We remark that a similar result is stated in [13] without proof. In [14], it is proved that
co linear centers can be simultaneously perturbed in order to bifurcate into nests of limit cycles,
by using another technique involving the focus values [24], [23]. With that method, the limit cycles
tend to 0 when & approaches 0. This bifurcation is sometimes called the multiple Hopf bifurcation
[23]. At the opposite, in our reasoning, the limit cycles tend to the non isolated closed orbits 7%,
0<s<r,1<1i<n, when ¢ decreases to 0. Another important fact has to be emphasized, about
the coefficients g, 0 < s < 7, of the perturbation f,,. Indeed, those coefficients depend on the
choice of the closed orbits 'yg, 0<s<r,1<1i<n. However, we can estimate uniformly the values
of the perturbation given by (14).

Proposition 4. Let f,, be the polynomial perturbation constructed by the Theorem 3, given by the
expression (14), with coefficients as, 1 < s < r, satisfying the property (15). Let n €]0, 1], 21 € R
and p1 be any point of the axis x = x1. Then, there exist positive constants k;, 1 < j < 2r 41,
which depend only on xqg, x1 and r, so that for all (a, b) in the closed ball B(p1,n), we have

& f,
dxd

(a)‘<kj, 1<j<2r+1. (16)
Proof. By virtue of equation (15), we have for any b € R:
fro(@)] < las(a — o)1 <D fa—wo[*F
s=0 s=0

Now, if (a, b) € B(p1, 1), we have

3

2s5+1
oo (@) < D (la—a1| + |21 — 20])

2s+1
2s+1 ; i
> ( ' )'a_”“"ﬂj |z — o1
0 j=0 J
2 1 . .
C T
J
r

s+1
s+1
2s+1 25+1—3j
S ( ] > |.’£1 - .’ﬂ0| s J 9

s=0 j=0

w
Il
o

M-

S

NS

T

IN

s=0 j=0

NS

since 7 < 1. We obtain the expected estimation by setting

r 2s+1
2541 i
=S (Pl
s=0 j=0 J
o d’ fu, . -
The estimation for ﬂ(a) is proved by similar arguments. O
x

Those uniform bounds will be used in the last section, in order to build a perturbation of a grid
of centers.

Example 1. Let us consider the perturbed Hamiltonian system obtained with a family a 3 centers
located on the axis x = 0, & = {(0, 0), (0, 1), (0, 2)}, defined by

t=Gy+ef(z), y=-Gg. (17)
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We have computed the orbits of the perturbed system in two cases. The first case is obtained with
f(x) = 23 — 0.01z, and provokes the birth of one stable limit cycle around each point p € &2. The
second case is obtained with f(x) = 27 — 0.02332° + 0.000144162® — 2.304.10~ 7z, and leads to the
emergence of two stable limit cycles encircling one unstable limit cycle around each point p € £2.
Since the unstable limit cycles are repulsive, the orbits starting in a neighborhood of those limit
cycles are pushed towards the stable limit cycles. The corresponding phase portraits are depicted
in Figure 5. We remark that the perturbation is oriented along a single direction, thus the limit
cycles present a flattening. A numerical approximation of the displacement function for the point
(0, 0) is shown in Figure 6, in order to visualize the link between its zeros and the limit cycles in
the perturbed system. <

. 91 | -

/ - - . 0.8
N —0.1 0 0.1
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0.5 —-0.5 0.5 -05 0 05
(a) (b) (c)

Figure 5: Perturbation of a line of 3 centers. (a) The unperturbed system (17) obtained for € = 0 admits
3 non-degenerate centers located on the axis x = 0. (b) Under a suitable perturbation of degree 3, the
perturbed system (17) admits 3 stable limit cycles. (c¢) Under a suitable perturbation of degree 7, the
perturbed system (17) admits 6 stable limit cycles and 3 unstable limit cycles.

o @ © @
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We continue with the construction of a perturbation that makes centers located on a circle
bifurcate into nests of limit cycles. The perturbation is oriented along the radial direction stemming
from the origin. Similar perturbations have been studied in [25].

Theorem 4. Let & = {(x;, vi), 1 <1 < n)} be a family of n points located on a circle of positive
radius p, centered at the origin. Let r be a positive integer, and H be a polynomial Hamiltonian
function such that each point p € &2 is a non-degenerate center for the Hamiltonian system

t=H,, y=-—H,.
Then there exists a polynomial f of degree 2r + 1, such that the perturbed system
& =Hy+ecf(z®+y°), §=—Ho+eyf(a®+y?)

admits at least n X r limit cycles for e sufficiently small, that are located by nests of r limit cycles
in a neighborhood of each point p € Z.

Proof. By assumption, each point p € & is a non-degenerate center for the unperturbed system

i=H, §=-H,

13
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Figure 6: Displacement functions for a cross section by the axis y = 0, in the neighborhood of (0, 0), for
the example 1. In the first case, the perturbation is of degree 3, thus the displacement function admits a
unique zero. In the second case, the perturbation is of degree 7, and the displacement function admits 3
zeros. When the derivative of the displacement function at one of those zeros is negative, the corresponding
limit cycle is stable. When it is positive, the corresponding limit cycle is unstable.

By virtue of Theorem 1, for each p = (x;, y;) € &2, there exists a continuous band of closed orbits
~;, encircling p = (x;, ¥;), 1 <4 < n. The Melnikov integral at p is given by

M(p, hy) = ]4 2f(e® + )y — yf(a® 4+ y)da

i
Th

- //h [aax(mf(x? +u) + (%(yf(ﬁ +y%)) | dady
= 2//2 [F(a? +12) + (22 + y2) (22 + )] dady,

where T, denote the interior of the closed orbit . We introduce q(u) = f(u) 4+ uf’(u), choose real
coefficients 3,, 0 < s < 7, by the same method as in the proof of the Theorem 3, and we set

T

q(u) =Y (=1 Bau*,

s=0

so that the integrals [ fr q(2® 4+ y?)dady change their signs 7 times along the orbits encircling each
h
point p € &. Finally, we determine f by solving the equation f(u) + uf’(u) = ¢(u). It suffices to

—_1)n—s ;
set ag = ()76 for each s € {0, ..., r}, and
1+s
flu) = Z asu®s T,
s=0
The polynomial f(u) satisfies the expected properties. This achieves the proof. O

Example 2. We have computed the orbits of the perturbed system for

2 ={(2,0), (vV2,V2), (0,2), (V2, —V2)},

14



with f(r) =3 —0.01r, r = 22 + 3% — 4, and
::c =H, +exf(r) (18)
y=—H; +eyf(r).

According to the Theorem 4, each non-degenerate center bifurcates into a limit cycle. The corre-
sponding phase portraits are shown in the Figure 7, as well as a numerical approximation of the
displacement function in a neighborhood of the point (2, 0), with a cross section by the horizon-
tal axis. We remark once again the typical flattening of the limit cycles, due to the fact that the
perturbation is oriented along a single direction. N

(@) 2p o) | 0.1
°‘
1 Lr . 0
yA !
_ / 2 2.1
of of £ 4
” : T
R {-14
~1} : —1) S
..__o) — 1 V | | | —1.45
| | | | sl |
0 1 2 0 1 2 14 L5
() (b)

Figure 7: (a) Phase portrait of the system (3) for £ = {(2, 0), (v/2, v/2), (0, 2), (v/2, —v/2)}, showing
4 non-degenerate centers, encircled by continuous bands of closed orbits, located on a ring. (b) Under a
suitable perturbation oriented along the normal of the unit circle, each non-degenerate center bifurcates
into a single limit cycle of small amplitude.
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Figure 8: Displacement function in the neighborhood of the point (2, 0) in the system (18), obtained for a
cross section by the horizontal axis. The zero of the displacement function corresponds to the birth of the
limit cycle in the perturbed system (18). The derivative of the displacement function is negative, thus the
corresponding limit cycle is stable.
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3.8. Perturbation of a Hamiltonian system along its gradient

In this section, we prove that any planar polynomial Hamiltonian system admitting centers can be
perturbed along its gradient, so that each center bifurcates into a nest of limit cycles.

Theorem 5. Let consider any planar differential system of the form
t=H,+eH,f(H), y=—-H,+eH,f(H), (19)

where H, f are polynomials and € is a real coefficient, admitting a finite number of non-degenerate
centers p1, ..., Pn- Then f can be chosen so that each non-degenerate center p;, 1 < i < n, of the
unperturbed system (19) obtained for e = 0, bifurcates into a given number r > 0 of limit cycles for
€ sufficiently small.

Proof. Assume that p = (Z, §) is a non-degenerate center for the unperturbed system (19) ob-
tained for ¢ = 0. By virtue of the Theorem 1, there exists a continuous band of closed orbits
Yh,5 C H™1({h}) encircling p, with h €]0, ho], and we have

(HyoHyy — Hz,) (2, §) > 0.

It follows that H,.(Z, y) X Hyy(Z, y) > 0, thus Hyy(Z, y) and Hyy(Z, y) have the same sign. Let
us suppose for instance that Hy,(Z, y) > 0 and H,,(z, y) > 0. Then we have

Now, let us choose a closed neighborhood W of p = (Z, y) and a positive coefficient «, for which
we have

me(xv y) + Hyy(xa y) > a> 07 V(xv y) € Wﬁ‘
We compute the Melnikov integral at p = (Z, §):
M(p, h) = ¢ H.f(H)dy — Hyf(H)dx
Yh,p

= f(h) Hmdy - Hydl‘,

Yh,p

since H = h along the orbit v; 5. It follows that
M. )= £0) [ (How o+, )dndy,
Fh’];

where I'y, 5 denotes the interior of 73 5. Next, we choose f so that it admits r zeros hy, ho, ..., h,
in the interior of ]0, ho]. Those zeros can be chosen in such a way that f’(h;) # 0, and v, 5 C W,
1 <4 < r, for all non-degenerate center p. Since f(h;) = 0, we can deduce that M (p, h;) = 0, for
1 <i < r. Afterwards, we introduce

vy = ([ (oot )

h,p

and we compute the derivative of the Melnikov integral at p with respect to h:
M'(p, h) = f'(h)¥(h) + f(R)Y'(R).

Since f(h;) = 0, we have M'(p, h;) = f'(h;)¥(h;), for each i € {1, ..., r}. Furthermore, it holds
that

(hi) = // (Hayw + Hyy)dady = [Ty, | > 0,
th B
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where |I'y, 5| denotes the area of 'y, 5. It follows that M'(p, h;) # 0. By the same method, we
can treat the case when H,,(Z, §) < 0 and Hy,(Z, y) < 0. The first statement of the Lemma
1 applies, and guarantees the existence and uniqueness of a limit cycle bifurcating from -y, 5, for
each i € {1,..., r}, thus a nest of r limit cycles encircling p. Since the reasoning holds for each
non-degenerate center p, we have proved the existence of n nests of r limit cycles encircling each
non-degenerate center of the system (19). The proof is complete. O

This Theorem applies to the Hamiltonian systems (3), (5) and (7) introduced previously. In
particular, by choosing n = r, it guarantees the existence of polynomial perturbations under which

n? centers can bifurcate into n3 limit cycles, distributed by nests of n limit cycles. However, it is

obvious that the constructed polynomial perturbation (Hx f(H), Hyf(H ))T has a degree which is
not of order n, but of order n2. Thus the necessity to improve the construction of the perturbation.

It is remarkable that the system (19) can be viewed as a Hamiltonian system perturbed by a
gradient system. Indeed, it can be rewritten

t=Hy+eK,, y=-H,+cK,, (20)

where K = F(H), F being a primitive of f. Many properties of that system can be analyzed addi-
tionally, for instance the possibility it offers to make continuous bands of periodic orbits encircling
multiple critical points, bifurcate into limit cycles of great amplitude, or polycycles (see example 4
below). For those reasons, we consider that the system (20) is canonical.

Example 3. Let us consider again the Hamiltonian system presented in the first section, defined
by
T = Gyv y = _va

where G = G(2), with & = {(-1, 0), (0, —1), (1, —1), (1, 1)}. We introduce the polynomial
f(u) = 0.01u — u?, and perturb the latter system along its gradient by considering the system

i =Gy 4G f(G), §=—Gqa+eGyf(G).

According to the Theorem 5, each point in & bifurcates into a single limit cycle (see Figure 9). We
remark that the 4 limit cycles have different radii. Since they have been obtained by a perturbation
along the gradient of the energy levels of the Hamiltonian function G, they present an homogeneous
shape, at the opposite of the limit cycles obtained by a perturbation along a single direction, which
present a flattening. <

1 o
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Figure 9: (a) Phase portrait of the system (3) with & = {(-1, 0), (0, —1), (1, —1), (1, 1)}, showing
continuous bands of closed orbits in the neighborhood of each point p € &?. The green lines correspond
to the orbits of its gradient. (b) Under the effect of a suitable perturbation, each non-degenerate center
bifurcates into a unique limit cycle. (¢) The limit cycles present an homogeneous shape, without flattening.

Example 4. Next, let us consider the system defined by

i =Gy +eGof(G), §=—GCyp+eG,f(G), (21)

17



where G = G(2) with 2 = {(-1, 0), (1, 0), (0, —1), (0, 1)}, and f(u) = u— 3. The unperturbed
system admits 4 non-degenerate centers located at each point of &2, and a saddle at the origin, with
four homoclinic orbits starting and ending at this saddle, corresponding to the energy level G = %
The perturbation function f is chosen according to this energy level, thus the perturbed system
exhibits 5 limit cycles, with 4 limit cycles corresponding to the homoclinic orbits of the unperturbed
system, and 1 limit polycycle passing through the saddle, and attracting the orbits which start in
the exterior of the homoclinic orbits. (see Figure 10). Q

Figure 10: Phase portrait of the system (21), showing 4 limit cycles corresponding to the homoclinic orbits
of the unperturbed system, and 1 limit polycycle passing through the saddle, and attracting the orbits which
start in the exterior of the homoclinic orbits.

Conclusion and perspectives

By introducing a new class of Hamiltonian systems, we have proposed various situations in which
a planar polynomial system admits a given set of non-degenerate centers that can be arbitrarily
located. We have constructed polynomial perturbations which provoke the bifurcation of those
centers into nests of limit cycles. Many geometric distributions have not been studied in this article,
thus we believe that our method is likely to produce improved results.
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