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TRANSCENDENTAL LIMIT CYCLES VIA THE
STRUCTURE OF ARBITRARY DEGREE
INVARIANT ALGEBRAIC CURVES OF

POLYNOMIAL PLANAR VECTOR FIELDS

ISAAC A. GARCIA

ABSTRACT. In this paper we consider planar polynomial
vector fields and we show certain structure that their invariant
algebraic curves should have. This approach allows to obtain
results on the nonexistence of those algebraic curves for arbi-
trary degree. As an application of this algorithmic method we
easily prove that the van der Pol oscillator cannot have any
algebraic solution and in particular neither is his limit cycle
algebraic. In addition we show that a limit cycle studied by
Dolov is not algebraic.

1. Introduction. Let us consider a planar polynomial differential
system of the form

de | -
E :.’L':P(:E,y) :I;)Pk(xay)u

(1) dy

k=0

in which P, Q € R|z, y] are relative prime polynomials in the variables
z and y and P, and ) are homogeneous polynomials of degree k.
Throughout this paper we will denote by m = max{deg P,deg @} the
degree of system (1).

One interesting question to ask is whether some solution of system
(1) is algebraic, i.e., can be described implicitly by f(x,y) = 0 where
f is a polynomial. In general, the answer is not easy but it is very
interesting because it is known that the existence of algebraic solutions
can be used to prove topological properties of system (1) as we will
explain.
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In short, algebraic solutions and integrability have a narrow relation-
ship for planar polynomial systems as is clearly shown in the Darboux
theory. Darboux showed in his famous paper [11] how first integrals
of polynomial systems possessing sufficient algebraic solutions are con-
structed. In particular, he proved that if a polynomial system of degree
m has at least [m(m+1)/2]+ 1 invariant algebraic curves, then it has a
first integral. Darboux’s first idea consists in searching a first integral
for system (1) as a function of the form []%_, £ (z,y), for suitable
A; € C not all zero and f;(z,y) = 0 being invariant algebraic curves of
system (1). The above first integral is called Darboux first integral.

These last years, several interesting results linking invariant algebraic
curves and Liapunov constants have been published. For instance,
Cozma and Suba in [10] have proved that a weak focus of a polynomial
system (1) of degree m > 3 having the first Liapunov constant zero
and m(m + 1)/2 — 2 invariant algebraic curves has a Darboux first
integral or a Darboux integrating factor. Related with this result,
Chavarriga, Giacomini and Giné [6] show that if a polynomial system
(1) of degree m with an arbitrary linear part has a center and admits
m(m + 1)/2 — [(m + 1)/2] algebraic solutions, then this system has a
Darboux integrating factor. Here [.] denotes as usual the integer part.

On the other hand, the study of limit cycles has also been an
important topic in the theory of polynomial system (1) since Poincaré
first treated it. A limit cycle is a periodic solution which has an annulus-
like neighborhood in the phase plane xy free of other periodic solutions.

There is a relationship between the theory of limit cycles and alge-
braic solutions for planar polynomial differential equations as was sug-
gested by Hilbert in the statement of his famous 16th problem, see [18],
into two parts: (a) about the topology of real algebraic curves, (b) on
the maximum number of limit cycles for system (1). This problem has
proved to be one of the most difficult of Hilbert’s entire collection; in-
deed, it remains unsolved even for quadratic systems, i.e., system (1)
with m = 2.

It is interesting to note that the knowledge of algebraic solutions
allows us to understand better the behavior of limit cycles. See for
example the classical proof of the fact that a quadratic system with
two invariant straight lines does not have limit cycles due to Bautin in
[1] by using the well known Bendixson-Dulac Criterion to ensure the
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nonexistence of limit cycles for planar differential systems. In addition a
quadratic system with an invariant ellipse, hyperbola or pair of straight
lines can have no limit cycles except, perhaps, for the ellipse itself [9].

A form of weakening the hypotheses of Hilbert’s 16th problem is
studying the algebraic limit cycles; i.e., algebraic curves f(z,y) = 0
which are particular solutions of (1) containing a real closed oval which
is a limit cycle of (1). For quadratic systems, the existence of algebraic
limit cycles have been studied by Qin Yuan-Xun [22] when the invariant
curve is of second degree and by Yablonskii [24], Filiptsov [17], Shen
Bogian [23] and Chavarriga [4] when the invariant curve is of degree
four.

On the other hand, Evdokimenko [14, 15] and [16] has demonstrated
the nonexistence of a cubic invariant algebraic curve as a limit cycle
for quadratic systems.

The existence of invariant algebraic curves of differential systems is
considered by several authors. Druzhkova [13] formulate in terms of the
coefficients of the quadratic system necessary and sufficient conditions
for the existence and uniqueness of an algebraic curve of second degree.
Moreover, in [7] the authors obtain a complete affine classification of all
quadratic systems having a third degree irreducible algebraic solution.

Obviously, if the vector field has a rational first integral then all
their solutions are algebraic. However, only a few mathematicians have
worked with nonalgebraicity. In this sense it is interesting to note the
proof due to Odani [20] about the nonalgebraicity of the famous van
der Pol limit cycle and the generalization into a family of polynomial
Liénard systems. After this work, Zoladek in [27] almost completely
solves the problem of algebraic invariant curves and algebraic limit
cycles for polynomial Liénard systems of arbitrary degree. In general,
to show the nonalgebraicity of all solutions of some system (1) is a very
hard problem. For instance Jouanolou in [19] devotes a large section to
showing that one particular system has no algebraic solutions. Other
explicit examples of polynomial systems (1) without algebraic solutions
are presented by Zoladek in [26].

In this context a natural question, due originally to Poincaré [21], is
the following: For a fixed degree m > 2, prove the existence of an upper
bound N(m) for the degrees of the irreducible algebraic solutions of all
polynomial systems (1) of degree m which do not have a rational first
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integral. Related partial results exist to this question. For instance:
Cerveau and Lins [3] have proved that if an algebraic solution only
possesses singularities of nodal type, i.e., ordinary double points, then
N(m) < m + 2; Carnicer [2] showing that if the system does not
possesses dicritical singularities then N(m) < m + 2. Recall that a
critical point is called dicritical if there are infinitely many invariant
curves of the system passing through it. Finally, Chavarriga and Llibre
[5] have proved that if the algebraic solution is not singular, i.e., it does
not have multiple points, then in the generic case we have N(m) < m.
Moreover they prove that in the maximal case for which deg f =m+1
then the nonlinear polynomial system has a rational first integral of the
form H(z,y) = f(x,y)/L% 7 (z,y) where L(z,y) = 0 is an invariant
straight line.

But recently Christhopher and Llibre [8] have demonstrated that
in general N(m) does not exist. In short they have given a family
of quadratic systems with irreducible invariant algebraic curves of
arbitrarily high degree without rational first integral. This result really
shows the difficulty of the problem.

The paper is organized as follows: In the second section we give the
main algorithmic result of the article referring to the intrinsic structure
of the arbitrary degree algebraic solutions of generic planar vector fields,
see Theorem 3. In the third and fourth sections we apply the ideas of
the above method to analyze in this context some examples such as the
van der Pol limit cycle and a limit cycle studied by Dolov. In short we
prove the nonalgebraicity of its solutions.

2. The main result. Let us suppose that system (1) has a
trajectory (not a singular point) whose path in the phase plane is
described implicitly by an algebraic curve f(z,y) = 0. It is clear that
the derivative of f with respect to time, along the orbits of system (1),
should be annulled on the algebraic curve f(z,y) = 0. On the other
hand, since this derivative is expressed as a polynomial in the variables
x and y, we are led directly to the following definition.

Definition 1. An invariant algebraic curve of system (1) is a set of
points in C? satisfying an equation f(z,y) = 0 where f is a polynomial



TRANSCENDENTAL LIMIT CYCLES 505

in x and y and such that
of of

(2) P Dy

for some polynomial K (z,y) of degree less than or equal to m—1, called
cofactor.

+Q - =K,

Definition 2. Polynomial system (1) is degenerate at infinity if it
verifies ©Q, (z,y) — yPn(z,y) = 0.

The name degenerate infinity is due to the fact that in the Poincaré
compactification of (1) all the equator of S2, i.e., the infinity, is filled
up of critical points. In other words, the line at infinity ceases to be
invariant for the foliation of the projective plane into phase curves.

Now we state the main theorem of this work.

Theorem 3. Assume that polynomial system (1) without degenerate
infinity possesses an invariant algebraic curve f(x,y) = 0 of degree
n with associated cofactor K(z,y) such that f(z,y) = > p_y fu(z,y)
and K(z,y) = ZZ:OI Ky (z,y) are its developments in homogeneous

components. Then the polynomial sequence {fi(w)} with i = n,n —
1,...,0, defined by fi(u) := fi(1,u), is recursively obtained from

2o S Amoai(uw)/T(w) exp [ Ty(uw) /T (u) du] du+ C;
@) filw) = exp [ Ti(u)/T(w) du] ’
where C; are arbitrary real constants with Cy, # 0 and

(4) T'(u) := Qm(1,u) —uPp(Lu), Ti(u):=iPn(1,u)—Kyn-1(1,u),

and
(5) Avn—l-&-n(u) =0,
) y
n—1—i d~n_ u
M) i= 3 " ([0Psican (L) ~ Qi (1)) )
k=0

K vt nir(1,0) = (0= k) P (1, 0)] fo k(1))
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where the dash in the previous sum should be understood in the following
way: if the index of some term does not make sense then we take null
that term.

Proof. Since system (1) admits the invariant algebraic curve f(z,y) =
0 with cofactor K(z,y), from Definition 1 the following equation is
verified

= (léma D)5 ( g%fk(x, 0)+ (éwx, D)5 (éfm, )
- (mz (o) (ifk(x,w) |
k=0 k=0

where Py, Qk, fr and K} are homogeneous polynomials of degree k.

Equaling the homogeneous polynomials of same degree in both mem-
bers of the previous equation we have a sequence of linear partial dif-
ferential equations for the homogeneous components f;(z,y) of the in-
variant algebraic curve f = 0. More concretely this procedure gives,

for i = n,n —1,...,0, the next sequence of linear partial differential
equations

afi afi
(7) Pm(xa y) 8x + Qm(xa y) ay - Km—l(x7y)fi = Am—l+i(x7y) ’

where the independent terms A,,_14;(z,y) are homogeneous polyno-
mials of degree m — 1 + ¢ given by A,,_14, =0 and

n—1—1

Ofn—k
Am— i = ! Km— i—n n—k — Pm i—n K
1+ kZ:O ( 1+i—n+kfn—k timnth ~ 5
O fn—k
- Qm+i—n+k J;Ly)
fori =n—1,n—2,...,0. Here the dash in the previous sum should

be understood as in the statement of the theorem.

Now, we make the change (z,y) — (w,u) where w = 2 and v = y/z
into equations (7). Taking into account the homogeneity of the involved
polynomials in such equations we have P, (w,uw) = w™P,,(1,u),
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Qm(w,uvw) = w"Qm(1,u), Kp_i(w,uw) = wm™ 'K, _1(1,u) and
A1 pi(w,uw) = w™ 1A, 14(1,u). We define for sake of sim-
plicity the function A,,—14:(u) := Apm—14+i(1,u). On the other hand,
by the chain rule we have that 9/0x = 9/0w — u/wd/du and 9/0y =
1/wd/0u. Hence in the new variables (w,w), partial differential equa-
tions (7) become

me(l,u) f* + [Qm(1,u) — Pm(l,u)]%{f — K1 (Lu) ff
= wiAm—1+i(u) s
where f(w,u) == fi(w,uw) = w'f;(1,u) = wi fi(u). In consequence

AfF/ow = iw' ' fi(u), dfF /Ou = w'df;(u)/du and the above partial
differential equations reduce to the following first order linear ordinary
differential equations

dfi(u)
du +

(8) ['(u) Ti(u) fi(u) = Ap—144(u)

where the coefficients I'(u) and I';(u) for ¢ = n,n —1,...,0 are given
by (4) and the independent terms A,,—14;(u) by (5) and (6).

Provided that I'(u) £ 0, i.e., if system (1) does not have degenerate
infinity, the general solution of equation (8) adopts the form (3) where
C; is an arbitrary real constant obtained due to the made quadrature.

Let us notice that in the case @ = n, since Ap_14n(u) = 0 we
have fn( ) = C,, exp (— JTp(u)/T(u)d ) Therefore C,, # 0 because
fn(u) # 0 and the theorem is proved. O

In the proof of Theorem 3 the blow-up (x,y) — (x,u) is used where
u = y/x. Once we have determined the sequence {f;(u)}?; then

fa,y) =S h_g 2" frly/x).

Remark 1. An interesting case arises when system (1) verifies I'(u) =
0 or equivalently when it is degenerate infinity. Except for the Liénard
polynomial vector fields of [27], as far as we know in the literature,
nonlinear polynomial differential systems without algebraic solutions
are only known for degenerate infinity systems, see [19] and [26]. This
is just the opposite situation in which Theorem 3 can be applied in
order to show polynomial vector fields without any algebraic solution.
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Remark 2. Another special case in which we cannot obtain any
nonalgebraic condition for system (1) is when T'(u) is a constant and
T';(u) = 0 for all . This is the case for instance of the open problem
proposed by Zoladek in [27] related to the existence of algebraic limit
cycles in Liénard polynomial systems & = y, y = —f(z)y — g(x) with
deg f =1 and degg = 3.

Remark 3. Let us notice that we have not made any hypothesis
about the irreducibility of the polynomial f. Due to the fact that if
a polynomial system (1) has an invariant algebraic curve f = 0, then
fY = 0 is also an invariant algebraic curve for all natural numbers
[, we remark that the degrees of all invariant algebraic curves of a
given polynomial system (1) are not bounded. But, in particular, if
some expression fi(u) of (3) is not a polynomial, then we cannot only
conclude that the system does not have any algebraic solution of degree
greater than or equal to & but rather we can say that such a system
does not have any algebraic solution of degree j with j a divisor of k.

Remark 4. A simple corollary of Theorem 3 is the following one. Let
L(x,y) be a real or complex linear divisor of f,(x,y) with multiplicity
my. Then L is a divisor of I'(z,y) = xQm(z,y) — yPn(x,y) with
multiplicity ms. Moreover L is a divisor of K ,,,_1 —nFP,, and yK,,_1—
nQy, with multiplicity mo — 1.

3. The van der Pol’s oscillator. An important mathematical
model introduced by Lord Rayleigh in 1883 and afterwards investigated
by van der Pol more extensively when he studied the voltage in a triode
circuit is given by the cubic system

&= P(xay) =Y,
(9) - _ 2
y=Q(z,y) =z —e(z” —1)y.
It will be supposed that the parameter ¢ # 0 because otherwise
equation (9) reduces to the harmonic oscillator being all their solutions
are algebraic, that is given by concentric circles in the phase plane. In

addition, it is well known that van der Pol equation (9) has a limit
cycle for € # 0.

This section is devoted to make, by using the ideas of Theorem 3, a
shorter proof of the following Odani’s result published in [20].
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Theorem 4 (Odani). The van der Pol equation with € # 0 does
not have any algebraic solution. In particular, its limit cycle is not
algebraic.

Proof. Assume that van der Pol equation (9) has an invariant
algebraic curve f(z,y) = >.1", fi(z,y) = 0 of degree n with associated
cofactor K(x,y) = Z?:o K;(z,y). Note firstly that system (9) is
invariant with respect to the central symmetry o : (z,y) — (-, —y).
Thus, we can assume that f = 0 is o-invariant because otherwise we
take f-o*f = 0. It follows that the cofactor K is also o-invariant, i.e.,
K = Ko+ Ko.

Because P30f,/0x + Q30f,/0y = Ksf, where P; = 0 and Q3 =
—ex?y, it is clear that Ky = —kex? and f, = Cpz" *y* for some
k € N. We will assume C,, = 1. Introduce now the operator
L = Q3(z,y)0/0y — Ka(x,y) = —ex?yd/dy + kex?. Then we get the

recursive equations

0 0
(10) Lfj= <K0+y%—($+€y)a—y) fi+2 -
Since both members of (10) are homogeneous polynomials of degree
j+2 and £ acts on the monomials as Lz'y/ = (k — j)ex**2y7 it follows
that one necessary condition for the solvability of (10) is the vanishing
of the coefficient before x7~F+2y* in the expansion of the righthand

side of (10). In particular, for j = n — 2 we find

»Cfn72 _ (Ko—ks).’[n_kyk + (n_k)xn—k—lyk-i-l o kxn—k+1yk—1 )
Thus Ky = ke and, similar quadratures as in Theorem 3 gives f,_o =
Cpox" 2 kyk 4 (k —n/e)z" F3yk+t — (k/e)an~*~1y*~! for a con-

stant C,,_2. At this point we see also that n > 4. Next, by (10) with
j =n — 4 we obtain

n _9_
'Cfn74:gxn 2 ky +e

where - -- means other monomials. Hence we have a contradiction for
the solvability of f,,_4 because n # 0. u]
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4. Dolov’s limit cycle is not algebraic. In [12], Dolov considers
the cubic system

(11) i=-y+a*(-l+e+y)+y°, y=z(1-2%),

where ¢ € R. Notice that the phase portrait of Dolov’s system is
symmetric with respect to the y-axis. Moreover, in the semi-plane
x > 0 it has for € = 0 the following critical points: a center at (0,0)
due to their symmetry, two saddles at (1,—1) and (0,1) and a first
order stable weak focus at (1,1). Taking into account the direction of
the vector field associated to (11) on the line segment that joins the
points (1,—1) and (0,1) and by using the Dulac function

one can assert that there are no limit cycles for = > 0.

If in Dolov’s system we take 0 < ¢ < 1 then the focus (1,v/1 —¢)
changes its stability and hence, by a Hopf’s bifurcation, system (11)
has a unique limit cycle around (1,+/1 —¢). We will call such a limit
cycle Dolov’s limit cycle and we have the following result.

Theorem 5. Dolov’s limit cycle (11) is not algebraic.

Proof. Let us assume that the limit cycle of (11) is contained in a
real oval of an invariant algebraic curve f(z,y) = > i, fi(z,y) = 0 of
degree n with associated cofactor K(z,y) = Z?:o Ki(z,y).

Let X = P(x,y)0/0x+Q(z,y)0/dy with P(x,y) = —y+2%(—1+e+
y) +y? and Q(x,y) = (1 — 2?) be the vector field associated to (11).
Since P(—z,y) = P(z,y) and Q(—x,y) = —Q(z,y) we observe that
Dolov’s system (11) is time-reversible, i.e., it is invariant with respect
to the change (z,y,t) — (—x,y, —t). This implies that the axis © = 0
is a symmetry axis of their phase portrait. In consequence we can
assume that the invariant curve f(x,y) = 0 is symmetric with respect
to the variable x, that is, f(—z,y) = f(z,y). Hence, from (2), the
cofactor K must be anti-symmetric with respect to x. This leads to
K(z,y) = ax+bry. With the notation of the second section, I'(x, y) :=

2Qs(x,y)—yPs(z,y) = —2*(a+y?), 2Kz (z,y) —nPs(z,y) = (b—n)z’y
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and yKs(z,y) —nQs(x,y) = x(nz?+by?). So by Remark 4 and taking
into account the symmetry of f we have f,(z,y) = x2*(2? + 32)?
modulo a multiplicative constant and K (z,y) = ax + 2kzy. Of course
n=2(k+n).

Before proving the existence results based on the ideas of Theorem 3,
we pass to the classification of invariant algebraic curves of (11) ac-
cording to their asymptotic behavior. After a suitable blowing-up of
singular points at infinity, we obtain a resolved vector field with some
new singular points and then we apply the theory of normal forms to
study phase curves near each of these points. More concretely, Dolov’s
field (11) has three singularities at infinity, namely, (0 : 1 : 0) and
(1 : 4 : 0) in the complex projective plane CP2. We will study the
point (0 : 1 : 0). Using the chart v = z/z, z = 1/y, system (11)
becomes

2 =zv(w? = 2%), 0 =031+ 0} + 2(1 + (6 — 2)v?) — 22(1 +v?)
:Z+U2+... .

So, the point (z,v) = (0,0) is a nilpotent singularity which needs
further resolution. To do this we perform the change z = wv? which
gives

v=vw+1)+-, w=2ww+1)+03(1+---),

and we observe a saddle-node singularity (of codimension 2) at the
new singular point (v,w) = (0,—1). As any other saddle-node this
one has at most two analytic separatrices which are v = 0 (strong)
and w = —1 4 O(v) (center, which may be only formal). In short the
separatrix we are looking for is w = z/v? = y/2% ~ —1 and intersects
the line at infinity with multiplicity 2. Therefore, it is clear from this
analysis that, for system (11), at most one finite analytic separatrix can
pass through the singular point (0 : 1 : 0) and, if so, then it is of the
form 22 +y+--- =0 as x, y tend to infinity. This computation shows
that, the highest degree homogeneous part f,, of an invariant algebraic
curve of (11) is f,, (7, y) = 22 (2? 4+ y?)™ with k € {0,1}.
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Using polar coordinates x = 7 cos p, y = rsin ¢, we write the Dolov’s
field as follows

X=(1-2 <$%—y%>+[(6—1)x2+y2]8%

7] 0
—(1-2 2% 2 522 2
(1) 5o+ 0+ 0a)
where § := ¢ — 2. Defining the differential operator £ = —229/9p —
2kxy, the next homogeneous component f,_1(z,y) of f verifies the
following equation

Ofn -
Lhaes = anf, - (2 + 8a%) 52 = 20ekiig),
x
where Q(¢) 1= —2k cos?* ! o+ (a—2n—2k6) cos® T o — 2716 cos® 3 .
Since fn—l(xa y) = rn_lfn—l(()p) = TQ(k—i_m_lfn—l(@) with f,1 a
trigonometric polynomial, the above equation leads to the next linear
ordinary differential equation

df”71+2k sin o ’
dy Cos @ cos2 @

which solution is

~ 2k a —2n — 2k6

2k
n—1(p) = cos™ @ — + 270 co dy.
Jrn—1(p) = cos /{ 3 . nd cos

Due to the fact that d [sinp/ cos? p]/dp = 2/cos® ¢ — 1/cosp and
J1/cos¢ dp are not trigonometric, the necessary condition to get
fr—1(¢) a trigonometrical polynomial is a — 21 — 2ké = k, that is,

(12) a=2n+ (20 + 1)k.
In short we have

Fro1(z,y) = r207 D20y (kr2 4 25722) .

A new step gives that f,_o(z,y) satisfies the next equation

_ afn 8fn—1
Lfn—2=axfp_1— 8@ o

= 72 7) 0052k =3 o sin U ()

— (r* + 627)
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where U(y) := A + Bcos? p + Ccos* ¢ + Dcos® ¢ and A, B,C, D are
real constants. In particular, and due to (12), we have

(13) C=4nd.

Taking f,,_2(x,y) = r2£k+ﬁ)*2fn_2(<p) with f,_» a trigonometric poly-
nomial, we get that f,_o2(p) verifies the linear ordinary differential
equation of first order

dfp_ ing -
]:i 2 4 gp ¥ frn_1 = —cos®* 75 psin pU(p) .
© Ccos

The solution is given by

fn_g(go) = — cos?F <p/cos*5 psin ¥ (p) de

=_ cos%go/ [A sm;p +B 51n3<p +C2% 4 Dsin pcosp| dp,
cos®p cosdp cosg

and is a trigonometric polynomial if and only if C = 0, i.e., either
7= 0or d = 0. The latter case 6 = 0 is away from the Hopf bifurcation,
2 < § < 3, where the Dolov limit cycle is well established. Nevertheless
one easily checks that, for 6 = 0, the only real singular points of (11)
lie in the symmetry axis x = 0 and so there are no limit cycles.

In the case n = 0 the degree n of the invariant algebraic curve
f = 0 must be n = 2 and in addition it is a parabola of the form
f(x,y) = 2% + y + cte = 0 which of course cannot contain any limit
cycle. Hence the theorem is proved. ]

Acknowledgments. The author is thankful for the comments and
remarks of the referee. He helped to avoid some mistakes and to
improve the presentation of the text.

REFERENCES

1. N.N. Bautin, On periodic solutions of a system of differential equations, Prikl.
Mat. Mekh. 18 (1954), p. 128 (in Russian).

2. M.M. Carnicer, The Poincaré problem in the nondicritical case, Ann. of Math.
(2) 140 (1994), 289-294.



514 I.A. GARCIA

3. D. Cerveau and A. Lins Neto, Holomorphic foliations in CP(2) having an
invariant algebraic curve, Ann. Inst. Fourier 41 (1991), 883-903.

4. J. Chavarriga, A new example of a quartic algebraic limit cycle for quadratic
systems, Differential Integral Equations, to appear.

5. J. Chavarriga and J. Llibre, Invariant algebraic curves and rational first
integral for planar polynomial vector fields, J. Differential Equations 169 (2001),
1-16.

6. J. Chavarriga, H. Giacomini and J. Giné, An improvement to Darboux in-
tegrability theorem for systems having a center, Appl. Math. Letters 12 (1999),
85-89.

7. J. Chavarriga, J. Giné, I.A. Garcia and E. Ribereau, Quadratic systems having
third degree invariant algebraic curves, Rev. Roumaine Math. Pures Appl. 45
(2000), 93-106.

8. C. Christopher and J. Llibre, A family of quadratic polynomial systems with
nvariant algebraic curves of arbitrarily high degree without rational first integrals,
Proc. Amer. Math. Soc. 130 (2002), 2025-2030.

9. W.A. Coppel, The limit cycle configurations of quadratic systems, in Proc.
of the Ninth Conf. on Ordinary and Partial Differential Equations (University of
Dundee, 1986), Pitman Res. Notes Math. Ser., Longman, Harlow, 1987.

10. D. Cozma and A. Suba, Partial integrals and the first focal value in the
problem of the centre, NoDEA 2 (1995), 21-34.

11. G. Darboux, Mémoire sur les équations différentielles algébriques du premier
ordre et du premier degré (Mélanges), Bull. Sci. Math. 32 (1878), 60-96; 123-144;
151-200.

12. M.V. Dolov, Limit cycles in the case of a centre, Differential’'nye Uravneija
8 (1972), 1691-1692; Differential Equations 8 (1972), 1304-1305.

13. T.A. Druzhkova, The algebraic integrals of certain differential equation,
Differential Equations 4 (1968), 736—739.

14. R.M. Evdokimenko, Construction of algebraic paths and the qualitative in-
vestigation in the large of the properties of integral curves of a system of differential
equations, Differential Equations 6 (1970), 1349-1358.

15. , Behavior of integral curves of a dynamic system, Differential Equa-
tions 9 (1974), 1095-1103.

16. , Investigation in the large of a dynamic system with a given integral
curve, Differential Equations 15 (1979), 215-221.

17. V.F. Filiptsov, Algebraic limit cycles, Differential Equations 9 (1973),
983-988.

18. D. Hilbert, Mathematische Problem (lecture), Second Internat. Congress
Math. (Paris 1900), Nachr. Akad. Wiss. Gottingen Math.-Phys. Kl., 1900, 253-
297; reprinted in Mathematical Developments Arising from Hilbert Problems, Proc.
Sympos. Pure Math., vol. 28, Amer. Math. Soc., Providence, RI, 1976, pp. 1-34.

19. J.P. Jouanolou, Equations de Pfaff algébriques, Lectures Notes in Math., vol.
708, Springer, New York, 1979.

20. K. Odani, The limit cycle of the van der Pol equation is mot algebraic, J.
Differential Equations 115 (1995), 146-152.




TRANSCENDENTAL LIMIT CYCLES 515

21. H. Poincaré, Sur l’integration algébrique des Equations Différentielles, C.R.
IAcad. Sci. Paris 112 (1891), 761-764.

22. Qin Yuan-Xun, On the algebraic limit cycles of second degree of the differen-
tial equation dy/dx = 20§i+j§2 ajjxiy’ / ZO§i+j§2 bijjxy’, Chinese Math. Acta
8 (1966), 608—619.

23. Shen Boqian, A sufficient and necessary condition of the existence of quartic
curve limit cycle and separatriz cycle in a certain quadratic system, Ann. Differen-
tial Equations 7 (1991), 282-288.

24. A1 Yablonskii, On limit cycles of certain differential equations, Differential
Equations 2 (1966), 164-168.

25. Ye Yan-Quian, Theory of limit cycles, Transl. Math. Monographs 66, Amer.
Math. Soc., Providence, 1986.

26. H. Zoladek, New examples of holomorphic foliations without algebraic leaves,
Studia Math. 131 (1998), 137-142.

27. , Algebraic invariant curves for the Liénard equation, Trans. Amer.
Math. Soc. 350 (1998), 1681-1701.

DEPARTAMENT DE MATEMATICA, UNIVERSITAT DE LLEIDA, AVDA. JAUME II, 69,
25001 LLEIDA, SPAIN
E-mail address: garcia@matematica.udl.es



