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FOR POLYNOMIAL DIFFERENTIAL SYSTEM WITH
HOMOGENOUS NONLINEARITIES

JAUME LLIBRE!, RAFAEL RAMIREZ2 AND VALENTIN RAMIREZ3

ABSTRACT. We consider polynomial vector fields of the form

0 0
X =(-y+Xm) - Yim)
(y+ Xn) o+ (o4 V)

where X = Xm(z,y) and Y, = Y (z,y) are homogenous polynomials of
degree m. It is well-known that X has a center at the origin if and only if X’
has an analytic first integral of the form

o0
H= %(z2+y2)+ZHj
j=3
where H; = H;(x,y) is a homogenous polynomial of degree j.

The classical center-focus problem already studied by H. Poincaré consists
in distinguishing when the origin of X is either a center or a focus. In this paper
we study the inverse center-focus problem. In particular for a given analytic
function H defined in a neighborhood of the origin we want to determine the
homogenous polynomials X, and Y;, in such a way that H is a first integral
of X and consequently the origin of X will be a center. Moreover, we study
the case when

1 oo 2 -
H:§($ +y°) 1+;T;‘ )

where T; is a convenient homogenous polynomial of degree j for j > 1.

The solution of the inverse center problem for polynomial differential sys-
tems with homogenous nonlinearities, provides a new mechanism to study the
center problem, which is equivalent to Liapunov’s Theorem and Reeb’s crite-
rion.

1. INTRODUCTION
Let
0 0
X=P— =
oz 9
be the real planar polynomial vector field associated to the real planar polynomial
differential system

(1) IE:P(IL’,y), y:Q(-T,y),
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where the dot denotes derivative with respect to an independent variable here called
the time ¢, and P and @ are real coprime polynomials in R[z,y]. We say that
polynomial differential system (1) has degree m = max {degP, degQ}.

In what follows we assume that origin O := (0,0) is a singular or equilibrium
point, i.e. P(0,0) = Q(0,0) =0.

The equilibrium point O is a center if there exists an open neighborhood U of
O where all the orbits contained in U \ {O} are periodic.

Assume that the origin of the polynomial differential system (1) is a center. It
is well-known that, after a linear change of variables and a constant scaling of the
time variable (if necessary), system (1) can be written in one of the next three
forms:

T = —y+X(£L’,y), y = $+Y(£C,y),
&= X(z,y), y = Y(z,y),

where X (z,y) and Y (z,y) are polynomials without constant and linear terms de-
fined in a neighborhood of the origin. Then the origin O of the polynomial differ-
ential system 1 is called linear type, nilpotent or degenerate if after a linear change
of variables and a scaling of the time it can be written as the first, second and third
system of (2), respectively.

We shall study the differential system of the linear type
(3) T=—y+ Xn(r,y), ¥=2+Yn(z,y)

where X,, = X,,(z,y) and Y,,, = Y,,(z,y) are homogenous polynomial of degree
m. The classical Poincaré center-focus problem asks about conditions on the coef-
ficients of X,,, and Y, under which all trajectories of (3) situated in a small open
neighborhood of the origin are closed. This problem was solved for system (3) for
m = 2,3 (see for instance [2, 16, 20, 21, 22]).

The necessary and sufficient condition for O to be a center for analytic vector
fields was obtained by Liapunov (see for instance [12, 9]) and Poincaré for the
polynomial vector fields.

Theorem 1 (Poincaré-Liapunov Theorem). A planar analytic differential system

o0

(4) t=—y+> Xj(xy), v=x+Y Yi(zy),
j=2 j=2

has a center at the origin if and only if it has a first integral of the form

(5) H:ZHj(Q?,y):%($2+y2)+ZHj(.’L',y)7

j=3
where X;, Y; and H; are homogenous polynomials of degree j.

Now we shall recall the Reeb’s criterion for solving the center problem.

We need the following definitions and concept. The definition of integrating
factoris standard and well-known, we recall here the definition of inverse integrating
factor of system (1). A function V' = V(x,y) is an inverse integrating factor of
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system (1) in an open subset U C R? if V. € CY(U),V # 0 in U and

ox dy Oz * or Oy

The first integral F' associated to the inverse integrating factor V' is given by the

line integral
P Q
F = ——d —d

We note that {V = 0} is formed by orbits of system (1). The function 1/V defines
an integrating factor in U\{V = 0} of system (1) which allows to compute a first
integral for system (1) in U\{V = 0}.

We consider now the relation between the existence of a center and the existence
of an integrating factor, for analytic vector fields. The main result is given by the
following theorem which is equivalent to Theorem 1.

'(v) 2(V)
Ve A e p Q%Z:V(aerm).

Theorem 2 (Reeb ’s criterion [18]). The analytic differential system (4) has a
center at the origin if and only if there is a local nonzero analytic integrating factor
of the form V =1+ h.o.t. in a neighborhood of the origin.

Consequently, to show that a singular point is a center we have two basic mech-
anisms: the Poincaré-Liapunov’s Theorem and the Reeb’s criterion.

The main objective of the present paper is to propose a new mechanism to solve
the center problem for systems (3). We shall analyze the center problem from the
inverse point of view (see for instance [10, 19]). Indeed given an analytic function
H of the form (5) we shall determine the homogenous polynomials X,, and Y,, in
(3) in such a way that the function H is a first integral of the differential system

(3)-
2. PRELIMINARY RESULTS

In the proofs of the main results that we proposed in this paper it plays an
important role the following results .

The proof of the next result can be found in particular in [16].
Theorem 3. For system (4) there exists a formal power series

00 1 0
W = Z Wn = 5(.'132 +y2) + ZWH($7y)7
n=2

n=3

where W; = W;(z,y) is a homogenous polynomial of degree j such that

dw oW, oW, >
= <x+3+ 4+---) —y+ ) X;(y)
j=2

dt ox ox
oWs W, >
(6) +< + 278 4+...) z+ Y Yi(z,

’Uj(il'2 + y2)j+1’

|
_Mg

<
I
o
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where v; are the Poincaré-Liapunov constants. This derivative is calculated on the
solutions of system (4).

Clearly if the constants v; = 0 for j € N then there exists a first integral
1 oo
Hi= 5@+ ) + > Hj,
j=3

where H; is a homogenous polynomial of degree j. Consequently the origin is a
center. If there exist a first non—zero Liapunov constant v;, then in view of the
relation
aw
dt
the origin is a stable focus if v; < 0 and unstable if v; > 0.

— vj(;vQ + y2)j+1 + ...,

As usual the Poisson bracket of the functions f(z,y) and g(z,y) is defined as

(gpm L2800

We will need the following result.

Proposition 4. The following relation holds

2

{H,, U}| dt =0,

xr=cost,y=sint
0

for arbitrary C1 function ¥ = ¥ (z,y) defined in the interval [0, 27].

Proof. Indeed, if we change x = cost, y = sint then it is easy to show that

ov ov _ d¥(cost, sint)
dt )

{Ha, U, cos s, ymsint = "5y Vor =

r=cost,y=sint

Hence,

27
. t=2
/O {H2’ qj}|z:cost,y:sint dt = \I/(COSt, s1n t) t:Oﬂ' =0.

O
The following result due to Liapunov (see Theorem 1, page 276 of [12]).
Theorem 5. If all the roots A1, ..., A\, of the equation
P11 — A P21 S Pn1
P12 P2 — A ... Pn2 -0
Pin Dan cer DPnn— A
are such that the relation
A=miA 4+ ...+ My,
is mot vanishing for arbitrary non-negative integers my, ..., my, linked by the ex-

pression
m=mq+...+my, #0.
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Then for arbitrary given homogenous polynomial U = U(xy,...,x,) of degree m
there exists a unique homogenous polynomial V.=V (x1,...,xz,) of degree m which
s a solution of the equation

n

oV

j=1
In particular, for n = 2 the partial differential equation

oV oV
(7) xaiy—y% ={Hy,V} =1,

has a unique solution V' if and only if
A1my 4+ Aame = i(mqg —ma) #0, with m = mq + ma.
A simple consequence of Theorem 5 is the following result.

Corollary 6. Let U = U(x,y) be a homogenous polynomial of degree m. The

linear partial differential equation (7) has a unique homogenous polynomial solution

V' of degree m if m is odd; and if V is a homogenous polynomial solution when

m is even, then any other homogenous polynomial solution is of the form V +

c(x? + y?)™/? with ¢ € R. Moreover, for m even these solutions exist if and only if
2

A U(x’ y”x:cost, y=sint dt = 0.

3. STATEMENT OF THE MAIN RESULTS
The main results are divided in three subsections

3.1. Differential system (3) with local analytic first integral of the form
H = (2% + y?)/2 + h.o.t.. We state and solve the following inverse problem of the
center for differential system (3).

Problem 1 Determine the polynomial planar vector fields of degree m
0 0
X =(- Xm) 7o Y )+,
(04 K)o+ 0+ Vo) 5
where X, = X (2,y) and Yy, = Yo (z,y) are homogenous polynomial of degree m,
for which the given analytic function (5) is a local analytic first integral.

The inverse problem 1 has been solved in the following main theorem which
provide the expressions of the polynomial differential systems (3) in function of its
first integral (5).

Theorem 7. A polynomial differential system (3) associated to polynomial vector
field X has the function (5) as a local analytic first integral if and only if the system
can be written as

8) *=—y+{Hmni1, 7} +gm1{Hz, 2}, ¥=2+{Hni1,y} +gm1{H2,y},

where gm—1 = gm-1(x,y) is an arbitrary homogenous polynomial of degree m — 1
and the infinite numbers of the following partial differential equations hold

(9) Xp(Hg) + {Hy, Hppk1} =0 for  k>2,

where

0 0
X = ({Hmt1,7} + gm—1{Ha2,2}) o + ({Hmy1,y} + gm—1{H2,y}) 87/’
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i.e. the polynomial vector field X has the first integral (5) if and only if it can be

0 0
written as X = —ya— + :1:8— + X, where the vector field X, satisfies (9).

Theorem 8. Differential system (3) has a center at the origin if and only if it can
be written as

1+ gma 14 gma
1 = H, = H,
(10) EEI = ),
where H is an analytic functions such that
1+A
H= ———dHp 1+ (1+AN)dHs |,
(11) L (1 I 1+ ( ) 2)

and A = A(z,y) is an analytic function in the neighborhood of the origin satisfying
the partial differential equation

(12) {HmH,HA} 4 {Hy, A} = 0.

1+ Im—1
2T
1+ A
Thus/ {Hm+17+}
0 I+ Im—1 xr=cos t,y=sint

alent to Theorem 7, i.e. differential system (8) coincides with differential system
(10), (11) and condition (9) coincides with condition (11), (12).

dt = 0. Moreover, this theorem is equiv-

Theorems 7 and 8 have the following corollary.

Corollary 9. Under the assumptions of Theorem 8 the next statements hold.

(a) If m is odd then H(—xz,—y) = H(z,y). Hence the phase portrait of system
(3) having a center at the origin is symmetric with respect to the origin,
and has an odd number of centers.

(b) If system (3) has a center at the origin then

dt = 0.

T OX g (z)  0Xm(y)
13 / ( e )
( ) 0 Ox ay r=cost,y=sint

We note that statement (b) of Corollary 9 follows from Theorem 2 of [8].

Remark 10. (a) From Theorem 7 it follows that a polynomial differential sys-
tem (3) has a center at the origin if and only if it can be written into the
form (8) with the complementary conditions (9). Consequently we have
a new mechanism to solve the center problem for polynomial differential
systems of the form (3) which is equivalent to the Poincaré—Liapunov’s
Theorem and to the Reeb’s criterion.

(b) From Theorem 8 it follows the equivalence between Reeb’s criterion and
Theorem 7, but the criterion which we propose provides a complementary
information of the structure of the differential system (3) having a center
and the structure of its integrating factor and the integral form of the first
integral H.

(c) We note that the Poincaré—Liapunov first integral given in (5) for systems
(3) is computed in (11).
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(d) Given a system (3) we can determine the homogeneous polynomials Hp, 11
and Gm-1 which appear in (8). Now solving with respect to the function
A the linear partial differential equation of first order (12), if we get an
analytic solution defined in a neighborhood of the origin, then we have solved
the center problem for systems (3).

The proofs of the results of the subsection 3.1 are given in section 4.

3.2. Differential system (3) with local analytic first integral of the form
H = (22 +y?)/2 (1 + h.o.t.). We say that differential system (1) has a weak center
at the origin if this system has a local analytic first integral of the form

1 oo
H:§(x2+y2) 1+;Tj(x,y) ,

where T; is a convenient homogenous polynomial of degree j.

The interest for this type of centers becomes in particular from the fact that any
linear type center is locally a weak center (see Remark 22).

In the study of weak centers plays a fundamental role the following polynomial
differential system of degree m

(14) z=—y(1+ D)+ xp, y=z(l+ D)+ yp,

where ® = ®(z,y) and ¢ = p(z,y) are convenient polynomials of degree at most
m — 1. It is easy to observe that the singular points of this differential system are
on the intersection of the curves

(@ +y*)p(z,y) =0, (@ + )1+ 2(z,y)) = 0.
Thus, by Bezout Theorem, the maximum number of singular points of system (14)
is (m —1)? + 1. In particular if ® = 0 then the only critical point is the origin.

The aim of the following results is to study the existence of the weak centers for
polynomial differential systems with homogenous nonlinearities.

Proposition 11. Assume that the polynomial differential system (3) has a center
at the origin of coordinates. Then this center is a weak center if and only if this
system can be written as

. +1

r= -y (1 +gm—1 + n]?’rm—l) + g{Tm—laHQ}a
(19 L

= <1+gm1+mQTm1> +%{Tm717H2}7

where gm—1 = gm-1(z,y) and Y,y1 = Th1(z,y) are homogenous polynomials of
degree m — 1, i.e. system (3) can be written as system (14) with ® and ¢ such that

m+1 1
D =gy + Trm—h Y= §{Tm—1,H2}~
Now we introduce the following concepts that we need further.
Let R[z,y] be the ring of all real polynomials in the variables 2 and y, and let

0 0
(16) X =P+ Qa—y
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be a polynomial vector field of degree m. Let g = g(z,y) € Rlz,y]. Then g =0 is
an tnvariant algebraic curve of X if

dg dg
xXg=r Q¥ =K
g 8m+Q8y 9

where K = K(z,y) is a polynomial of degree at most m — 1, which is called the
cofactor of g = 0. If the polynomial g is irreducible in R[xz,y], then we say that
the invariant algebraic curve g = 0 is irreducible, and that its degree is the degree
of the polynomial g. A first integral F' of the polynomial vector field (16) is called
Darboux if
F = S@nMen gz y) ... g (z,y),

where G, h, g1, ...,9r, g, h are polynomials and Aq,..., A, are complex constants.
For more details on the so—called Darboux theory of integrability see for instance
Chapter 8 of [6].

We introduce the following definition. We say that polynomial vector field X of
degree m is quasi—-Darboux integrable if there exist r polynomial partial integrals

gi,--.,g, and s non-polynomial partial integrals fi,..., fs analytic in D C R?
satisfying
af; af;
X(f)) =P L =K. f;
(fj) ax +Q8y jfja
where K; = Kj(x,y) is a convenient polynomials of degree m — 1, for j =1,...,s

such that the function

F = eG(I,y)/h(r,y)gi\l(ZE7 y) g () e
where A1,...,A\r, K1,...,Ks, are complex constants, is a first integral. We observe
that a generalization of the Darboux theory was developed in the paper [7], which
evidently contain the above definition, but for our aim we shall use the definition
of quasi-Darboux integrable.

Conjecture 12. Differential system (15) with a weak center at the origin is quasi—
Darbouzx integrable.

This conjecture is supported by several facts which we give below.
Example 13. Polynomial differential system with weak center at the origin
b= —y(l+a*+42%y? —y?) = —y(1 + 322y* — y*) — 2%y (a? + y?),
g= a((1+2%(2® —y?) = 2(1 + 32%y —y') —2y?(a® +9?),
is quasi-Darbouz integrable.
Indeed, this system has the following polynomial partial integrals
g=2" + (1+9%)? =2+ (1-¢%)? g=Ho= (2 +4°)/2,
such that
g1 = 2xy (2 +22— 3y2) g1, G2 =2xy (—2 +22— 3y2) go, g3 = —megg.
It is easy to show that the analytic in R? function f = 4 — 2g3 logZ—; is a partial

: H
integral such that f = —4xygs f. Consequently we have the first integral F = =2

v

which has the Taylor expansion at the origin F' = Ho(1 + h.o.t.).
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Theorem 14. Polynomial differential system (15) under the assumption

2
Y1 = =28 gm— —— 0(H>),
1 Bg 1+m+1 (Hs)

with

0(H,) = vH™ V2 ifm s odd,
2 0 if m is even,

i.e., the polynomial differential system

x _y(1+(1_(m—"_l)ﬁ)gmfl+9(H2))+ﬂx{H27gmfl}v

(17)

= x4+ 1=(m+1)B)gm-1+0(H2)) + By{Hz, gm—1},

where Hy = (22 +42)/2, gm—1 = gm_1(x,y) is a homogenous polynomial of degree
m and 3 and v are constants, is quasi-Darboux integrable. Moreover a first integral
F is given in the following.

(a) If 1 — (m+1)8)8(1 —28) # 0 and m is even, then
Hy
(14 (1= 28) g—1)*/ 727

The algebraic curves Hy =0 and 1+ (1—28) gm—1 = 0 are invariant curves
with cofactors 2B{Ha, gm—1} and (1 — 28){Ha, gm—1}, respectively.
(b) If (1 — (m+1)B)B(1 —28) # 0 and m is odd, then

Hy

F= >2ﬁ/<1—2ﬁ) '

(1-28) o
<1+1—(m+1)5((1(m+1)ﬂ)9m—1+uH2 )

The algebraic curves
(1-26)
1-(m+1)8

are invariant curves with cofactors 28{Haz, gm-1} and (1 —25){Hz, Gm-1},
respectively
(¢) If B=1/2 and m is even, then F' = Hoe 9m-1,
(d) If B=1/2 and m is odd, then F = Hye 9m-1+2v/(m=1)
In the cases (c) and (d) Ha = 0 is invariant curve with cofactor { Ha, gm—1}/2.
(e) If =0, then F = Hj.
(f) If B=1/(m+1) and m is even, then

H,

1+m_1 2/(m—1)"
m+ lgmfl

Hy=0 and 1+ (L= +1)8) gmr +w HE" V) =0

Hévnfl)/2

The algebraic curves Hy =0 and 1+ (m—1) gpm—1/(m~+1) = 0 are invariant
curves with cofactors 2{Ha, gm-1}/(m=+1) and (1—m)/(m+1){Hz, gm-1},
respectively.

(g) If B=1/(m+1) and m is odd, then
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The algebraic curve Hy = 0 and the non-polynomial curve defined in R*\{0}
by

m—1 m—1
RS
are invariant curves with cofactors 2{Ha, gm—1}/(m+1) and (1—m)/(m+
1){Ha, gm—1}, respectively.

=" D2 108 Hy =0,

f('r’y) =1+

-1
Remark 15. We observe that the function Q : f(x,y) = 1+ Lﬂg"kl B
m
-1 _ (- . o Lo .
VLHé V/210g Hy is an analytic in R2\{0}, which in polar coordinates be-

2

-1
comes f(rcosf,rsinf) =1+ T 17””””*lgm_1(cos 0,sin0) — v(m — 1)ry log r,
m
and satisfies
ok
}gr%)f(rcosﬁ,rsmﬁ) =1, ll_l’)r(l)? (f(rcos,rsin®)) =0,

fork=1,...,m—2.

We recall that the singular point of system (1) located at the origin is an
isochronous center if all the periodic solutions in a neighborhood of the origin has
the same period.

A center O of system (1) is a uniform isochronous centerif the equality zy—y& =
k(22 +y?) holds for a nonzero constant x; or equivalently in polar coordinates (r, 6)
such that 2 = rcos, y = rsin 0, we have that § =  (see for instance [11]).

Proposition 16. A polynomial differential system (3) has a uniform isochronous
center at the origin if and only if this system can be written as (17) with 6(Hz) =0
and B =1/(m+1), i.e.

x

= —y+——{H2,gm-1},

x y+ —y 1{ 2, gm—1}
(15) "

] = H p—

y= o+ {2 gm1},
where Hy = (22 + y%)/2 and gm—1 = gm—1(z,y) is a homogenous polynomial of
degree m — 1. Moreover, this system has the first integral

Hy

1+m_1 2/(m—1)"
m+ 1gm—l

which has the following Taylor expansion F := H = Ha(1+ h.o.t.) at the origin the
coordinates Consequently the uniform center (18) is a weak center.

This proposition has the following corollary.

Corollary 17. The solutions of (18) in polar coordinates (r,0) are
1/(m-1)
C
C(m—1) ’

— T—Hgnl_l (COS t, sin t)

0=t, r=

where C' is an arbitrary constant.
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Note that Proposition 16 characterizes the form of the polynomial uniform

isochronous centers with homogeneous nonlinearities and improves previous results
of Conti [4].

Remark 18. Differential system (17) with 8 =1/(m + 1) and m odd, i.e.
P— —y(l+vH™ D2y L g
€ y( +tv )+m+1{ 2,9 1}7

j= s(l+vHMD2 Y g, g
Y IE( +v )+m+1{ 2,9 1}3

has one singular point if v > 0 and at most (m — 1)? + 1 singular points if v =
—(2/a?)™=1/2 which are on the circle x> +y*> = a®>. Moreover, its first integral

H,

m—1 m—1 m—1)/2 2/(m=1)”
(1 + mgm—l - VTHQ( )/ log H2>

F =

is non-analytic at the origin.

Other particular cases of differential systems with isochronous centers are the
systems which satisfy the Cauchy—Riemann conditions (see for instance [4]).

Proposition 19 (Cauchy-Riemann condition for a center). Let O be a center of

(1). Then O is isochronous center if P and Q satisfy the Cauchy-Riemann equations
) or_0Q or_ 0Q
or oy Oy  Ox

A center of system (1) for which (19) holds is called a holomorphic center, which
is an isochronous center, see for more details [13, 14].

Proposition 20. A differential system (3) with a center at the origin has a holo-

morphic isochronous center at the origin if and only if it can be written as (17)
with §=1/(2m) i.e.,

m—1 T
r = — 1 _ —_— _
T y( + o Im 1+9(H2))+2m{H279m 1}
(20)
= a1+ g re(m) ) + Y }
y= @ om Im—1 2 2m 2;9m—17,

and gm—1 = gm-1(x,y) is a homogenous polynomial of degree m — 1 such that
(21)

32 32 _
(5 + 37 ) -1 =

0 if m is even,

v(m—1)(m + 1)mH§m73)/2

if m is odd,

where v is a constant. Moreover, differential system (20) has the first integral
Hy

m—1 1/(m—-1)
1+ ——9m-1
m

Hy

1 . 1/(m—1)
<1 + g1+ v HY WQ)
m

if m is even,

if m is odd,
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and has the following expansion at the origin F := H = Hy(1 + h.o.t.). Thus the
holomorphic isochronous center is a weak center.

Proposition 20 characterizes the holomorphic isochronous centers for the poly-
nomial differential systems with homogenous nonlinearities.
The following result goes back to Poincaré and Liapunov see [15, 12, 17].

Theorem 21 (Poincaré normal form of a nondegenerate center). For a polynomial
differential system (4), there exists a local analytic change of coordinates

(23) u=uz-+ h.ot., v=y+hot.,

and an analytic function ¥V = W(u? + v?) such that the coordinate change (23)
transforms system (4) into the form
0H . OH

(24) U:—%, U= %7

1
where H = 3 / (14 U(u®+0?)) d(u® + v*). Without loss of generality we can
assume that ©(0,0) = 0.
Remark 22. From Propositions 16 and 20 it follows that all the uniform isochronous

centers and all the holomorphic isochronous centers for polynomial differential sys-
tems with homogenous nonlinerities are always weak centers.

It is important to observe that there is not a relation between isochronous centers
and weak centers, i.e. there exist isochronous centers which are not weak centers
and weak centers which are not isochronous centers.

Finally we remark that any linear type center after an analytic change of variables
is locally a weak center Indeed from (24) it follows that there exists a local first
integral F = u? 4 v2.

Proposition 23. A polynomial differential system (14) with a first integral of the
form F = (2? + y*)Q(x,y) where Q(0,0) = 1/2, after the local analytic change of
coordinates

(25) u=2zvVQ v=yVQ,
in a neighborhood of the origin becomes
(26) = (14 ®(u,v))v, v =—(14 ®(u,v))u,

which has the local first integral u?+v?, where ®(u,v) = ®(z,y) l o= Ry (u0), y=Ra (u,0) >
and © = Ry(u,v), y = Ra(u,v) is the inverse transformation of (25).

The next corollary follows from (26) and from the definition of isochronous cen-
ter.

Corollary 24. A polynomial differential system (26) has an isochronous center at
the origin if and only if

T
dd
/ - = = T.
o 1+ ®(u,v)

u=Rcos?Y,y=Rsin v



AN INVERSE APPROACH TO THE CENTER-FOCUS PROBLEM 13

Remark 25. The useful of Corollary 24 is very limited. The problem is that,
although u and v are given by explicitly simple functions of x and y, this is not
necessarily the case for the inverse change of coordinates, i.e. it may be impossible
to give a simple expression of x and y as function of u and v. Since the function
1+ ®(u,v) in (26) is first obtained in (x,y)-coordinates, it may be difficult in the
practice to apply Corollary 24.

u
In view of the relation — = LA follows that if we pass to the polar coordinates
voT

u = Rcos®, v = Rsin1, xr=rcosf, y=rsinb,
then tan1 = tan @ and consequently 9 =4.
From Remark 25 and Proposition 11 we get the following corollary.

Corollary 26. A polynomial differential system (15) has an isochronous center at
the origin if and only if

r do 7
0 m+1 o
L+ gm-1+ ——Tm

2 z=rcos 6, y=rsin

Another important subclass of differential systems (3) with a weak center is
formed by the differential systems satisfying the so called weak condition for a
center (see for instance [1]).

Proposition 27 (Weak condition of the center for polynomial differential systems
(3)). The origin is a center of a polynomial differential system (3) if there exists
€ R such that

0X, Y.,

7 @) (T ) = e+ i),

and either m = 2k is even; or m = 2k — 1 is odd and p # 2k; or m = 2k — 1 is odd,
=2k and (13) holds.

In [5] the author proved that if ¢ = 2m then system (3) has the rational first
integral

22+ y? —2(xYm — yXm)
(22 + y2)m :
Proposition 27 can be improved as follow.
Theorem 28. If a polynomial differential system (3) satisfies (27) and (13), then
it has a weak center at the origin and can be written in the form (17) with § = \/2,
i.e.
. 2—(m+1)A Ax
T = <1 + %gmq + @(Hz)) {Hz, z} + T{H%gmfl}
= H21/)\{F7 x}v

j= <1+2(77;+1))\

(28) o
s + ©(H) ) (Ha. 4} + %5 (Havg 1)

= HyMF.y}

where A\ = 2/, being p the constant with appears in (27). The first integral F is
such that
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(a) If A(A—1)(A—2/(m+ 1)) #0, then

Ho . .
(14 (1= (m+1)A) gny)M Y’ if mis even.
re H
2 . .
(1-)) SYIEESY if mis odd
14+ ————— ((1 - DHA/2) gm— H(m=1)/2
( T mr e (L DA gmor 4 ))
(b) If A =1, then
Hye 9m= if m is even
F:
Hoe—9m—12/(m=2w B D2 e e o4,
(¢) If \ =0 then F = Hs.
(d) If x\=2/(m +1) then
H2 . .
2/(m=1)° if m is even
T P
e m+ 1gm—l
; H2 . .
3 if m s odd.
m—1 m—1 /(m—1)
<1*nl+_1gm_1+ 5 uf{wll>ﬂlogfg>

Moreover the weak center at the origin of system (28) is
(i) isochronous if A = 1/m and

Gr—1(cosf,sin )

2m
/ a6 =0,
0 \/(CGm,l(cos 0,sinf))> + C

(29)

-1
where Gp,—1 = L_Hgmq + 0(H3) and C # 0 is a constant;
m
(ii) @ uniform isochronous if ©(Hz) =0 and A =2/(m + 1) and
(iii) a holomorphic isochronous if A = 1/m and g,,—1 satisfies (21).
From Proposition 28 it follows the next result due to Devlin [5], note that

2—(m+1)A A
X, = <(";)gm1 + 9(H2)) {Ha, @} + S {Ha, g1},

2— (m+ 1)\ A
Yo, = <(2)gm—l + 9(H2)) {Ha, y} + Ty{Hz’gm_l}’

-1
thus for u = 1/m we get 2Y,,—1 — yX;n_1 = (2% + ?) <m2mgm_1 + 9(H2)> =

(22 + y?)Gn—1, and doing the Taylor expansion of the function
Gm—1(cosf,sin0)
\/(C’Gm,l(cos 0,sinf))> + C

with respect to the variable C' in a neighborhood of zero, we get condition (b) of
the next corollary.
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Corollary 29. If (27) and (13) hold, then the polynomial differential system (3)
admits at the origin an isochronous center if and only if
(a) either Q(0) := xY,—1 — me_1|$:COSG,y:Sin9 =0,
2

(b) or it =2m and QF(0)do =0 for all odd k > 1.
0

The results of subsection 3.2 are proved in section 5.

3.3. Polynomial vector fields with homogenous nonlinearities having a
focus at the origin. We state the following inverse problem.

Problem 30. Determine the polynomial planar vector fields
0 0
X = (- Xm a_ Ym a0
(0 + Xn) g + (54 V)
where X = Xm(x,y) and Yy, = Yiu(x,y) are homogenous polynomials of degree
m, for which

(30) XW) = usla? 4 2P,
j=2

o0
1
where W = ZWj, Wy = §(x2 +y?), and W; = Wj(z,y) is a homogenous poly-
j=2
nomial of degree j, v is a Liapunov constant, and not all the v; are zero.
The solution of Problem 30 is given in the following propositions.

Proposition 31. Consider the polynomial vector field

0 0
X = (~y+ szfz)% + (z+ szfz)afy

where Xog—o and Yar_o are homogenous polynomials of degree m = 2k — 2 for
which (30) holds for a given function W. Then the polynomial differential system
associated to X 1s

= —y+{Wo_1,2} + gar—3{Wa,x} == —y + Xop_o(x),

(31) .
y= o+ {Wa_1,y} + gor—3{Wa,y} := o + Xop 2y,
1
where Wy = 5(.%'2 +v?) and gox—3 = gar—3(x,y) is an arbitrary homogenous poly-
nomial of degree 2k — 3, satisfying
(32) ,
KXop—o(Woj_opys) + {Wa, Wajiat = v (2® +32) 11,

Xop—o(Wajro—ar) + {Wo,Waj_1} = 0 for j>k—1
Waj—1 =0, W = vj(z? + y?) T, vj= 0 for j=1,...,k—-1

Remark 32. A polynomial differential system with homogenous nonlinearities hav-
ing a center at the origin can be written as system (8), consequently this system
gives a necessary condition in order to have a linear type center, but this condition
is not sufficient. Indeed from Proposition 31 it follows that the system with a focus
at the origin can be written as (31) which is equivalent to (8), but not all systems
(31) satisfy the conditions (9) for providing a center. In particular it is well known
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(see [2]) that any quadratic differential system with a center or a focus at the origin

can be written as the systems
(33) T = -y — )\3%2 =+ (2)\2 + )\5):cy + Aﬁyz,
U= x4+ Xx?+ (2A3 + \)xy — A2y?,

or equivalently (see (8) for m = 2) in to the form
& ={Hz+ Hs,z} + g1{H2,2}, y={Hz2+ Hs,y}+g:1{Hz, v},
with
Hjz = % (A2 +A5) 2% + Aza?y — %(/\4 +X6)y® — Aazy?,
g1 = My — Asz.
So this proves that the systems of the form (8) not always has a center at the origin.

Proposition 33. Consider the polynomial vector field
0 0
X=(~y+Xop_1)=— Yop_1)=—
(—y + Xox 1)8$+($+ 2k 1)8y’
where Xog—1 = Xog—1(x,y) and Yop—1 = Yop—1(z,y) for k > 2 are homogenous

polynomials of degree 2k — 1 for which (30) holds for a given function W. Then the
polynomial differential system associated to X is

b= —y+ {Wak, a2} + gor—2{Wa,z} + vp_1z (22 + y?)k !
= —y+ Xop_1(x,
(34) . 2 2\k—1
y= x+ {Wo,y} + gor—2{Wa,y} + vg_1y (2 + y°)
=+ Xa—1(y),

where gak—o = gak—2(2,y) s a homogenous polynomial of degree 2k — 2, satisfying
Xop—1(Waj_ok) + {Wa, Waj_o} = vj_a(z? +y?)I 7! for j >k,
(35) Waj = vj(z? + y2)7 T, vj= 0 for j=1,....k—1,
Wojpr= 0 for j=1,
where v; is a constant for j =1,...,k—1,.

Corollary 34. The Liapunov constants for a polynomial vector field of degree m
associated to differential system (31) or (34) can be computing as follows.
1 2
(36) vj = % 0 2(‘2kf2(wf2j*2k+5)|3v:cos t,y=sint dt’
where j > k—1, if m =2k —2, and
1 2m
(37) v = o= Xop—1(Waj—_ar)| dt

2T 0 r=cost,y=sint )
where j >k if m =2k — 1.

The results of this subsection are proved in section 6.
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4. THE PROOFS OF SUBSECTION 3.1

Proof of Theorem 7 . Consider a general polynomial vector field of degree m that
we write as

- 0 “ 0
X=Xy | o+ [ Vi | o
= J( y) or ot J( y) ay

where X; and Y; for j =0,1,..., m are homogenous polynomials of degree j. Since
the analytic first integral H starts with Hy = (22 +32)/2, without loss of generality
this implies that Xo(x,y) = Yo(z,y) = 0, X1 (z,y) = —y and Yi(x,y) = x. Hence
the following infinite number of equations follow

dH 0 Hj
= — = o) (= Xo+X5+...
0 H.
—|—(y+ 3+...)(x—|—Y2+Y3—|—...)
dy
= $X2—|—yY2—|—{H27H3}
O H O H
+a X3 +yYs + oo Xy + oYy + {Ha, Hy}
oz y
OH 0 H: OH OH
+:rX4+yY4+ 3X3+ 3YE}+ 4X2+ 4Y’2+{H2,H5}+...
or dy or dy
0 Hs 0 Hj 0 H, 0H,,
X Y, + —X,_ —Y,,_ X Y; Hy, H,
X+ yYo + 1+, Ymot et 5 Xt >+ {Ha, Hypy1 }
Consequently
(38)
QZ‘XQ + y}/2 + {H25H3} = 07
0 H- 0 H-
o X3+ yYs+ oo Xo+ Yo+ {Hy, Hi} = 0,
ox oy
0 Hj 0 Hj 0 H, 0 H,
X Y, X Y- X Y; Hy Hs) =
xXg+yYy + o 3+ By 3+ o 2+ By 2+ {H2, Hs} 0,
0 Hj 0H,, 0H,,
X+ 4V + 28y 4 X Yo + {Hy, Hypyy) = 0,
x +yY, + ay 1+ + or 2+ y 2+{ 2 +1} 0
0 Hj 0 Hs OH i1 O Hpy1
—X,, —Y, X Y- Hs, H, = 0,
oz , T+ oy A O 2+ ay 2+ {Ha, Hpi2}

The first equation of (38) can be rewritten as follows

0 H. 0 H.
[ X0+ =2 )4y (e —=2) =0.
oy ox
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Solving it with respect to X5 and Y5 we obtain

0 H,

Xo= =755 —ygr = {Ha.a} + g1 {Ha v} 1= X(a),
OH

Y, = S rg1 = {Hs,y} + g1{Ha,y} := Xa(y),

ox

where g1 = ¢1(z,y) is an arbitrary homogenous polynomial of degree one. By
substituting these polynomials into the second equation of (38) we get

OH,  OH, OH,  OH;\
JC<X3— By + 0 8y>+y<YS_ 9z Y 8x>_0

By solving this equation with respect to X3 and Y3 we have

OH 0 H.
X3= — 8y4 - q 8y3 —ygo = {Hy,z} + g1 {Hs, 2} + go{Ha, x} := X3(x),
3H4 3H3

}/3 + xrg2 = {H47y} + gl{H37y} + 92{H27y} = X3(y)a

ox 9 ox

where go = g2(x,y) is an arbitrary homogenous polynomial of degree two. By
continuing this process we obtain Xy, Yy, ..., X, Yo,

Xm = {Hm+1,$} + gl{Hma SU} + .+ gm—l{H27x} = Xm(m)v
Yo = {Hm+1>y} + gl{H’rmy} ot gm—l{H2a y} = Xn(y),

where g; = g,(,y) is an arbitrary homogenous polynomial of degree j. In particular
ifX;=Y;=0 for 1<j<m—1then for simplicity we assume that

(39) H.=0 for 3<k<m and g; =0 for 1<j<m-—1.
Consequently X, and Y;,, becomes

X = A{Hmy1,2} + gm-1{Ha, v} 1= X (x),

Yin = {Hpmt1,y} + gm—1{Ha, y} == X (y),

By inserting the previous relations in the remain equations we get the conditions
(9). Thus the proof of the theorem follows. O

Proof of Theorem 8. Now we assume that conditions (9) hold, and we shall prove
that they imply condition (11). Condition (9) in view of (39) becomes

{Hz, Hppy—1} =0,
for 3 < k < m. Hence

. (o if m+k—11is odd
mtk—1 = apHHE=1D/2 if ;4 k— 1 is even.

where aj, is a constant.

For simplicity we assume that

Hm+2 = Hm+3 = .= H2m—l = Oa HQm 7é 0.
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Consequently for m +1 < k < 2m — 1 from (9) we get
0= X (Hpni1) + {Hz, Hom }
= {Hp+1, Hns1} + gm—1{H2, Hmy1} + {Ha, Ham
(40) 0= {H2,Hmyi—1} for m+1<I<2m,
0= X, (Hom)+ {H2,H3p—1}
= {Hm+1, Hom} + gm—1{Hz, Ham } + {Hz2, H3m—1}.

Again, for simplicity we assume that

Homi1 = Hopyo = ... = H3pp 2 =0, H3zp1 #0
After some computations from the first equation of (40) we get that
O Hayp, O Hp,
TQ = _gm—lTH + xA2m—2,
(41) x x
3 Hgm a Hm+1
= —gm-1 +yAam—2.
dy dy

where Aojm—2 = Aom—2(,y) is an arbitrary homogenous polynomial of degree 2m —

0* H. 0% H
2, which we choose in such a way that 2m 2™ Hence Ao —o must be a

dxdy dydx

solution of the first order partial differential equation

(42) {Hp41,9m-1} + {Aam—2, H2} = 0.

In view of Corollary 6 this equation has a solution if and only if

2m
{Hm'H’gm_1}|w:cost,y:sint dt = 0.

After the integration (41) we obtain

H,, = / (_gm—lde‘H + >\2m—2dH2) ’
'Y

where 7 is an oriented curve. Analogously from the last equation of (40) we get

OHzp,— OH,,
% = (!]%1_1 + A2m—2) ax+1 + 2 A3m—3,
(43) OHzm—1 OH 11

(971 + Xom—2) + YA3m—3,

oy y

where A3 —3 = A\3;m—s(x, y) is an arbitrary homogenous polynomial of degree 3m—3
which we choose in such a way that

(44) {021 + Xam—2, Hng1} + {Nam—3, Ha} = 0.

In view of Corollary 6 this equation has a solution if and only if
27

2
{gm—l + >\2m_2’ H77L+1}|z:cos t,y=sint dt = 0.
0

After the integration (41) we obtain

Hzpm1 = / (92,1 + Aom—2)dH i1 + Agm—3dH>)
v
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By continuing this process and for simplicity we assume that
Hzpm = Hzmi1 = ... = Hyp—3= 0, Hym—2 #0,
Hym—1=Hyn=...=Hsppa= 0, Hsp3 # 0,

From the equation
{Hpmi1, Hym—1} + gm—1{Hz2, H3m—1} + {H2, Hym—2} = 0,
and in view of (43), after some computations we deduce that

6H4’rn—2 6H’m+1

or —(93,_1 + gm—122m—2 + Asm—3) E + A4,
6H m— 6Hm
gy 2 = —(g2_1 + gm—1Aom—2 + A3m—3) 6y+1 + YXam—4,

where Agrm—4 = Agm—a(z,y) is an arbitrary homogenous polynomial of degree 4m—4
which we choose in such a way that

(45) {Hm-‘rl)g'rzn—l + gm—l)\Qm—Q + A3m—3} + {A47n—42a HZ} = 07

In view of Corollary 6 this equation has a solution if and only if

2
{Hpms1, 901 + 9m-1X2m—2 + Asm—3}|

|
e

0 r=cost,y=sint

After the integration (41) we obtain
Hym—2 = / (=91 + gm—1A2m—2 + Asm—3))dHm41 + Aam—1dHy) ,
v

By continuing this process we finally get that the function H is such that

H= Hy+ Hpy1+Hom + H3ppo1 + Hypp2 + ... = Ha + Z Hovkymri—k
k=0

= Ho+Hpy+ / (_gm—l +Aom—2 + A3m-3 + Adm_a + .. ) :
vy

(1 —Gm-1+ g'rQn—l - g?n—l + .. ) dH7rL+1 + / ()\Qm—Q + A3m—3 + )\4m—4) dH,
Y
—Qm— Ao — A3 — My — ..
_ H2+Hm+1+/ Gm—1+ A2m—2 + A3m-3 + Am—a +

“dH,
; 1 +gm71 m+1

+/ (A2m—2 + Azm—3 + Adm—a) dH>
¥

: de+1

/ 1+ Xom—2 + A3m—3 + Agm—a + ..
¥ 1 + Im—1

+/ (14 Aom—2 + A3m—3 + Adm—a) dHo
v

1+A
- R UH, e+ (1+A)dH, )
/7<1+gm1 1+ ( ) 2)
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where A = Ao;—2 + Az;m—3 + . ... Here we use the expansion at the neighborhoods
of the origin
1
1—gm_ R =
Im—1 T 9m—1~Gm-1 T+ 1+ g1

In view of (42),(44),(45),. .., we get
{Hps1, —Gm-1+ 921+ Xom—2 — g5, 1 + Agm—s + ...} + {Aom—2 + Agm—3 + ..., Ho}

1+A
— {(Hpt, —— 2 V4 (14 A Hy) =0,
{Hms1 1+gm71} { 2}

In short condition (12) holds.
Now we prove that from (11) it follows (9). Indeed, we suppose that the functions

H, A and [ have the following expansion at the neighborhood of the origin
Im—1

H=Hy+Y Hp,  Hy=1/2(a*+?),
k=3

oo
1
A=S" Ay, — g PR =G
]; k 1+gm71 Im—1 Im—1 Im-1

where H; and A; are homogenous polynomial of degree j. Consequently from (11)
we obtain

dH = dHy+ Y  dH, =
k=3
= 1+MA+A+.. )1 —gma1+9g% 1+...)dHp1 + (1 + A+ Ay +...)dH;,

Hence
de = Aj_QdHQ, ] = 3,...m,

dHpi1 = dHpor + A1 dHs,
dHprj = AmajoodHy + Aj_ydHomsr j=2,...,m— 1,
dHapm = Aom—2dHz + Ayp—1dHp 1 — Gm—1dH 1,
dHopmyj = Aomtj—odHo + Ay i 1dHpmi1 — gm—1NjdHpp1 j=1,...,m—2,

1+A
— = dHp + (1+ A)dH.
oA e+ (L ),

dHsp—1 = Agpm—gdHy + Aoy—2dHp1 — gm—1Mp—1dH g1 + g2, (dHpyr,

0H, . OH;

where dH; = 8—;dx + 3y dy.
From the m — 3 first equations it follows that
OH,;
e = i
OH,;
a—yj: yAj_a, for 7=3,...,m.
Thus {Hz,H;} = 0. For simplicity we assume that H; = 0, for 3 < j < m.
Consequently A; =0, 1 <7 <m — 2. From the m + 1 equation it follows that

Apm—1 = 0. By inserting in the next equations we get that dHp,4; = A4 j—2dHs for
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j=2,...,m—1. Again for simplicity we assume that H,,,; = 0 and consequently
Amtj—2=0for j =2,...,m — 1. Thus the rest of equations becomes
dHzp = Agpm—2dHz — gm—1dHp 41,
dHopmyj = ANopmyjodHy j=1,...,m—2,
dHzm—1 = Asm_3dHy + Aoy —odHpy1 + g7 1dHpy1,

Again we assume that Hopq; =0 and Agppyjo =0for j=1,...,m—2.

Hence we get that

O0Hap, 0H,,
8; = TAom—2 — Gm—1 8m+1 ,
O0Hap, oH,,
8; = yA2m72 —9m-1 ay+1 5
OHz,, OH,,
;x == (gZ1 + Aomoo) IH + xA3m—3,
aI{3m,—l 2 aI{?n—&-l
= A m— A m—3
dy (951 +Aom—2) By + YA3m—3

From the equations

a H. 2m
ox
it follows that

aH'm—i- 1 aHQm

aH m+1
Ox Oy ’

= yA2m—2 — 9m-1 ay

= JjAQm—2 —9m—1
{Hom, Ha} = gm-1{H2, Hpy1},
{H27Hm+1}A2m—2 = {H2m7Hm+l}~

Thus we deduce the equation (9) for k =m + 1, i.e. Xp(Hpg1) + {Haz, Ham} = 0.
On the other hand from the equations

(46)

OHs,, _ 0H,,
% = (921 +Aam—2) axH + xA3m-3,
OHs,, _ 0H,,
% = (Gm—1+ A2m—2) 8y+1 + yA3m—3,

it follows that
{H3m—1,Hpy1} = Agm-3{H2, Hny1},
{Hsm—1,Ha} = Mom—o{Hmi1, Ho} + g7, 1 {Hums1, Ha2}
and using (46) we get that
{Hsm-1, Ha} = Nom-2{Hmi1, Ho} + g5 1 {Hums1, H2}

= —Nom—2{Ho, Hni1} — Gm—1 (gm—1{H2, Hpi1})

= gm-1{H2, Ham} + {Hms1, Ham} = X (Ham),
hence we get equation (9) for k = 2m, i.e. X (Hap) + {Ha, Hym—1} = 0.
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By continuing this process we finally obtain the relations (9). The equivalence
between differential system (8) and the equations (10) and (11) is easy to show. In
short the theorem is proved. O

Proof of Corollary 9. The proof of statement (a) follows from the proof of Theorem
8. Indeed, by considering that

(oo}
H=H+ Hpy1+ Hop + Hyp1 +... = Ha + Z Havkymy1—k-
k=0
Hence, if m = 2n + 1 then

o0 o0
H=H,+ Z Hayryent)+1-k = Ha + Z Hon(14+k)+1)-
k=0 k=0

Thus H(—z,—y) = H(x,y), consequently the phase portrait of the differential
system in this case is symmetric with respect to the origin. By considering that the
origin is a center, then if the the differential system has more centers its number is
odd.
The proof of statement (b) follows from the proof of Theorem 8. Indeed, in this
case differential system can be written as (8). Hence
0Xm(x) | 0Xm(y)
or oy
In view of Proposition 4 we get that (13) holds. Thus the corollary is proved. O

={Hz, Hpi1}.

5. THE PROOFS OF SUBSECTION 3.2

Proof of Proposition 11 . Assume that polynomial differential equations (3) has a
center at the origin, then they can be written as (8). On the other hand by con-
sidering that the center is a weak center, then we get that H,, 11 = HaYpp—1.
Hence

. Y —
= {Hpii, 2} + 1+ gm_1){H2,z} = —Ho 8my Ly (4Tt + 1)
z? 0Y 1 Yy Y1
= —-—— == - )Y, -1 — —y(1+7,,— _

m-+1 T
= Y <1+2Tm1 +gm1> +§{Tm717H2}a

a’rmfl 8Tm,1
+y
ox dy
Analogously we deduce the expression for §. Hence, by comparing with (14) we
obtain that

here we apply the relation x =m—-17Y,1.

m+1 1
(I):gmfl""TTmfla Y= i{TmflaH2}~
This completes the proof of the proposition. (Il

Proof of Theorem 14. We shall study the following four cases:

(i) B((m+1)8—1)(28 —1) #0,
(i) B=1/2,
(i) 8=0,
(iv) B=1/(m+1).
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For the case (i) by introducing the homogenous polynomial of degree m — 1 such
that

Gm-1=(1=B(m+1)) gm-1 +0(H2),
and by considering that {H,,V} = 0, we obtain that the differential system (17)
becomes
B

r = — 1 m— H, m—1f
x y(1+G 1)+1_B(m+1)x{ 2,Gm—1}
. B
= 1 _ H — .
§= @+ Gmor) b gy ytH, G}
Hence we obtain that
. 28
Hy= ————Hy{H3,Gp,_1},
2 (m+1)p-1 2{H> i}
. 1-28
1 = 1—7 — H — .
Gm 1 ( (m—&-l)ﬁ—le 1){ Q;Gm 1}
Thus 22 +y? =0 and 1 — i(} = 0 are invariant algebraic curves of
(m+1)p-1"""

26{Hz, gm-1} 1-23
and
1—(m+1)8 1—(m+1)
respectively. Hence, the system has the Darboux first integral
Hy
(m+1p—1 """ '

Hence we deduce the first integrals F of statements (a) and (b). The Taylor ex-
pansion at the origin is F' := H = Hy(1+ h.o.t.). Consequently the origin is a weak
center in this cases.

the polynomial vector field. Their cofactors are

6{H27gm—1}7

The case when 5 = 1/2 by introducing the homogenous polynomial of degree
m — 1 such that

Gp-1= —(m—1)/2 g1+ O(H2)
—(m—=1)/2 gm-1 ifm is even
a —(m—=1)/2 gm_1+vH™ D2 ifm is odd,
we get that differential system (17) becomes
. T
r= -y (1+Gm71)_ H{H%Gmfl}v
y= x(1+Gn-1)— ﬁ{Hme—lh
thus we deduce that
) 2H, )
H2 - _m — 1{H27Gm71}7 Gmfl = {H27Gm71}~
dH. 2H.
Consequently 2 = 2 , thus F' = Hoe?/(m=1) Gm—1 g a first integral.
dGm_l m—1

This prove statements (c¢) and (d)
For the case when 8 = 0 differential system (17) becomes

i':*y(]-“i’gm—l)‘h y:x(1+gm—l)a
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consequently F' = Hj is a first integral. This prove statement (e).
For the case when 5 = 1/(m + 1) we get that differential system (17) becomes

. T
€T = _y(1+6(H2))+71{H2>gm71}7
(47) m +
. Y
= 1+ 6(H —{H _
Y z (146 2))+m+1{ 2, 9m—1}
hence
Hy = —> Ho{Hargm1ls ot = {Horgma} (1472 g 1 + O(Ha)
2 mrl 21412, 9m—11, Im—-1 = 2, Im—1 +19m 1 2
consequently
dgm,1 o m—1 1+@(H2

- 1
dH, 2H, 7 1 (m+1)

After the integration this linear system we get

_ p(mt1)/2 m+1 [ (1+6(Hs)dH>
m—1 = Hj <C + 2 / }12(m+1)/2 ’

2H,

where C' is an arbitrary constant. Hence we get

gm—1 m+1 / (1+ 6(H2)dH,

o H§m+1)/2

=C
H2(m—1)/2 2

After some computation we deduce that the first integral is

H
e 1 1 2 0(Hs) 2m=)
m — m — 2
1+ Im—1 + ‘7H(m_1)/2/7_1 2dH2>
< m+1 2 Hz(m )/
H> e
57 0m=1) ifm is even,
ym-t
m 4+ 1 Im—1
B o
2 oY ) if m is odd.
-1 .
<1—|— +1gm 1—|—1/ H( 1)/210gH2>

It is easy to show that the curve Hy = 0 and

1 1+60(H
1+G= 1+~ gm1+mTH<m 1)/2/MdH2:0

m+1 H2(m+1)/2
14 m—1 0 -
+1gm1— 1Im 1s even,
1+719m 1+1/ 1H(m 1)/210gH =0 ifmis odd
m+1 2
are invariant curves of differential system (47). Indeed, the following relation holds
d d 2H
G146 =(1+G) (MG}, (M) = ——{H.G}.
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-1
Clearly that {Hs,G} = %H{Hg,gm_l}, thus this cofactor is a polynomial of
degree m — 1. This prove statements (f) and (g). O

This completes the proof of the proposition.

Proof of Proposition 16. Tt is well known that if the origin is a center of (3), then
this center is uniform if and only if

T=-ytap,  Yy=r+Yp,
where ¢ = p(z,y) is a homogenous polynomial of degree m — 1. Thus in view of
Proposition 11 the uniform center is a particular case of a weak center (15) with

m+1 1
D =gq,,_ —T,_1 =0, =—{Ho,gm_1}.
Im—1+ 5 1 © m—i—l{ 2, gm—1}

Hence we easily get (18) and comparing with (17) it follows that
1
O(Hz) =0, and f=——.
Hence the first integral F' becomes (see case (f) of Theorem 14)

H,

The Taylor expansion at the origin is F':= H = H(1 + h.o.t.). This completes the
proof of the proposition. O

Proof of Corollary 17. From the proof of Theorem 16 it follows that § = 1 and
from F' = C by solving with respect to r we get the proof of the corollary. O

Proof of Proposition 20. Polynomial differential system (3) with a center at the
origin satisfies the Cauchy-Riemannn conditions if and only if the homogenous
polynomial H,,,1 and g,,_1 are such that

0 ifm is odd,
A-H’m,—i-l + 2gm—l =
(m=1)/2 o .
(48) vm(m+ 1)H, ifm is even.
0 ifm is odd
2 2o omH _ )
(@ 4 y7)gm1 + 2mHin iy { 2my H2(m+1)/2 ifm is even,
2 2
where A = 922 + a7 Indeed, from (19) with
8Hm+1 8Hm+1
P = — — 1 — - 1 —
it follows that
2H,
yagmfl +xagm71 _ 728 m+1
or 0y 0yor

agWL—l N xagm—l o 82-I:Im-‘,-l o asz+l

dy ox 0zxdx Oydy
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Hence , , ,
(2% + 2)8gm_1 = _an Hin1 _xa Hpnia a:a Hipta
Oz dzxdy 0xdx dyoy
(z2 + y2)8gm_1 =2 0" Huns y62Hm+1 _ yaQHm+1
Ay 0xdy O0x0x dydy
Consequently
89 —1 8H 1
2 2 m _ AH _9 m—+
(z° +y°) oz TAHmt1 = 2m=—p =,
89 —1 8H 1
2 2 m m+
+y*)———— = yAH,1 —2 ,
(x Yy ) dy Y +1 m By
oOH OH,, )
here we apply the relation x% + yTyH — H,, 1 = mH,, 11, or equivalently

9]
% ((‘TQ + y2)gm71 + 2mH’m+1) = T (AHm+1 + 2gm71) y

0
oy ((@® +9*)gm-1 + 2mH 1) = y(AHpmi1 + 29m-1) -

Thus we have
xQ(AH +2 ) — 2(AH +2 )=0
dy m+1 Im—1 y@x m+1 Im—1 .
Therefore (48) follows. Hence we get that

1
——Hsgm 1 ifm is odd,
m
H’m—i—l =HYp 1=

1
——Hogm-1+ l/H;nH/2 ifm is even.
m

27

Analogously to the proof of Proposition 11 we deduce differential system (20). By

1
comparing with (17) we get that 5 = Py Consequently the from Theorem 14 case
m

(b) we get the first integral (22). In short the proposition is proved.

O

Proof of Proposition 23. By Proposition 11 if a differential system (3) has the first
integral F' = (22 + y?)Q, then it can be written as system (14). Consequently

Hy = 2H5¢. On the other hand from the condition F' = 0 we get
Vi =~V
Consequently, if u = 2v/Q and v = y/Q, then
i = iV + 2V = —(1 4+ ®(z, )y = —(1 + &) (u, 0) v,
analogously we deduce that 0 = —(1 + ®)(u,v) u.
Proof of Corollary 26 . From (15) it follows that

. . m+1
Y —Yyr = 2H, (1 + 9m-1+ QTm1> ;
which in polar coordinates (7, §) becomes

. m+1
0= (1 + gm-1+ Hm+1)

)

2

x=r cos 0, y=rsin 6
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hence it is easy to obtain the proof of the corollary. O
Proof of Corollary 26. From (15) it follows that
. . +1
ay —yi = (2% +y°) (1 + gmo1 + mQTm1> :

. 1
which in polar coordinates (7, 6) becomes 0 = 1 + g,,,—1 + %Tm,l

z=r cos 0, y=rsin 6
Hence we easily obtain the proof of the corollary.

Proof of Theorem 28. Since (27) and (13) hold, by Proposition 27 system has a
center at the origin. Consequently, by Theorem 7 it can be written as

T = _y+Xm :{H2+Hm+1,$}+gm71{H27l'}7

(49) .
§= a+ Yy ={Hy+ Hpi1,y} + gm1{Hs,y}.

It is easy to prove that relation (27) can be written as

oz \  pgh/? oy \ mgur )

Hence
x:7y+Xm = {H2+Hm+1ax}+gm—1{H27$}:Hg/2{Fax}a
y=x+Y, = {H2+Hm+1,y}+gm_1{Hz,y}:HS/Z{F,y},

where F' is a first integral which we determine below.

From (49) follows that

0Xm oY,
A —— =1{H m—1f, Xm Ym = Hm aH )
oz + 2y {H2, gm-1}, = +y {Hpy1, Ha }

consequently
AHo{H2, gm-1} = {Hmy1, Ha} = {Hz, Hypp1 + AHagy—1} = 0,
where A = 2/u. Thus in view of Corollary 6 we get that

—AHsgm_1 ifmis even ,

(m—1)/2

Hpyppr = HYp g = { AHygoy + vH
m— 2

ifmis odd,

where v € R.
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Hence we get that

. 0 Hy,
rT= —-Yy—- 8y+1_ Im—1
0T
= —H = =y (L (L= N gt + Tr))

T m+1
= §{Tm—17H2} -y (1 + (1= A gm-1+ 2Tm—1)>

AT A(m+1
= T{H%gmfl} -y (1 + (1 - %)gmfl + 9(H2))> ,
(50)
. aHerl
y= x+ + XGm—1
ox
0Y,—
= H2 a:E ! +$(1+(1—>\)gm,1)+ﬂrm,1)
1
= YT )+ 2 (1 (=) gt + mgrm_l)>
A A(m+1
= Yt g o (14 0= 2 g, o))
where

0 if m iseven,
O(H) = { v Hm=1/2if m is odd.
From this differential system we obtain the expression (28) for differential system
(3) which satisfies the condition (13) and (27).
Now we show that differential system (28) is integrable. Indeed from equations
(28) and (17) it follows that 8 = —. Hence, from Theorem 14 after some computa-
tions we get the proof of statements (a), (b), (¢) and (d) of Theorem 28.

The second condition (13) of the center given in Proposition 27 in this case takes
the form

/02“ (axg;(x) N 8Xg;(y)

2
) ‘w:cost,y:sintdt = {H27 Hm—i—l} Iw:cost,y:sintdt
0

27
dH,, 11
= / mE |w:cos t, y=sin tdt =0.
0

dt

Now we shall prove statement (i). Indeed if in (28) we take A\ = 1/m, then the
differential system becomes

T = -y (1+Gm71)+%{H2aGmfl}a

= x(14+Gpo1)+ ﬁ{fb’ Gm-1},

-1
where G,,_1 = m279m—1 + 0(Hy). The first integral F takes the form F™~! =
m
Hy™! Hy™! . . :
Thus ——=—— = C. Since G,;,—1 is a homogenous polynomial of
1+2G,,-1

(142Gm-1)
degree m—1, then in polar coordinates = r cos ¢, y = 7 sin ¢ we have (?—2V¥(6)(—
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C =0, with ¢=r""1 whereG,,_1 = ¥(p)r™ ! Hence ( = CV4+/C2V¥2 + C.
Therefore, from the equation ¢ =1+ G,,,—1(rcosg, rsinp) =1+ (¥(p), we get

2 do 2 cdo
/0 1+ U(CT £ /C202 + 0) _/o C + C202 £ CU/C2U2 + 0)
2m Cdo - /2“ (V/C2W2 + C ¥ VC)df
0o VCUZLCO(VCPU2+C+00)  Jo VU2 4 C

27
27 F C/ Wide =27
0o VC2U2 4 (C ’

thus (29) holds. This completes the proof of statement (i). Now we prove statement
(ii). If ©(Hz2) = 0, and A = 2/(m + 1) then differential system (50) becomes

T = _y+m7+1{H2’gm71}’ y:$+m7+1{H2agm71}-

Thus 29 — yi& = 22 + y2. So the center is a uniform isochronous center.

Finally we prove statement (iii). If A = 1/m then differential system (28) can be
written as (20). If g,,,—1 is a homogenous polynomial of degree m — 1 which satisfies
(21), then from Corollary 20 the proof follows. O

6. THE PROOFS OF SUBSECTION 3.3

Proof of Proposition 31. From (6) it follows that

0= {WQ,W3}+JUX2+Z/1/2,
v1(2? + %) = {Wo, Wy} + 2 X5 + yYs

oOWs oWs
Or Xz F oy

0= {WQ,W5} +x X4 +yYy

O Ws 0 Hs
X3+ —Y-
oy N3 + oy 3

(51) OWay,  OWay,
ox y

va(z? +y?)? = {Wo, W} + 2X5 + yYs

oWs 0 Hj
X
ox * + dy

oWy oWy 0 Ws IWs
X Y- X Y5
+ ox 3 * oy ° + or 2 + oy ¥

+ Y27

+

+ Y,
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0= {Wo,War_3}+ 2Xok—2+yYor_2

ow oW
3 Xop3 + 2 Yor_3
or oy

0 Wayp— 0 Wayp—
" 2hd oy 2k 4Y2,
ox dy

vp—1(2? +yH)F = {Wo, Wy} + 2 Xok—1 + yYor—1

oWs o0Ws
o Xog—2 + 3y

OWop_3 0 Wap_3
X
+ or 2t dy

+...

+

+...

First we solve Problem 30 for m = 2. Thus X; = Y; = 0 for j > 2. The first
equation of (51) can be rewritten as follows

oW. oOW:
g Xo+ =) +y(va—=2)=0.
Jy ox

Solving it with respect to X5 and Y5 we obtain

oW.
Xy = =5 =y = {Wa,a} + gi{Wa,a} = Xaa),
oW
Y, = ax3 +zg1 = {Ws,y} + g1{Wa,y} = A2(y),

where g1 = ¢1(x,y) is an arbitrary homogenous polynomial of degree one. By
substituting these polynomials into the rest of equations of (52) for j =1,2,... we
get

Xo(Wajr1) = vj(a® +y2) T + {Wajpe, Wa},

Xo(Wajy2) = {Wajys, Wat.
Now we solve Problem 30 for m = 3. Thus X, = Y, = X; =Y} =0 for j > 3. From
the second equation of (51) we deduce that

oW, oW,
o (a2 - G ey (- e 402 - 5 <0

dy dx
By solving this equation with respect to X3 and Y35 we have
oW,
X3= — 3 2 — ygs + 2w (2® + )
Y
= {Wy,x} + av(2? +9?) = X3(2),
ow.
Yy= %t ags+yvi(a® +47)

= {Wayt+ g2{Wa,y} + yo1(2® + 4?) := Xs(y),

where go = go(z, y) is an arbitrary homogenous polynomial of degree two. Inserting
in the rest of the equations of (51) we get for j =1,2,... that

Xy(Waj) = wj(@® +y?) T 4+ {Waj 0, Wa},
{Wajp1, Wat = 0.
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Now we solve Problem 30 for m > 3. Thus X; =Y; =0for 2 <j <m and j > m.
First we study the case when m = 2k — 2 > 4. From (51) it follows that

{Ws, Wy} =0,
v1(z? +y?)? + {Wy, W} =0,
{Ws, Wy} =0,

vo(2? +92)% + (W, Wa} =0,

(52) vp—1(2® +y?)F T 4 {Wap o, Wa} =0,
{Wak—1,Wa} =aXop_o+ yYor_o,
o0 Ws 0 Ws
(22 2)k Wop, W- = Xojp_ Yor_
vg—1 (2 4+ y°)" + {War, Wa} oy \2k 2+ By 2k—2,
OWy oWy
W- w. = —Xop_ ——Yop_o,
{Waky1, Wa} a9y 2k 2+ ay 2k—2

Consequently in view of Proposition 4, from (52) we get that

Wa1=0, Wy =v(@®+y°)*", v;=0 for j=1,...,k—1

X,, and Y,,, becomes

Xok—2 = {Hop—1,2} + gor—3{Ha, 2} := Xop_s(x),
Yor—2 = {Hop—1,y} + gorx—3{Ha,y} := Xop_2(y).

Substituting in the remaining equations of (52) we get the differential equations
(32). Thus the proof of the proposition follows. O
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Proof of Proposition 33. From (6) it follows that

{Ws, Wy} =0,
vi(z? +92)% + {(Wy, Wa} =0,
{Ws,Wa} =0,

vo(2? +92)% + (W, Wa} =0,

vp_1 (22 + )P 4 Wy o, o} =0,
{Wap—1,Wa} =0,
vg—1 (2% + ¥k + {Way,, Wa} = 2Xop—1 + yYor—1,

(53)

oOW- oOW-
{Wapy1, Wa} = ax3X2k—1 + T;sz—h
ow, oW,
vp(z? 4+ Y2+ (Woppo, Wo} = T;chfl + ay4Y2k717

Consequently in view of Proposition 4, from (53) we get that Ws;41 = 0 for j > 1,
Wy, = l/j($2 +y?)i vy =0 for j=1,...,k—1, and Xo,_1 and Yop_
becomes

Xog—1 = {Hop, 2} + gop—o{Ha,z} + vpz(2® + y*)" 1 := Xop_1 (),
Yor—1 = {Hop,y} + gon—2{Ho2,y} + viy(a? + y*)" 1 = Xop_1 (v).

Substituting in the rest of equations of (53) we get the differential equations (35).
Thus the proof of the proposition follows. O

Proof of Corollary 34 . Tt is easy to obtain from (32) and (35), by considering
Proposition 4. Indeed, from (32) it follows that

r=cost,y=sint d ’

27
/ (vj(2® + YT — Xop_o(Waj_apys) — {Wha, W2j+2})’
0

consequently, by considering Corollary 6 we get

1 27
Uj = % 0 sz*Q(WQJ‘*zkﬂLE’”z:cost,y:sint dt,
hence (36) follows.
Analogously, from (35) we obtain (37). Thus the corollary is proved. O

6.1. Classification of quadratic and cubic planar differential system with
a weak center. For nondegenerate quadratic center (see for instance [2]) and
cubic center (see for instance [16, 22]) the center problem has been solved in terms
of algebraic equalities satisfied by the coefficients.
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Proposition 35. For the quadratic polynomial differential system (33) the origin
is a center if and only if one of the following four conditions holds

(i) M=Xs= 0,
i) A=A5= 0,
(54) (#)  Aa 5
(Z’LZ) )\3 - )\6 = 0,
(iv) As= 0, M+503—X)=0, A3hg—2X2 -\ =0.

Theorem 36. A quadratic polynomial differential system (33) has a weak center
at the origin if and only if a linear change of coordinates x,y and a scaling of time
t it can be written as one of the following systems

= —y(1+3X\3y) — \32?,

(55)
= x(1+3A\3y) — Aszy;
= —y((1—=Xgy)— A3z?,
(56) . (( 6Y) — A3
y= x((1-Aey) — A3zy;
(57) = —y(1+ Xz —Ay) — z(az + Agy),
= (14 Xz — Xey) — y( A2z + A6y);
b= —y— A32?,
(58) ’
Y= x— A3x1Y;
= —y(1—=2Xsy)— 2X¢zY,
(59) (1= ay) ~ 2o

g= x(l—Aey) — 2\ey>.
Proof. Indeed, differential system (33) can be rewritten as (14) if and only if
(60) MAAs 30 =0,  As+4rs =0.
Consequently system (33) becomes
= —y(14 Xz — Asy) — z(A3z + A2y),
= z(l+ Xz —Aey) —y(Asz + A2y),

In view of (54) and taking into account the condition (60) we get Ay = Ay = A5 =
0 and A\¢ = —3\s3, then we obtain the differential system (55); As = A2 = 0, and
A1+ A6 +3X3 = 0, then we obtain the differential system (56); A3 = Ag, A5 = —4)A,
and Ay = —4)\3, then we obtain the differential system (57); As = Ao = 0, Ay +
5()\3 - >\6) = 0 and /\6(/\3 - 2>\6) = O7 then we have either )\5 = )\2 = >\6 = 0,
A +5A3 =0,0r A5y = Ao = 0,A3 = 2)g and Mg + 5Ag = 0. Therefore we get the
differential system (58) or (59). In short, the theorem is proved. O

Remark 37. In the paper [3] the classification of isochronous quadratic centers
is given. From this classification there are only two isochronous centers which are
weak centers, that can be obtained from equation (56) for A3 = X¢ = —1, and
A3 = —1, A\¢ = 0. These systems are

@ =—y+a’ -y’ y=x+2ay,
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and
i=-y+a®, y=x+uay,
respectively.
Proposition 38. For the cubic polynomial differential system
(61) &= —y+ Az® + Ba?y + Cay? + Dy?,
Y= o+ K3+ Lo’y + M xy? + Ny3,
the origin is a center if and only if one of the following sets of conditions hold
(i) 3A+L+C+3N= 0,
BA+L)(B+D+K+M)—2(A—N)(B+M)= 0,
2(A+N) ((SA + L) - (B+ M)Q)
+BA+L)(B+M)(B+K—-D-M)= 0
(62) (i) 3A+L+C+3N= 0
2A+C—-L—-2N= 0
0
0
0

)

B+3D—3K - M =
B+5D+5K + M =
(A+3N)(3A+ N) — 16DK =

)

)

Theorem 39. A cubic polynomial differential system (61) has a weak center at the
origin if and only if after a linear change of coordinates x,y and a scaling of time
t it can be written as one of the following systems If N # 0,
K-B LB+LK)\ ,
2 2N

T = —y(1+Kx2+(N+L);Ey+<

+x (N(y* — 2%) + (K + B)zy),

(63) K-B LB+LK> y2>

S 2

Yy = m(l—i—Kw +(N+L)xy+< 5 o
+y (N(y2 -2+ (K + B):Uy) ;

if N =0, then we have either the system

i= —y(1+ Kaz?— Dy?) + (K + B)z?y,
(64)
y= z(1+Kz? - Dy*) + (K + B)zy*;
or the system
(©5) = —y(1+ Lay— Ba® — Dy?),
65
Y= x(l—l—ny—Bajz—DyQ).

Proof. Indeed, differential system (61) can be rewritten as (14) if and only if

(66) L+C=A+N, M+D=B+K.
Consequently (61) becomes
i= —y(1+(N-Clzy+ Ka?—Dy?)+z((L—-N+C)z?+ (B+ K)zy + Ny?),

i= x(1+(N-C)zy+ Kaz*—Dy?) +y ((L— N+ C)a? + (B + K)zy + Ny?),
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By solving (66) together with (62) (i) we deduce that this system have no solution.
Thus center of cubic system (61) under the conditions (62) (i) is not a weak center.

By solving (66) together with (62) (ii) we deduce that this system have three
solution.
(i) f N #0then A+ N=0and L+C =0, 2ND = N(B— K) + L(B + K).
This solution provides the differential system (63).
If N =0 then there exist two solutions.
(ii) If N = 0 then A = 0 and L = 0. This solution provides the differential
system (64).
e (iii)) If N = 0 then A = 0 and K + B = 0. This solution provides the
differential system (65).
Thus the centers of cubic systems (61) under the conditions (62) (ii)
generate three weak centers.

In short, the theorem is proved. (I

Remark 40. In the paper [3] the classification of the all isochronous cubic centers
s given. From this classification there are two isochronous centers which are weak
centers, that can be obtained from (63) for N=—-1, B=K =0, and N = -L =
—1, K = B =0, These cubic systems are

= x+32%y —y® = (1l + 2xy) +y(2? - y?),

and
b= —y+ad—ay?=—y+a(@?—y?),

gy= z+z+aly—y’ =a+y@@® -y,
respectively.
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