ON THE INTEGRABILITY OF LIENARD SYSTEMS
WITH A STRONG SADDLE

JAUME GINE' AND JAUME LLIBRE?

ABSTRACT. We study the local analytic integrability for real Liénard systems, & = y — F'(x),
y = =z, with F(0) = 0 but F’(0) # 0, which implies that it has a strong saddle at the
origin. First we prove that this problem is equivalent to study the local analytic integrability
of the [p : —¢] resonant saddles. This result implies that the local analytic integrability of
a strong saddle is a hard problem and only partial results can be obtained. Nevertheless
this equivalence gives a new method to compute the so-called resonant saddle quantities
transforming the [p : —¢] resonant saddle into a strong saddle.

1. INTRODUCTION AND MAIN RESULTS

Two of the main problems about the planar Liénard differential systems are to know
whether they are integrable or not, and to give criteria for controlling their number of limit
cycles. In this work we deal with the first problem. For more information on the second
mentioned problem, see [1]. Liénard differential systems appeared in electrical circuits with
nonlinear elements, but later many other situations have been modeled by these type of
differential equations, see [7] and references therein.

Assume that a real planar analytic differential system has a weak focus. It is well-known
that this singular 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 [18]. Consequently the center problem
for non-degenerate singular points is equivalent to the local analytic integrable problem for
such singular points.

The following theorem characterizes the centers for the classical real analytic Liénard sys-
tems, see the proof in [3, 5, 6].

Theorem 1 (Cherkas). Consider the differential system
T =y+ F(x), = —x,

with F(x) analytic at zero and F(0) = F'(0) = 0, then the origin is a center if and only if F
is an even function.

Recently have been proved a similar result, but for classical Liénard systems with a weak
saddle at the origin, that is, systems of the form

Tt =y+ F(x), Y=z,
with F' analytic and F'(0) = F'(0) = 0. In this case the eigenvalues are +1. Recall that a

saddle point is weak if its eigenvalues are £\ with 0 £ A € R. The duality between centers
and saddles transforms one center into one saddle when we consider the system in C?, see [7].
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The result obtained in [7] is the following:
Theorem 2. Consider the analytic differential systems in C? of the form
(1) l’:y—l—F(l’), y = aw,

with 0 # a € C and where F(x) is an analytic function without linear and constant terms.
System (1) is locally integrable at the origin if and only if F(x) is an even function of x.

The result covers the classical Liénard case in R? with a weak focus at the origin which
corresponds to a = —1, and the weak saddle case that has a = 1, and also extends to C? some
of the results obtained in [16].

In [7] Theorem 2 is generalized to get the characterization of the real analytic integrable
weak saddles for general Liénard systems in R2, that is, for systems of the form

(2) t=y+F(), y=g),

where F' and g are analytic functions of z, F'(z) without linear and constant terms and with
g(0) = 0 and ¢'(0) # 0. This generalization use the ideas given in [3, 6], see also [2, 8, 9], and
is also recently proved in [16]. The result can be written in the following way.

Corollary 3. System (2) has an integrable resonant weak saddle (resp. weak focus) at the
origin if and only if ¢'(0) > 0 (resp. ¢'(0) < 0) and F(x) = ¢(G(x)), for some analytic
function ¢ with $(0) = 0 and where G(x) = [} g(§)dE.

Moreover in [7], using Liiroth theorem as in [4], an effective characterization of real in-
tegrable polynomial Liénard systems with a weak saddle is obtained. In [10] some other
integrable Liénard-like complex systems with a weak saddle are also characterized.

In this work we aim to characterize the analytic integrability of the real differential systems
of the form

(3) T =y+ F(z), Y=z,

where F'(x) is an analytic function of z with F'(0) = 0 but F”(0) # 0 which implies that system
(3) has a strong saddle at the origin. Without loss of generality we can take F'(0) = 1/c — ¢,
with ¢ € RT\ {1}. We avoid the case ¢ = 1 which corresponds to the weak saddle case. Then
the eigenvalues A\; and Ay of the linear part are —c < 0 < 1/c. It is well-known, see [13, 17],

that if —A;/Ae & Q7 then the differential equation (3) has no local analytic first integral in a
neighborhood of the origin. Consequently a necessary condition for having an analytic first

integral at the origin is ¢ = ¢/p € QT. In fact, if F(z) = (\/p/q — \/q/p) x it is not difficult

to prove that
H(z,y) = (vVpo+vay)' (Vpy — vaz)’

is a first integral of the linear Liénard system.

Before stating our main result, we introduce some notation and definitions. The center
problem for analytic differential systems in R? with a nondegenerate singular point, that is,
systems of the form & = —y+---, y = x4 ---, where the dots mean higher order terms, can
be transformed by the complex change of variable u = x 4 1y, v = z — iy into the complex
differential system of the form @« =u+---, v = —v + ---. The natural generalization of the
above system is to consider analytic differential system in C? of the form

where A\, € C\ {0}. As we have said a necessary condition to have analytic integrality at
the origin of system (4) is A/u = p/q € Q with ged(p,q) = 1. This case is called [p : —¢]
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resonant case. In this situation the local analytic integrability is sometimes possible with
some more necessary conditions. We describe how to obtain these necessary conditions.

The [p : —q] resonant case can be written as
after a scaling of time if necessary, with p,q € Z". The linear part of system (5) has the
analytic first integral Hy = u9v? and the inverse integrating factor Vy = u!'~9v!"?. Now we

can search conditions for the existence of an analytic first integral H(u,v) = Hy + --- for
system (5) and we get the equation

H201H§+U3Hg+"',

where v; are the so-called [p : —q] resonant saddle quantities which are polynomials in the
coefficients of system (5). Therefore we have a formal analytic resonant saddle if all the v;
are zero, see [12, 19] and references therein. Moreover in this case we have also the existence
of a local analytic first integral, see [18].

The first result of this work is the following.

Theorem 4. System (3) with a strong saddle at the origin, that is, with F(0) = 0 but
F'(0) =1/c—c # 0 and with ¢* = q/p € QT can be transformed into a system with a [p : —q|
resonant saddle at the origin.

Theorem 4 is proved in section 4.

The analytic integrability problem of a [p : —¢| resonant saddle is a very hard problem as
the several papers dedicated to this problem in the last years have shown, see for instance
[12, 14, 15, 19, 20] and references therein. Hence the first consequence of Theorem 4 is that
the analytic integrability of a strong saddle is as difficult as the analytic integrability problem
of the [p : —q] resonant saddle. The second consequence is that we can derive a new method
to compute the resonant saddle quantities of a system with a [p : —q| resonant saddle as we
show in section 2.

In [7] it was proposed the following open problem: Are there nonlinear integrable systems
inside the family of system (3)7 The following proposition establishes that in a particular
case the unique integrable case is the linear one.

Proposition 5. The Liénard differential system with a strong saddle at the origin
i=y+ (1/c— )z + axx® + aza’®, Y=,
with ¢* = q/p = 2/1 € QT has a unique integrable case which corresponds to ay = az = 0.
Moreover, for several [p : —q] resonant saddles of homogeneous and non homogeneous

differential systems that can be transformed into a system of the form (3) it has been checked
that the only integrable case is when F'(z) = ax. Hence we establish the following conjecture.

Conjecture 6. The unique integrable case of the Liénard system (3) is the linear one.

What is not true is that the unique integrable case of a general strong saddle be the linear
one. Indeed, if we consider more general systems of the form

(6) T=y+ F(z,y), Y=z,

where F'(z,y) = ax+--- with a # 0, here the dots mean higher order terms which implies that
system (6) has also a strong saddle at the origin, these systems can have analytic integrable
saddle different from the linear one as the following example shows.
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Proposition 7. The differential system

(7) b=y - " ey + VR, =
\/_ \/_
has an analytic integrable strong saddle at the origin because has the analytic first integral
V2 V2
H = e2b3 (4‘f+6by+(1j(bu:2fbi)))2 11?(#%)) (1+b(x + \/_y))_ ;3[

It is easy to check that the function H in Proposition 7 is a first integral of system (7).

2. A NEW METHOD TO COMPUTE THE RESONANT SADDLE QUANTITIES

We consider the following analytic differential system with a [p : —¢] resonant saddle at the
origin
(8) uzpu+Zaijuivj, 0= —qv+Zbijuivj,
=2 =

where p, ¢ € Z" and a;;, b;; € R. Now we define ¢ = ¢/p and we made the scaling of time
t — cpt and system (8) takes the form

(9) U= % + ZZQ ajuv’, 0=—cv+ ZZQ biju'v’,
where a;;, Bz-j € R. Next we do the linear change of variables
—u—+cv cu—+v
S re YT ire

and system (9) becomes

1 > o > o
10 =y (- YNoegaly, g=a+ Y dyaty.
(10) z y+(c c)x—l—i_ZcJ:cy v a:+i:2 STty

Then we implement the change of variables
z Y

Y Ty
Vi Ve NG

and system (10) becomes

. 1—2c—c? 1—¢? > _
U = U 1% G UMW,
(11> 2c + 2c +;C]
. 1—c? 14 2c—¢? XL
— d,; UV,
1% U+ — V+ZZ2 UV

where ¢, ciij € R. Next we introduce the complex change of variables U = X+, V = X —Y
and system (11) can be written as

. 1 Sl . . Oz L
(12) X:—Y+i(c——)x+§ EXTYT Y =X+ ) dy XY,
C
=2 =2

where here ¢;;, czij € C. A first integral of the linear part of system (12) is given by

Hy = <\/gX+z’Y>p (X—i\/gY)q,
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and consequently a first integral of system (12) must be of the form H = Hy + --- where the
dots are higher order terms, see [11]. Notice that system (12) has complex parameters and
it has the linear part of a center-focus type. Hence the classical method of passing to polar
coordinates and to find obstructions to have a formal first integral is now possible.

Therefore in system (12) we take the polar coordinates X = rcosf and Y = rsiné and we
propose the Poincaré power series

(13) H(r,0) =Y Hp(0)r™,

where Hy(0) = 1/2 and H,,(f) are homogeneous trigonometric polynomials respect to 6 of
degree m. Computing the derivative of H we have

H(r, 0) = Z Vaor?k,
k=2

where the V3;’s are the obstructions to have H as a formal first integral of system (12). This
Vo are the saddle quantities which are polynomials in the parameters of system (12), see [18].
However these quantities correspond to the saddle quantities of the original system (8) and
consequently are polynomials in the real parameters of system (8).

The equivalence that establishes Theorem 4 also helps to understand why it is more difficult
to classify of the integrable systems of a [p : —¢| resonance when we increase p or q. What
happens is that the first integral of the linear part increases also its degree, and hence the
saddle quantities appear for degrees higher in the terms of the proposed power series (13).
Consequently the saddle quantities are polynomials of higher degree in the variables of system
(8), and it is more difficult to find the zeros of the ideal generated by these saddle quantities.

Proof of Proposition 5. Using the method described in the previous section we find that the
first two nonzero saddle quantities are

‘/6 = ﬂag + 21&37
Vi = 177017+/2a$ + 4078901a3as + 3855267+/2a2a2 — 3348043,

modulo the previous one zero, which implies a; = a3 = 0. U

3. PROOF OF THEOREM 4

The proof is based on apply several transformations to system (3). First we do a rotation
of angle ¢ = 7/4 which is given by the linear change

u= — _ 4 o= — 1+ Y
V2 V2 V2 V2
and system (3) with F'(0) = 0 but F’(0) = 1/c¢ — ¢ # 0 takes the form

1 1 1—c? 1—¢? 1 1
14 = (=24 = — ) = 224 = —
(14) u 2( + - c)u+ e Ut 0 5 u—|—2( + - c)v+
The eigenvalues of the linear part are \; = 1/¢, and \y = —c whose eigenvectors are

1— 1
U1 = C71 ) Vg = cr 71 9
1+e¢ c—1
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respectively. Now we propose the linear change of variables

1— 1
X = cu—l—v, Y:C+ U+ v,
1+c¢ c—1
and the scaling of time ¢t — ct, and system (14) takes the form
(15) XX, VeV
Taking into account that ¢ = ¢/p € Q" doing a second scaling of time we obtain the system
(16) X=pX+-, Y=—0qY +---.

which corresponds to a [p : —¢| resonant saddle and the proof of the theorem is completed.

4. ACKNOWLEDGEMENTS

The first author is partially supported by a MINECO/FEDER grant number MTM2014-
53703-P and an AGAUR (Generalitat de Catalunya) grant number 2014SGR-1204. The
second author is partially supported by a MINECO grants number MTM2016-77278-P and
MTM2013-40998-P, an AGAUR grant number 2014SGR-568, and the grant FP7-PEOPLE-
2012-IRSES 318999.

REFERENCES

[1] M. CAUBERCH, Hilbert’s sizteenth problem for polynomial Linard equations, Qual. Theory Dyn. Syst. 11
(2012), no. 1, 3-18.
[2] L.A. CHERKAS, On the conditions for a center for certain equations of the form yy' = P(z) + Q(z)y +
R(z)y?, Differ. Uravn. 8 (1972), 1435-1439; Differ. Equ. 8 (1972), 1104-1107.
[3] L.A. CHERKAS, Conditions for a Liénard equation to have a centre, Differ. Equ. 12 (1976), 201-206.
[4] C.J. CHRISTOPHER, An algebraic approach to the classification of centres in polynomial Liénard systems,
J. Math. Anal. Appl. 229 (1999), 319-329.
[5] C. CHRISTOPHER, N.G. LLOYD, Small-amplitude limit cycles in polynomial Liénard systems, NoDEA 3
(1996), 183-190.
[6] C.J. CHRISTOPHER, N.G. LLOYD, J.M. PEARSON, On a Cherkass method for centre conditions, Non-
linear World 2 (1995), 459-469.
[7] A. GasuLL, J. GINE, Integrability of Liénard systems with a weak saddle, Z. Angew. Math. Phys., to
appear.
[8] A. GAsULL, J. TORREGROSA, Center problem for several differential equations via Cherkas’ method, J.
Math. Anal. Appl. 228 (1998), 322-343.
[9] J. GINE, Center conditions for polynomial Liénard systems, Qual. Theory Dyn. Syst., to appear (DOI
10.1007/s12346-016-0202-3).
[10] J. GINE, C. VALLS, Integrability conditions of a resonant saddle in Liénard-like complex systems, Chaos
Solitons Fractals 82 (2016), 139-141.
[11] J. GINE, X. SANTALLUSIA, Essential variables in the integrability problem of planar vector fields, Phys.
Lett. A 375 (2011), no. 3, 291-297.
[12] A. FRONVILLE, A. SADOVSKI, H. ZOLADEK, Solution of the 1 : —2 resonant center problem in the
quadratic case. Dedicated to the memory of Wieslaw Szlenk. Fund. Math. 157 (1998), 191-207.
[13] S.D. FURrTA, On non-integrability of general systems of differential equations, Z. Angew. Math. Phys. 47
(1996), 112-131.
[14] C. Liu, G. CHEN, C. LI, Integrability and linearizability of the LotkaVolterra systems, J. Differential
Equations, 198 (2004), 301-320.
[15] C. Liu, Y. L1 The integrability of a class of cubic LotkaVolterra systems, Nonlinear Anal. Real World
Appl. 19 (2014), pp. 67-74.
[16] J. LuBRE, C. VALLS, On the analytic integrability of the Liénard analytic differential systems, Disc.
Cont. Dyn. Sys. 21 (2016), 557-573.
[17] H. POINCARE, Sur lintégration des équations différenticlles du premier order et du premier degré I and
II, Rendiconti del circolo matematico di Palermo, 5 (1891), 161-191; 11 (1897), 193-239.



INTEGRABILITY OF LIENARD SYSTEMS WITH A STRONG SADDLE 7

[18] V.G. RoMANOVSKI, D.S. SHAFER, The Center and Cyclicity Problems: A Computational Algebra
Approach, Birkhauser, Boston, 2009.

[19] Q. ZHANG, Y. Liu, Integrability and generalized center problem of resonant singular point, Appl. Math.
Lett. 40 (2015), 13-16.

[20] H. ZOLADEK, The problem of center for resonant singular points of polynomial vector fields, J. Differential
Equations 137 (1997), no. 1, 94-118.

! DEPARTAMENT DE MATEMATICA, UNIVERSITAT DE LLEIDA, AvDA. JAUME II, 69; 25001 LLEIDA,
CATALONIA, SPAIN

E-mail address: gine@matematica.udl.cat

2 DEPARTAMENT DE MATEMATIQUES, UNIVERSITAT AUTONOMA DE BARCELONA, 08193 BELLATERRA,
BARCELONA, CATALONIA, SPAIN

E-mail address: jllibre@mat.uab.cat



