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ON THE LOCAL ANALYTIC INTEGRABILITY
AT THE SINGULAR POINT OF A CLASS
OF LIENARD ANALYTIC DIFFERENTIAL SYSTEMS
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ABSTRACT. We consider the Liénard analytic differential systems & =y, y =
—cz — f(z)y, with ¢ € R and f : R — R an analytic function. Then for
such systems we characterize the existence of local analytic first integrals in a
neighborhood of the singular point located at the origin.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

One of the more classical problems in the qualitative theory of planar analytic
differential systems in R? is to characterize the existence of analytic first integrals
in a neighborhood of an isolated singular point.

One of the best and oldest results in this direction is the analytic nondegenerate
center theorem. In order to be more precise we recall some definitions. A singular
point is a nondegenerate center if it is a center with eigenvalues purely imaginary.
If a real planar analytic system has a nondegenerate center, then after an affine
change of variables and a rescaling of the independent variable ¢, it can be written
in the form

(1)

where X (z,y) and Y (z,y) are real analytic functions without constant and linear
terms defined in a neighborhood of the origin. The dot will always denote derivative
with respect to the independent variable t.

Let U be an open subset of R?, H : U — R be a nonconstant analytic function
and X be an analytic vector field defined on U. Then H is an analytic first integral
of X in U if H is constant on the solutions of X, i.e. if YH|y = 0. If U = R?, then
H is called a global analytic first integral of X.

The next result is due to Poincaré [7], [8] and Liapunov [5]; see also Moussu [6].

T o= y+ X(z,y),
y = 71'+Y(l',y),

Theorem 1 (Analytic nondegenerate center theorem). The analytic differential
system () has a nondegenerate center at the origin if and only if there exists an
analytic first integral defined in a neighborhood of the origin.
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One of the more studied differential equations is the so-called generalized Liénard
equation

(2) &+ f(z)i + g(z) = 0.

Such dynamical systems appear very often in several branches of the sciences, such
as biology, chemistry, mechanics, electronics, etc. Here we will restrict our studies
to the case g(z) = cz.

The differential equation (@) of second order with g(z) = cx can be written as
the equivalent 2-dimensional Liénard differential system of first order

(3) t=y, y=-—cx— f(z)y

For ¢ = 1 the Liénard differential systems (B) are called the classical Liénard
systems. The main objective of this paper is to study the analytical integrability of
the Liénard systems (B]) depending on the analytic function f(z) and on ¢ € R. We
assume that f(z) # 0; otherwise system (B becomes a differential linear system.
If ¢ = 0, then the Liénard differential system (B]) becomes a differential equation in
separable variables and its integration is easy, so we do not consider this case here.
Moreover we will see in Section [2] that after a rescaling of the variables x,y,t we
always go over the cases ¢ = £1. In the rest of the paper we consider only these
two possibilities.

As is well known, the function

P = | " f(s)ds

will be useful in the study of the Liénard differential systems (3)).
The main result of this paper is the following.

Theorem 2. The Liénard differential system B) with ¢ = £1 has a local analytic
first integral in a neighborhood of the origin if and only if one of the following
conditions holds:
(a) ¢=1, f(0) =0 and F(x) is an even function of xz;
(b) ¢=—1, f(0) =0 and F(x) is an even function of x;
(c) ¢ = —1, f(0) = (p —q)/\/Pq for some positive coprime integers p, q with
p > q, and f(z) = f(0) for all x € R (in this case system B) has the
polynomial first integral H = (\/p_qy — qx)q(\/p_qy + px)p),

The paper has been structured as follows: Sections Bl Bl and [ are dedicated to
preliminary results. Using all of them in Section [f] we prove Theorem

2. PRELIMINARY RESULTS

Under the assumption that ¢ # 0 we shall show that we can reduce the study of
the Liénard differential systems (B]) to the cases ¢ = 1.

Lemma 3. A Liénard differential system @) with ¢ # 0 after a rescaling of the
variables (x,y,t) becomes another Liénard differential system @) with ¢ = £1.

Proof. Assume that ¢ > 0. Then we consider the rescaling (X,Y,T) = (y/cz,y,
Vet). System (@) in the new variables is written again as a system (3) with ¢ = 1.

Assume that ¢ < 0. Then doing the rescaling (X,Y,T) = (v/—cx,y,/—ct),
system (B)) in the new variables becomes again another system (@) with c = —1. O
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In the rest of this section we shall introduce three results that will be used
throughout the paper. The first two results are also true for complex analytic
vector fields, but since here we only work with real analytic vector fields, we state
them only for this last class of vector fields.

The following result is due to Poincaré and its proof can be found in [8]; see also
[3].

Theorem 4. Let X = X(x,y) be a real analytic vector field defined in a neighbor-
hood of the origin such that X(0,0) = 0. Assume that the eigenvalues A\ # 0 and
Ao # 0 at the origin of X do not satisfy any resonance condition of the form

Ak1 4+ Aoko =0 fO’/‘ kl, ko € 7T with k1 + ko > 0.
Then X has no local analytic first integrals in a neighborhood of the origin.

We must mention that the singular points appearing in the statements of Theo-
rem [4] can be real or complex, independently of the fact that we are working with
real vector fields.

We have the following nice characterization of the centers at the origin for the
Liénard systems ([3]) with ¢ = 1; see for instance [I].

Theorem 5 (Center Theorem for analytic Liénard systems). Let f(z) be an an-
alytic function defined in a meighborhood of zero. Then the Liénard differential
system (@) with ¢ = 1 has a nondegenerate center at the origin if and only if
f(0) =0 and F(x) is an even function of x.

3. Case f(0) #0

In this section we consider system [B]) with f(0) # 0. We studied the analytic
integrability of it in the next four propositions.

As is usual, ZT will denote the set of nonnegative integers, Z~ will denote the
set of negative integers, Q1 will denote the set of nonnegative rationals, and Q~
will denote the set of negative rationals.

Proposition 6. Let f(x) be an analytic function defined in a neighborhood of the
origin such that f(0) # 0 and c¢/f(0)*> € Q~. Then system @) with c = £1 has no
local analytic first integrals in a neighborhood of the origin.

Proof. We note that system (B]) has the singular point (0,0). If X =(y, —cz+ f(x)y),
then the eigenvalues of DX(0,0) are

\ o FO VIO —de o f0) - VA0 e

2 2

Clearly
(4) A+ A= f(O) and Ay =c.

Suppose that there exist positive integers k; and ko such that k1A + kAo = 0.
Then A\; = —a\y with « a positive rational. The two equalities of ([{#]) become

f(0)=(1—-a))y and c= —al2.

We have

O 0P

C «
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Note that « # 1 because f(0) # 0, and « # 0 because ¢ # 0. Therefore, since by
assumptions f(0)%/c ¢ Q~, we cannot have k; A1 + koA = 0. Then the proposition
follows using Theorem [l O

Proposition 7. Let f(x) be an analytic function defined in a neighborhood of the
origin such that f(0) # 0 and ¢/f(0)?> = —a € Q~ with a # pg/(p — q)* for some
coprimes p,q € Z+ and p > q. Then system @) with ¢ = —1 has no local analytic
first integrals in a neighborhood of the origin.

Proof. Doing the rescaling (X,Y,T) = (f(0)z,y, f(0)t), system (B]) becomes
T =y, y=ar—y+hot.,

where we have written again (z,y,t) instead of (X,Y,T), and where h.o.t. means
terms of higher order. We assume that H = H(z,y) is a local analytic first integral
in a neighborhood of the origin. We write it as H =), ., Hy(x,y), where Hj, are
homogeneous polynomials of degree k. We will show by induction that

(5) H,=0 fork>1.

Then clearly from (B) we will obtain that system (B]) has no local analytic first
integrals, and the proof of the proposition will be done.
Since H is a first integral, it must satisfy
oOH OH
6 — h.o.t.)— — =0.
(6) (o =y +hoit) T +y 5
Now we will prove () using induction with respect to k. The terms of degree one
in (@) must satisfy
0H, OH,
—y)— — =0.
(or =) Gt
Clearly, since « # 0 we have that 9H; /0y = 0. Then we also obtain 0H;/d0z = 0
and thus H; = 0, which proves (@) for £ = 1. Now we assume that (@) is true
for k=1,...,5 —1 with j > 2 and we will prove it for k¥ = j. By the induction
hypothesis, the terms of order j in (@) must satisfy
0H; 0H;

(ax—y)a—y—l—yw =0.

Therefore, either H; = 0 or H; is a first integral of the linear differential system
T=vy, Y=oaxr—y.

Computing a first integral of this system we obtain that it must be a function h(G)
of G with

1
Gz(E(l—\/l—l—éloz)x—l—y 1+V1i+da)r+y

—1+V1+4a 1
) (§<

) 1+v1+4a

The unique possibility in order that h(G) be a polynomial is that
—-1++V1+4a = L and 1+ v1+4a= @, ni,ne,n3 € ZT, ng #n.
No n2

Then we have that

n n ng —n
—1+1:—371, that is, no = 3 !
no Up) 2
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Hence +
ATia_ mtns
ng —ni
which yields
1 2
o= (n1+n3> -1 Zﬂ, ni,ng € Z*, ny # ns,
4\ \n3 —ny (ng —nq)?

in contradiction with the assumptions on «. Note that we can assume ng > n;.
Furthermore, ny and ng3 are coprime, since otherwise, setting ny = g.c.d.{ny,n3}ny
and ng = g.c.d.{n1,n3}ns, we get
o= g.C.d.{TLl, TL3}2’fL1’fl3 _ nins
(g.c.d.{nl, ng}fll + g.c.d.{nl, n3}’fl/3)2 (ﬁl — ’fL3)2 ’

Since all first integrals are functions of G it is clear that H; cannot be a ho-
mogeneous polynomial of degree j. Hence H; = 0 and the induction process has
ended. 0

Proposition 8. Let f(x) = f(0) # 0 for all z € R with 1/f(0)?> = pq/(p — q)? for
some coprime p,q € Z7 and p > q. Then system @) with ¢ = —1 has the global
analytic first integral

H = (Vpay —qz)"(Vpay +pz)".

Proof. Under the assumptions of the proposition, system (@) becomes

(7) i=y g=o-"ly
VP4
Now the proposition follows by direct computations. (I

Proposition 9. Let f(z) # f(0) # 0 for some x € R with 1/f(0)? = pq/(p — q)*
for some coprimes p,q € Z+ and p > q. Then system @) with ¢ = —1 has no local
analytic first integrals in a neighborhood of the origin.

Proof. Under the assumptions of the proposition, system () becomes

: . P—4q F90) ;
8 =y, =r— ——y— ——17y.
(8) v, U T ; T

Making the change of variables

p—q fO0) 54
Y=y+—a+ L Ll X =g,
VP4 ;(14'1)!

system (8) becomes

- p—gq f90) _
(9) X_Y—WX—%:I(],_FD!XJ“, Y = X.

Renaming y = X and z =Y, system (@) becomes

. . p—q FO0) 1
10 =y, Y=r—"ty— : J+1,
(10) t=y, y==u \/qu jél G

Now let

. v —U pu + qu
uU=+/pqy —qx, v=+/pqy+pw, 1le. =

T = , Y .
p+q VPa(p +q)
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Then system ([I0) becomes

. p 9 (0) ( pu ~+ qu )jJr1
T m” \/_234‘1 vrap+q))

(11)

._Lv_ pu + qu J+1
’U—\/p_q \/ﬁj;(j+1)!<\/p_q(p+6ﬁ> .

We change from the variables (u, v) to the new variables (u,T’), where
T =u%P, thatis, v=T"Py /P,

Then we have from (IIJ) that

. \/_Z f(]) O (pu+qT1/pu_Q/p)j+l
U=———u— ,
f’ G+ vpalp+a)
(2 ( 1/p,,—a/p\ I 12
T = ula=/r7=1/r 3 F9(0) (pu+qT u >
S U+ Vpalp +q)

Let H = H(x,y) be a formal first integral of system (&). Then H (u,v) = H(x,y)
is a formal first integral of system (IIl) and H(u,T) = H(u,v) is a first integral of
system (IZ). Writing H (u,v) =35, Hj(u)v’ with H; a formal series in v, we can
write H(u,T) as

H = Z H TJ/;D
j>0
where ﬁj (u) = H;(u) u=79/P. Since H is a first integral we can assume that it has
no constant term. Note that H satisfies

OH OH
(13) T o7 Ty =0

with (7,4) as in (IZ). We will show by induction that
(14) Hj(u) =0 forj >0,

Note that to conclude the proof of the proposition it is enough to show that (I4)
holds.
First we note that equation (I3)) restricted to T' = 0 becomes

Jj+2
1 p)/pz () ( pu ) H(u) =0,
7+ D'\ vpalp +q)

where the prime indicates derivative with respect to u. From the expression above
we get that Hy is a constant, and since H has no constant term, we must have
Hy = 0. This proves (Id) for j = 0.

Now we assume that (I4)) is satisfied for j = 0,...,n — 1 with n > 1, and we
shall prove it for j = n. By the induction hypothesis we have

H= ZHJ+ w)TU+m/P,

3>0
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Now equation ([I3]) becomes

j 1/p, — J+2
wla=n/ope-/r [ $ f@(O) (Pu+qT /Py q/p)
1(j+1)! VPa(p +q)

ADYy:# =7 - nT(j+n—p)/p
7>0

(15)

_ +\/—Z F9(0) (pququ/pu‘l/f’)jJr1
\/_ G+ Vpalp+4q)

Z ]+n n+j)/p = 07

7>0

where the prime denotes derivative with respect to the variable u. After simplifying
by T("=1/P equation ([H), we restrict it to 7' = 0 obtaining

o a=p)/p f9(0) pu +2\ .
p ;(14—1)!(\/@(1”_(1)) H,(u) = 0.

Therefore H,(u) = 0. This proves [[d) for j = n. In short the proposition is
proved. O

4. CAsE f(0)=0,c=-1
In this section we prove the following proposition.

Proposition 10. Let f(z) be an analytic function defined in a neighborhood of the
origin such that f(0) = 0. Then system @) with ¢ = —1 has a local analytic first
integral in a neighborhood of the origin if and only if F(x) is an even function of
x.

Proof. Making the transformation (X,Y) = (z,y + F(z)), system @) with ¢ = —1
and f(0) = 0 becomes
) ) fU=1(0)
(16) t=y—F(x), y=z, where F(x Za] , -:T,
j>1

where we have written (z,y) instead of (X,Y).

We first show that if F' is an even function of z, that is, F(z) = > ;5 ag; x|
then system (6] has a local analytic first integral in a neighborhood of the origin.
Indeed with the change of variables

(17) u=vy, v=—ir, T= —it,

we have

(18) u=-v, v=u-— ngjUQj,
jz1

where / denotes the derivative with respect to 7 and @2; = (—1)7ag;. Note that u
is real and that v and 7 are pure imaginary. Note that on the plane R x iR we have
that system (I8)) is a center because it has a focus or a center at the origin and it
is invariant under the symmetry (u,v,7) — (u, —v, —7). Therefore it has a local
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analytic first integral G: R x iR of the form G = G(u,v) = G(u? + v?); see [4], [2],
[9]. Furthermore, since as; € R we get that G(u? +v?) = > i1 b (u? + v?)7 with
b; € R. Note that dG/dr = 0. -

Since v? = —x? (see (1)) we have that system (IG) has a local analytic first
integral in a neighborhood of the origin in the form H = H(z,y) = G(y*> —2?%) € R.
Note that dH/dt = (dG/d7)(dr/dt) = 0.

Now we shall prove the converse. Assume that system (B) with ¢ = —1 has a
local analytic first integral in a neighborhood of the origin. Consequently system
([I8) also has a local analytic first integral in a neighborhood of the origin. Therefore
the system

(19) v =—-v, v =u-—F(v),

obtained from system (0] after doing the change of variables (7)), has a local
analytic first integral in a neighborhood of the origin. Hence, by Theorem [l it
follows that F'(z) is an even function. So the proposition is proved. (]

5. PROOF OF THEOREM

Finally we prove the main result of the paper.

Proof of Theorem [(a). This follows directly from Theorems [B] and [ O
Proof of Theorem [2(b). This follows directly from Proposition O

Proof of Theorem [Z(c). For ¢ =1 and f(0) # 0 it follows from Proposition [6 that
system (B has no local analytic first integrals in a neighborhood of the origin.
For ¢ = —1 and f(0) # 0 we get from Propositions [ [ [§ and [@ that system
@) has a local first integral in a neighborhood of the origin if and only if f(0) =
(p — q)/+/pq for some positive coprime integers p, ¢ with p > ¢, and f(x) = f(0)
for all x € R. O
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