INTEGRABILITY OF LIENARD SYSTEMS WITH A WEAK SADDLE
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ABSTRACT. We characterize the local analytic integrability of weak saddles for complex
Liénard systems.

1. INTRODUCTION AND MAIN RESULTS

Since the pioneering works of Elie and Henri Cartan ([1]) and Balthasar van der Pol ([23, 24])
where Liénard type differential equations([14]),

Az dx

o+ J@) + g(a) = i+ f(2)i +g(x) =0,

appear in electrical problems, many other situations have been modeled by differential equa-
tions that can be transformed into them. For instance, Liénard equations appear in mechanical
problems, in predator-prey systems ([8]) and chemical or biochemical reactions ([16, 18]). It
is also remarkable that Hilbert 16th problem restricted to planar polynomial quadratic dif-
ferential equations, which recall that in this case asks about a uniform upper bound for the
number of limit cycles that the quadratic systems can have, can be reduced to the study of
some Liénard type differential equations, see [25].

Two of the main questions about them are to know whether they are integrable or not, and
to give criteria for controlling their number of limit cycles. This paper deals with the first
one.

Poincaré proved that if a real planar analytic differential system has a weak focus at a critical
point, then this point is a center if and only if the equation has an analytic first integral defined
in a neighborhood of this point, see for instance [13, 17, 19, 21]. Then the characterization of
the centers for non-degenerate critical points is equivalent to the characterization of the local
analytic integrable cases.

Let us recall the simple and well understood characterization of the centers, and so the
local analytic integrable cases, for classical real analytic Liénard systems, g(x) = z. If we
write these equations in R? as

x:E:y—i—F(m), y:—x,
with F(z) = — [ f(s) ds analytic at zero and F(0) = F’(0) = 0, then the origin is a center
if and only if F' is an even function, see for instance [3, 6, 27]. We include for completeness a
very simple proof, which essentially is the one appearing in [3, 27]. Write F' = F°+ F¢, where
Fe(z) = (F(z) + F(—x))/2 is the even part of F and F° its odd part. If F' = F*, then the
origin is a center by the classical criterion of Poincaré: the origin is a monodromic critical point
(a center or a focus) and the differential equation is reversible, because it is invariant by the
change of variables and time (z,y,t) — (—z,y, —t). If F # F°, then F°(z) = ax®*"' +Oqpo(z)
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with a # 0, K € N and we need to prove that the origin is not a center. Consider the scalar
product

(y+ F(2),—a) - (y + F* (), —2)" = 2(F(x) = F*(2)) = 2F°(2) = aa™*? 4 Oppaa),

where, as usual (u,v)* = (—v, u) is a perpendicular vector to (u,v). Then, on a neighborhood
of the origin, it does not change sign and vanishes only on x = 0, which is not an invariant
curve of the Liénard system. Therefore, the level sets of the Liénard system corresponding
to F' = F*°, which are closed curves surrounding the origin, are curves without contact for
the flow of the original Liénard system. This implies that the origin is not a center, as we
wanted to prove. In other words, we have used the first integral of the integrable case F' = ¢
as a Lyapunov function for the non-integrable one F # F°. Another proof of this result is
given in [5]. It is based on the computation of the so-called Lyapunov constants, that are the
obstructions for finding an analytic first integral of the Liénard system.

One of the motivations of this paper is to prove a similar result, but for classical Liénard
systems with a weak saddle at the origin,

T =y+ F(x), Y=,

with F, also analytic and F'(0) = F’(0) = 0. Notice that its eigenvalues are +1. Recall that
a saddle point is called weak if its eigenvalues are +\ with 0 # A € R. That is, weak saddles
are hyperbolic saddles such that the divergence of the vector field vanishes on them.

In this situation we have not the clear geometric interpretation of integrable system as the
one for which the orbits are closed and a more analytical approach is needed. In fact, the
method that we will use is the computation of the so-called (resonant) saddle quantities that
we will recall below, which as we will see, is similar to the computation of the Lyapunov
quantities used in [22]. Tt is also worth to mention that the duality between centers and
saddles, given by the complex change of variables and time (x1,y;,t1) = (iz,y,it), that
transforms one case into the other one when considering the system in C2, does not allow
to use the simple geometric interpretation that we have on R?. Other Liénard-like complex
systems with a weak saddle are studied in [10].

Before stating our main result, we introduce some notation and motivate the extension of
our problem to C2.

The general center problem for analytic vector fields in R? with an elementary singular
point of the form

x:_y+02($7y)7 yzaj—{—Og(x,y),
is sometimes embedded by the change of variable u = z 47y and the corresponding conjugate
variable v = x — 7y into the complex vector fields of the form

U = u+ O(u,v), 0= —v+ Os(u,v).
The next extension of the above system is to consider analytic vector fields in C? of the form
(1) = Au+ O(u,v), 0= —pv+ Oz(u,v),

where A, u € C\ {0}.

It is already proved by Poincaré ([12, 20]) that if A\/u & QT then the differential equation
(1) has no local analytic first integral in a neighborhood of zero. The case \/u = p/q € QT
with ged(p,q) = 1, is called [p : —q] resonant case and in this situation, adding some more
necessary conditions, the local analytic integrability is sometimes possible. Let us briefly
recall how to obtain these conditions.

Changing the time, if necessary, the [p : —g| resonant case can be written as

(2) U = pu+ Os(u,v), U= —qv+ O(u,v),
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with p,q € Z*. For this system the linear part has the analytic first integral Ho(u,v) =
u9v? and we can seek the conditions for the existence of an analytic first integral H(u,v) =
Ho(u,v) + Opyqs1(u,v) for system (2). Hence we get the equation H(u,v) = v H3(u,v) +
v3H(u,v)+- - -, and the so-called [p : —q| resonant saddle quantities v; are polynomials of the
coefficients of system (2). If all the v; are zero we say that we have a formal analytic resonant
saddle, see [11, 26] and references therein. From this result we obtain also the existence of a
local analytic first integral, see [21].

In this work we aim to give a simple and self-contained proof of the characterization of the
integrable complex analytic differential systems in C? of the form
(3) T =y+ F(z), y=uazr, 0#acC,

where F'(x) is an analytic function of = without linear and constant terms. We prove:

Theorem 1. System (3) is locally integrable at the origin if and only if F(x) is and even
function of x.

Notice that if we restrict our attention to (z,y) € R?, our result covers the classical Liénard
case with a weak focus at the origin, a = —1, and the weak saddle case, a = 1, which has a
[1: —1] resonance. Our result also extends to C? some of the results of [15].

As a corollary of Theorem 1 and using the ideas of Cherkas([3]) and Christopher, Lloyd
and Pearson([6]) we get the characterization of the real analytic integrable weak saddles for
general Liénard systems, see also [2, 7, 9]. This corollary is also recently proved in [15] and
extends to the weak saddle case the known results for the weak focus case.

Consider the differential systems in R? of the form

(4) t=y+F),  y=g),
where I’ and g are analytic functions of z, F'(x) without linear and constant terms and with

9(0) =0 and ¢'(0) # 0 and set G(x) = [ g(£)dE.

Corollary 2. System (4) has an integrable resonant weak saddle (resp. weak focus) at the
origin if and only if ¢'(0) > 0 (resp. ¢'(0) < 0) and F(z) = ¢(G(x)), for some analytic
function ¢ with ¢(0) = 0.

2. PROOF OF THE RESULTS

Proof of Theorem 1. System (3) can be transformed into system
(5) T =y+ F(x), Y=,

doing the change of variables x = z, Y = by and the change of time dt = bds with b any of
the roots 1/y/a. Observe that for simplicity we write again y instead of Y.

Consider F(z) =Y o, a;z'. As explained in the introduction, to find the saddle quantities
we propose a formal first integral of the form

(6) H(z,y) =2 —y*+ > Hi(z,y),

k=3
where Hy(z,y) are homogeneous polynomials that can be written

Hy(z,y) = Z Ci 'y’
i+j=k
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Now we compute the derivative of H along the vector field associated to system (5) and we
obtain a linear system for each function Hy. For instance for H3 we have the linear system

01 00 3,0 2(12
3 0 20 C2.1 . 0
02 0 3 C1,2 - 0
0010 Co,3 0

From the last equation we obtain ¢; 2 = 0. Now we go to the second equation and we have
c3o = 0. These two conditions are the only ones that we will use for the next steps of the
proof. The linear system for Hy is

01 0O0O0 C4.0 2&3 + 3(126370
4 0 2 00 C3,1 2&26271
03 0320 C2.2 = — a2C1 2
0020 4 Cis 0
000710 Coa 0

From the last equation we obtain ¢; 3 = 0. Next, we consider the third equation, and taking
into account that c¢; 2 = 0, we deduce c3; = 0. Finally, the first equation gives us that as
must be zero, taking into account that c3o = 0, obtaining the first condition to have formal
integrability for system (5). The linear system for Hj is

01 00O0O C5,0 2&4 + 30,30370 + 4&20470
5 0 2 0 0 0 C4,1 20/30271 + 30/20371
0403060 C3,2 . a3C1,2 + 2@20272
00 304F0 C23 - a2C1.3
000205 C14 0
000O0T1O0 o5 0

From the last equation we have ¢; 4 = 0, now going to the fourth one, and taking into account
that ¢; 3 = 0, we arrive to ¢z 2 = 0. Finally, from the second equation, and taking into account
that ag = 0 and c3; = 0, we have c5 = 0. Similarly, the linear system for Hg is

0100000 C6,0 2a5 + 3a4cz o + 4ascsp + dascs o
6 02 0000 Cs5.1 2@40271 + 3@30371 + 4a20471
0503000 C4,2 a4C1 2 + 20,36272 + 3CL203,2

0 040400 C33 = — asC1,3 + 20,202,3

000 3050 C24 a2C1 4
00002206 C15 0

00 0O0O0T1QO0 Co6 0

Now, taking into account that c;o2 = c30 =0, 14 = 32 = 50 = 0, and az = 0 we obtain
that ¢;5 = ¢33 = ¢51 = 0 and that as; must be zero, that is the second condition to have
integrability for system (5).

Let us prove the theorem by induction. Our induction hypothesis is that for each n odd,
the necessary conditions for system (5) to have a formal first integral H of the form (6) are:

Cpp=Cpn22="""=0pn3=Cp1=0, Chp1=Cr23="""=C3p2=Clp=

and a3 =a5 =---=a, = 0.

In fact, until now, we have prove the induction hypothesis for n = 3 and n = 5. Clearly,
the proof for n = 5 is not needed to use the induction method but we have included it for the
sake of clarity.
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For any m we have that the linear system obtained that (6) is a formal first integral is

0 1 00 0 - 0 Cmo

m 0 2 0 0 R 0 Cm—1,1

0 m—1 0 3 0 0 Cm22

0 o0 . 0 =
0 0 3 0 m—1 0 Co2.m—2

0 0 0 2 0 m C1,m—1

0 000 1 0 Com

20 -1 + 3m—2C30 + -+ + (M — 2)ascm_20 + (M — 1)azcn—_1p
20, —2Co1 + 3am_scz1 + -+ (M — 3)azcm—31 + (M — 2)ascn_21
Am—3C12 + 20p_4Co2 + - -+ + (M — 4)ascpm_a2 + (M — 3)a2¢_32

a2C1,m—2
0
0

Let us prove our induction hypothesis for any n (odd) assuming that it is true for n — 2.

When m = n is odd the determinant of the above linear system is different from zero and
then the system is compatible and determined. Moreover, using the induction hypothesis
and starting from the last equation and going up in the other equations we arrive to ¢, =
Cp—22 = """ =0C3p-3=C1pn_1 =0, as we wanted to prove.

However for m = n + 1 even we have that the determinant of the corresponding linear
system is zero. Anyhow, using again our induction hypothesis, from the last equation we
have ¢;,, = 0 and going up in the equations we get that ¢, = ¢,—23 = -+ = c1,, = 0 and the
first equation reduces to

0= 2a, + 3an_1c30+ - - -+ (n — 1)agc,—1,0 + nazcyp.

Then, we know that ¢; o = 0 if ¢ is odd and if 7 is even the ¢; ¢ is multiplied by a; with 7 odd.
Since, moreover again by induction hypothesis, we know that a3 = a5 = --- = a,_2 = 0 we
obtain 0 = 2a,, which implies a,, = 0, as we wanted to show.

This proves that system (5) has only a formal first integral when F' is even. Then, applying
[21, Cor. 3.2.6] we have that under this hypothesis system (5) has an analytic first integral
around the origin. dJ

Proof of Corollary 2. Following [3, 6], let us see that system (4) can be locally transformed
into a classical Liénard system in R? of the form

i=y+F(z), ¢=oz,

where o = sign(¢/(0)) and F is an analytic function. Let u be the root of 20G(x) that has
the same sign that z,

u = ¢(x) = sign(x)y/20G(z) = 2/]g'(0)|(1 + O1()),
which is well defined and analytic in a neighborhood of x = 0. Moreover, it has an analytic

inverse © = £{(u) = u(1 + O1(u))/+/]9’(0)|. The transformation u = ¢(x) converts system (4)
into the new system

i = @(y + F(&(uw)),  &=g(&(u)).
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Since g(&(u))/u = o+/|¢’(0))|+ O1(u) is analytic and nonzero in a neighborhood of the origin
we can do the change of time dt/ds = ou/g(&(u)) and it becomes the classical Liénard system,

u' =y + F((u)), T = ou.

By Theorem 1 the condition to have integrability for such system is that F'(£(u)) is an analytic
even function of u. The chain of equalities

F(&(u) = 6(u?) = 6(20G(x)) = ¢(G(x))
proves the corollary. O

By using Liiroth theorem as in [4] we get the following effective characterization of real
integrable polynomial Liénard systems with a weak saddle at the origin:

Corollary 3. Consider system (4) with F' and G polynomials. Then it has an integrable

resonant weak saddle at the origin if and only if there exist polynomials ﬁ, G and u, with
u(0) =« (0) =0, u”(0) # 0, such that

F(z) = F(u(z)),  G(z) = G(u(x)).

The strong saddles case. The problem of the local integrability for strong (that is, non-
weak) saddles of Liénard systems is not considered in our work. Notice that if instead of
system (4) we take in R? the system

with F'(0) = 0 but F’(0) # 0, it has a strong saddle at the origin. It is convenient to write
F'(0) = 1/c— ¢, with ¢ € RT \ {1}. We remove the case ¢ = 1 to avoid the weak saddle case.
Then its eigenvalues are —¢ < 0 < 1/¢, and the Poincaré necessary condition for having an

analytic first integral at the origin is ¢* = ¢/p € QT. In fact, if F(z) = (\/p/q — \/q/p) z it
is not difficult to prove that

H(z,y) = (Vpr+vay)' (Vpy — Vaz)"

is a first integral of the linear Liénard system. We do not know if there are nonlinear integrable
cases in system (7).
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