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ABSTRACT. We consider the Liénard analytic differential systems & =y, y =
—g(z) — f(x)y, where f,g: R — R are analytic functions and the origin is an
isolated singular point. Then for such systems we characterize the existence of
local analytic first integrals in a neighborhood of the origin and the existence
of global analytic first integrals.

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, and in particular the existence of a global analytic first integral when
the differential system is defined in the whole R2.

One of the best and oldest results in this direction is the analytic nondegerate
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 at the origin, then after
a linear change of variables and a rescaling of the time variable, it can be written
in the form:

T = y+X(z,y), (1)
gy = —z+Y(zy),
where X (z,y) and Y (x,y) are real analytic functions without constant and linear
terms defined in a neighborhood of the origin.

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 if H is constant on the solutions of X’; i.e. if YH = 0.

The next result is due to Poincaré [9] and Liapunov [6], see also Moussu [8].
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Theorem 1 (Analytic nondegerate center theorem). The analytic differential sys-
tem (1) has a nondegerate center at the origin if and only if there exists an analytic
first integral defined in a neighborhood of the origin.

One of the more studied differential systems are the so—called generalized Liénard
equation
Z+ f(x)d +g(x) =0, (2)
which were studied by many researchers. Such dynamical systems appear very
often in several branches of the sciences, such as biology, chemistry, mechanics,
electronics, etc. The differential equation (2) of second order can be written as the
equivalent 2—-dimensional Liénard differential system of first order

=y, §=—g) - f(x)y. 3)
When g(z) = z the Liénard differential systems (3) are called the classical Liénard
systems. The main objective of this paper is to study the analytical integrability of
the Liénard systems (3) depending on the analytic functions f and g.

In order that the origin of system (3) be a singular point we need that g(0) = 0,
and since it must be isolated we need that g(x) # 0. Therefore, since we want to
study the local analytic integrability at the isolated singular point located at the
origin in the rest of the paper we always assume that

9(0)=0, g(x)#0 and f(z)#0. (4)
Of course if g(z) = 0 or f(x) = 0 then the Liénard differential system becomes a
differential equation with separable variables.
The functions

F(x) = /Ow f(s)ds and G(x)= /Ow g(s)ds

are useful in the study of the Liénard system (3).

Through the paper Z* will denote the set of non-negative integers, Z~ will denote
the set of negative integers, Q1 will denote the set of non-negative rational numbers
and Q™ will denote the set of negative rational numbers.

In the spacial case in which g(z) = —%f(x)F(x) with p,q € Z*\ {0} and

p # q we have that

H=((p—q)y+pF()"((p -y —qF(z))* ()
is a global analytic first integral of system (3).
Due to technicalities we will also assume in the paper that

(HO) if £(0) # 0 then ¢'(0) # L)zf(O)2 for some p,q € ZT \ {0} and p # q.

(p—q
Note that when f(0) #£ 0, ¢’(0) = — (pf‘f])Qf(O)2 and g(x) = —ﬁf(x)l’(x) then
system (3) is integrable with first integral given in (5) but we are not considering
this case in our paper.
When f(0) = g(0) = ¢’(0) = 0 then using the Taylor expansion for the analytic

functions g(z) and f(z) we can write:

g(.Z') = deo+ix€0+ia f(x) = fo1+ixél+ia

i>0 i>0

where ¢y > 2 and ¢; > 1. Now depending on ¢y and ¢; we will consider other
assumptions on our systems. We will assume that:

(H1) either ¢y =61 + 1;
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(HZ) or by > 20, + 1.
The main result of this paper is the following.

Theorem 2. System (3) under assumptions (4) and satisfying hypothesis HO has

a local analytic first integral in a neighborhood of the origin if and only if one of the

following conditions hold.

(a.1) f(0) = g(0) =0, ¢'(0) > 0 and F(z) = ®(G(z)) for some analytic function
®(x) with (0) = 0;

(a.2) f(0) =g(0) =0, ¢'(0) < 0 and F(z) = \/2|G(z)|®(2|G(x)|) for some analytic
function ®(x).

Note that when ¢y = ¢; then we can have an analytic first integral as the following
example shows.

Example 3. We consider the system
=y, =z +ary). (6)
System (6) satisfies £g = ¢1 and it has a first integral of the form

H = (ag + aly)ao(1+fo)ea1(a1$1+£“—(1+fo)y)
that is globally analytic when ag € Z (taking H ! when ap € N7).

As a Corollary of Theorem 2 we obtain the following characterization of the
analytic first integrals of the so—called classical Liénard equations.

Theorem 4. System (3) with g(x) = = and f(z) # 0 has a local analytic first
integral in a neighborhood of the origin if and only if F(x) = F(—x).

In the classical Liénard system, i.e., when g(x) = z and f(z) # 0, we have that
(4) and hypotheses HO-H2 automatically hold. Therefore we are on the assumptions
of Theorem 2. Furthermore, ¢’(0) = 1 > 0 and then only statement (a.1) can hold.
In this case, since G(x) = 22/2 we have that system (3) has a local analytic first
integral in a neighborhood of the origin if and only if F(z) = ®(22/2), for some
analytic function ® with ®(0) = 0. This clearly implies Theorem 4.

The paper has been divided as follows. In Section 2 we introduce some prelimi-
nary results and as a corollary as those results we prove Theorem 2(a.1). In Section
3 we prove Theorem 2 when f(0) # 0 and hypothesis HO holds. In Section 4 we
prove Theorem 2 when f(0) = ¢g(0) = 0 and ¢’(0) < 0. In Sections 5 we prove
Theorem 2 when hypothesis H1 holds, and in finally in Section 6 we prove Theorem
2 when hypothesis H2 holds.

2. Preliminary results. In this section we shall introduce two results that will
be used through the paper. Let h = h(z,y) be the vector field associated to our
system (3).

The following result is due Poincaré and its proof can be found in [11], see also
[4].

Theorem 5. Assume that the eigenvalues \y # 0 and Ay # 0 at some singular
point of h do not satisfy any resonance condition of the form

AMk1+ Aoko =0 for ki, ko € 7 with ki + ko > 0.

Then system (3) has no local analytic first integrals.



4 JAUME LLIBRE AND CLAUDIA VALLS

The following result extends the previous one to the case that one eigenvalues is
zero, see Li, Llibre and Zhang [5].

Theorem 6. Assume that the eigenvalues A1 and Ao at some singular point p of h
satisfy that Ay = 0 and Aa # 0. Then system (3) has no local analytic first integrals
in a neighborhood of the singular p if it is isolated.

We must mention that the singular points appearing in the statements of Theo-
rems 5 and 6 can be real or complex, but our system (3) is always real.

We have the following nice characterization of the centers at the origin for the
Liénard systems (3) due to Christopher [1].

Theorem 7 (Center Theorem for analytic Liénard systems). Let f(z) and g(z)
be analytic functions defined in a neighborhood of zero such that f(0) = g(0) =0
and ¢'(0) > 0. Then the Liénard differential system (3) has a nondegenerate center
at the origin if and only if F(x) = ®(G(x)) for some analytic function ®(z), with
®(0) =0.

An immediate consequence of Theorems 1 and 7 is:

Corollary 8. Let f(xz) and g(x) be analytic functions defined in a neighborhood of
zero such that f(0) = ¢g(0) = 0 and ¢’(0) > 0. Then there exists an analytic first
integral defined in a neighborhood of the origin if and only if F(x) = ®(G(x)) for
some analytic function ®(x), with ®(0) = 0.

Note that Corollary 8 is exactly Theorem 2(a.1).
If a real analytic system has a center at the origin and after a linear change of
varibles and a rescaling of the time variable, it can be written in the form
& =y+X(z,y), y=Y(y),

where X (z,y) and Y (x,y) are real analytic functions without constant and linear
terms defined in a neighborhood of the origin, then it is called a nilpotent center.

3. Case f(0) # 0. In this section we will prove the following result.

Proposition 9. Let f(z) and g(x) be analytic functions defined in a neighborhood
of the origin satisfying (4) such that f(0) # 0 and hypothesis HO holds. Then
system (3) has no local analytic first integrals in a neighborhood of zero.

We separate the proof of Proposition 9 into different lemmas.

Lemma 10. Let f(x) and g(z) be analytic functions defined in a neighborhood of
the origin satisfying (4) and such that f(0) # 0 and ¢'(0) = 0. Then system (3)
has no local analytic first integrals in a neighborhood of zero.

Proof. We note that system (3) has the singular point (0,0). If X = (y,—g(z) —
f(z)y), then the eigenvalues of DX (0,0) are
—f(0) £ [£(0)]
2

So one eigenvalue is zero and the other is nonzero.

Since g(x) £ 0 and g(z) is analytic, we have that (0,0) is an isolated singular
point of system (3) and by Theorem 6, system (3) has no local analytic first integrals
in a neighborhood of zero. O

Now we can assume that ¢'(0) # 0.
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Lemma 11. Let f(x) and g(z) be analytic functions defined in a neighborhood of
the origin satisfying (4) and such that f(0) # 0, ¢’(0) # 0 and £(0)?/4'(0) € Q™.

Then system (3) has no local analytic first integrals in a neighborhood of zero.

Proof. We note that system (3) has the singular point (0,0). If X = (y, —g(z) +
f(z)y) then the eigenvalues of DX (0,0) are

\ SO VIOP =40 F0) - VTP~ 40)
: .

2

Clearly

A+ Ao = f(O) and A Ay = g'(()). (7)
Suppose that there exist positive integers k1 and ks such that ky A1 +ko A2 = 0. Note
that by Theorem 5 if such integers do not exist the proposition is proved. Then
A1 = —a\g with « a positive rational. The two equalities of (7) become

f(0)=(1—a)Xy, and ¢'(0) = —ai.

Since we have , ,
0 1-—
0P _ (-a? oo
9'(0) a
Note that o # 1 because f(0) # 0, and a # 0 because ¢’(0) # 0. Therefore
since f(0)?/g'(0) € Q~, we cannot have k1 A1 + kad2 = 0, and consequently the

proposition is proved. O

Lemma 12. Let f(z) and g(x) be analytic functions defined in a neighborhood of the
origin satisfying (4) and such that f(0) # 0, ¢'(0) # 0 and f(0)?/¢'(0) = —a € Q~
and hypothesis HO holds, i.e., o # pq/(p — q)* for some p,q € Z*, p # q. Then
system (3) has no local analytic first integrals in a neighborhood of zero.

Proof. We write ¢'(0) = —af(0)? with o € Q*\{0}. Doing the rescaling (X,Y,T) =
(f(0)x,y, f(0)t) system (3) becomes of the form

=y, §y=axr—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 H, are
homogeneous polynomials of degree k. We will show by induction that

Hy,=0 fork>1 (8)

Then clearly from (8) we will obtain that system (3) has no local analytic first
integrals, and the proof of the proposition will be done.
Since H is a first integral it must satisfy

(@)~ 0)5 +u =0 Q

x
Now we will do the induction. The terms of degree one in (9) must satisfy

OH, = OH,
(Oél‘ — y)a—y —l—yﬁ =0.

Suppose that H; = ax+by. Then the previous equation becomes (ax—y)b+ay = 0.
So ab = 0, since o # 0 we get that 9H;/0y = b = 0. Then we also obtain
0H,/0x = 0 and thus H; = 0 which proves (8) for k¥ = 1. Now we assume that
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(8) is true for k =1,...,j5 — 1 with j > 2 and we will prove it for k = j. By the

induction hypothesis, the terms of order j in (9) must satisfy

0H;
=0.

Oz

Therefore, either H; = 0 or H; is a first integral of the linear system

(- 9) 52 +y

t=y, y=oar—y.

Computing a first integral of this system, we obtain that it must be a function of

1 —1+v1+4a 1+v1+4a
G= <2(1—\/1+4a)x+y> (2(1+\/1+4a)x+y>

The unique possibility for a power or function of G to be a polynomial is that

—1—|—\/1—|—4a:E and 1—5—\/1—|—404:@7 ni,n3 € ZT,ng # nq.
no n2
Then we have that
ﬂ—|—1:%—1, that is ng = ng—nl'
n2 na 2
Hence,
ni + no ni + ns
ival 4oy = =
+da %) ng —ny
which yields
1 2
= (n1+n3) -1 :ﬂ, ni,ng € Z,ny # ns,
4\ \ng —ny (ng —ny)?

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

From Lemmas 10, 11 and 12 it follows the proposition.

4. Case f(0) = ¢g(0) = 0, ¢’(0) < 0. In this section we will prove the following
proposition.

Proposition 13. Let f(x) and g(x) be analytic functions defined in a neighborhood
of the origin satisfying (4) such that f(0) = 0. Then there exists an analytic first
integral defined in a neighborhood of the origin if and only if F(x) = ®(2|G(x)|) for
some analytic function ®(x).
Proof. Making the transformation (X,Y) = (z,y + F(x), system (3) becomes
o' =y—F(x), ¥ =—g) (10)

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

Let u be the negative root of 2G. From the hypothesis on g (that is, g(0) = 0

and ¢’(0) < 0) it is clear that it is well defined and analytic in a neighborhood of
x = 0. Thus

u=—(=2G())*sgn (z) = —(=4'(0))"/*z + O(a*) (11)

defines an invertible analytic transformation in a neighborhood of z = 0. Let z(u)
denote its inverse. This transformation takes system (10) to the system

o = 7@@ — F(z(w)), 9 =—g(xz(u)). (12)
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Since g(z(u))/u = (—¢'(0))*/? 4+ O(u) is analytic in a neighborhood of the origin.
We can rescale (12) by multiplying the right-hand side by u/g(z(u)) which gives

v =y+ Fz(u), v =u. (13)

We write

F(u)=F(z(u) = a’/, a; €R

j>2
Then system (13) becomes
W =y+Fu), v =u. (14)
We introduce the change of variables
y=1b, u=a, (15)
with this change of variables system (14) becomes
% = —ia, % =ib+ F(a), (16)

where
F(a) = Z F Lal.
Jj=2

It is clear that system (13) is locally integrable around the origin if and only if
system (16) is locally integrable around the origin. Moreover, system (16) is locally
integrable if and only if F j = 0 for j odd, see for more details the Appendix. More
precisely, the coefficients Fj for j7 odd are the Poincaré-Liapunov constants of the
Lienard analytic differential system (16), and in the papers [2, 15] it is proved that
the Lienard differential systems have an analytic first integral in the neighborhood
of the origin if and only if all the Poincaré-Liapunov constants are zero.

In short, system (13) has a local analytic first integral in a neighborhood of the
origin if and only if F is an even function. Now we express this condition in a
more geometrical setting. The argument above shows that there is a local analytic
first integral if and only if F(u) = F(x(u)) = ¢(u?) for some analytic function ¢.
However, u? = 2|G(z)| and this concludes the proof of the proposition. O

5. Case H1. The main result in this section is the following.

Proposition 14. System (3) with £y > 2 and ¢4 = ¢y — 1 has no analytic first
integrals.

Proof. System (3) becomes
o =y Y =g,2" + fr_1yr® !+ hot, (17)

where h.o.t. denote the higher order terms. We claim that (17) has not global
analytic first integrals. We note that the proof of the proposition will follow then
from the claim. Now we shall prove the claim.

Let H = H(z,y) = > 1>, He(z,y) be a first integral of (17), where Hy, is a
homogeneous polynomial of degree k. Then H satisfies

H .
Vg T (907" + fomrya® ™+ hot) Fo = 0. (18)
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Note that the right-hand side of equation (18) has degree at least £y. Now we will
show by induction that for k > 1,
OHj, _ OHpi4y—2

Hy oy = a L kb2 g 1
-1 =0 an o o 0 (19)

We have taken the criterium that for j > 0, H_; = 0. If (19) holds, then since all
Hp_1=0fork>1,and H =), Hy it follows that H = 0, a contradiction with
the fact that H is a global first integral of system (17). Hence the claim will be
proved if we prove the induction hypothesis.

Computing the terms in (18) with degree one we obtain that ya;;{c L = ( and since
Hy = 0 the induction hypothesis is proved for k = 1.

Now we assume that (19) is true for k = 1,...,1 (I > 1) and we will prove it for
k =1+ 1. By the induction hypothesis we have
8H1 aHl-q-é -2
H_;=0 d = —... = Z2Hbh=2
! o Ox Ox

fori=1,...,[ that is,
H; ;=0 and Hl+j = al+jyl+j7 ai+j5 € R, (20)

fori=1,...,land j =0,...,¢y — 2. Computing the degree [ + ¢y — 1 in (18) and
using the induction hypothesis, we get that

OHy g, _ _
y— ol _<g[nxeo + fog—1yz’0 1)

oz
= 71&1(9501‘[0 + feo*lyxzo_l)y

ot

oy (21)

-1

If [ = 1, then (21) becomes
0Hy,

y ox = _al(gfoxeo + ffu—lyajzo_l)'
From this equation since gg, # 0 we get that a; = 0 and 9H,,/0xz = 0, so Hy =0
and from equation (20) with [ =1 we get H; =0, 0Hy/0x = --- = 0H,,/0x = 0.

The induction hypothesis is proved for k = 2. Now we assume [ > 2.
First we will prove by induction that for m > 1,

Hifmeg—1) = (—1)7”(119;271(geoCz,mx-i-feo—1Kz,my)$(€°+1)mflyl72m+O(yl72m+2)7

(22)
where Cj,,, Kj,, are positive constants depending on ! and m and O(yl’2m+2)
denote the terms of order greater or equal [ — 2m + 2 in y. Furthermore, for

j=1,...,0—2,

Him(eo-1)4+5 = O(y' ™). (23)
Note that from (22) and (23) we have that
Hiim(tg—1)45 = Oy ™), forj=0,....0 —2. (24)

Equations (22) and (23) will allow us to complete the proof of the induction
hypothesis (19).
Since [ > 2, solving (21) we get

glot1 f€071

Hio 1= —ayl l—2< +
I+0p—1 "y gln£0+1 EQ

= —a190,Cr1y' 22" —ayfo, 1 Kyt et + Oy,

yxé0> + apy™t
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where Cy 1 =1/({p + 1) and Ky ; = [/ly. This proves (22) with m = 1. Computing
the degree [ + g — 1+ n in (18) with 1 < n < {5 — 2 and using (20) we get that

n n

OHiy 00140 OH i1 OHppn_y
¢ l+n—1 ¢ —1 l+n—1
Yy . = - Zglo-‘ri'r ot - Zfzu+i—1x ot Yy

O i=0 dy P dy
=— Z Gy it OT (1 + 1 —d)ag gy T
i=0
3 (25)
— Z f€0_1+ixeo+i—1(l =) agn_iy T
i=0

4 lo—1 -1
= —lai(gey+n ot 4 feo—14nyz™® +n)y

- (Z + 1)al+1950+n*1x€0+n71yl + O(yl+1)7

that is, after simplifying the right-hand side of equation (25) by y and taking inte-
grals in = we get that

l

_ Lotntly1=2 4 O =1y _ )y ~2).
fo Fn g 1MGnT y 4+ 0 (¥ ")

Hiyto-14n =
This proves (23) withm=1and j=1,...,¢ — 2.
Now we assume that (22) is true for m =1,...,n — 1 (n > 2) and we will prove
it for m = n.
Computing the degree | + n(¢y — 1) in (18) and using the induction hypothesis
and (24) we get that

OH 4 n(t—1)
Y ox
= 7(9@011[0 + f£071yxé()—1)

n—14p—2

) OH )y (n—1—r)(0g— 1
rl —2(r— +(n—1-7)(lo—1)+Llo—1
- Z Z Ireo+j—2(r—1)T ots=2r=) ayo ° ’

OH (n—1)(20—1)
dy

r=1 j=1
n—14£4p—2

rtoti—ar—11—1 OHit(n—1—r)(to—1)+Lo—1—j
_ZZfreo+j—2(r—1)—1$ foti=2(r=1)—1, el gyo Jtto 1)

r=1 j=1

5071)8Hl+(n71)(2071) +O(yl72(n71)+1).

V4
= _(QEOI °+ fZO*ly'f'E ay

Therefore, yOHn¢,—1)/0 is equal to
— (962" + frg—1yz")
((U"lal(z = 2(n — 1))g ! G g oDy m2(n 0
+ (D"l -2(n—1)+ 1)92;21fo—1Kz,n—1,050(&’“)("_1)_1yl_z(n_l)
n O(yZQ(nl)+l)> + Oyl 2D+

_ (71)”0,1([ N 2(n N 1))92)Cl’ni1’0x(€()+1)(n—1)+£0yl—Q(n—l)—l
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+ (—1)”(11([ _ 2(TL _ 1) + 1)9}?071feo—1Kz,n—1,ox(e°+1)(n_l)_1+eoyl_2(”_l)
+ (=1 ar(l = 2(n = 1))gp 7Y fro1Crin1 gz oD D=Ly l=20n =)

+ O(ylf2(n71)+1).
This yields that

8Hz+5;éo—1) — (—1)"a(l - 2(n — 1))9?0Cz,nqI(EUH)"_lyl_Q("_l)_Q
+(-D"a(l=2(n—-1)+ l)gZ)_1flo,lKm,1x(40+1)”_2yl_2("_1)_1
(1)l = 2(m = 1))gjs 7 frg 1 Oy g2y 20—
+O(y )y
and thus

Hiingo-1) = (*1)nalgzloC’z,nx(zoﬂ)nyl—%

+ (_l)nalg?o_lf@o71Kl,nx(eo+1)nilyl72n+l
+ 0(y172n+2)
with
[—2(n—1
C(l n — (n )

_701@—7
: n(ly+1) "t

and

K, = I=2n—1)+ 1K1+ (1 —2(n—1))Ci 1
o n(ly+1)—1 '

Therefore (22) is proved if m = n. Now we want to prove (23) for m = n and j =
1,...,4p—2. Computing the degree [+n(fy—1)+s in (18), with 1 < s < £y —2 using
the induction hypothesis (together with (22) with m = n) and taking into account
that as we did before, the terms H;,(p,—1)4; Withr <n —2and j =0,...,6y —2
are of order O(y'=2") = O(y!~2"*+4) (see (24)) that lead to higher order terms, we
get that only the terms H;, g —1)4+; with r =n — 1 matter. Hence,

8Hl+n(20—1)+s
T
X

S
OH _ i
==Y g rax’t L
=0 ay

=D feowi 1yﬂ'3£0+i_la brn—1)(E—1)Fai (26)
i— 6y
i=0

==Y 9@ TOW T =Y frpriaz Oy )
=0 i=0

_ O(yl—2n+1)'
Solving (26) we clearly obtain

6Hl+n(ﬁgfl)+s
Ox
and concludes the proof of (23).
Now we continue with the proof of the induction hypothesis (20). In fact we
shall prove that a; = 0 for | > 2. Then H; = 0 and from (21) we have that
O0Hj4¢,—2/0x = 0. This proves (20). We distinguish two cases.

=O0(y'=2") thatis Hiinto—1)+s = o(y'=)



ANALYTIC INTEGRABILITY OF THE LIENARD SYSTEMS 11
We first assume that [ is odd. Then by (22) with m = (I — 1)/2 we obtain that
Hiy-yeo-1y/2 = (=)D 2a1gl D20y gy o DDy 4 0(y2).

Then computing in (18) the term of degree I+ (1 +1)(¢ —1)/2 and using (24) we
get

OHyy (111 (00—1)/2
y ox

—(geo" + frg—1yz M) [(=1)(~ 1)/209 P20y 121y B DI=D/2 1 Oy
o 0o— (1=1)/
+0(y)

_ (—1)(l+1)/2algél+l>/201 a oA D)(=1)/24b 4 O(y).
0 )

,1)/21’
(27)

Now setting y = 0 in (27) and since gy, # 0 we get that a; = 0.
Finally, if [ is even, then (22) with m = {/2 yields

Hitigg—1y/2 = (-1 )WGJQZQCJ gt/

+( )1/2 ffo lKl l/2x(€g+l)l/2 1y+0( )
Then computing in (18) the term of degree I+ (1+2)(¢p —1)/2 and using (24) we
get

OH 1 (142)(0—1)/2
4 8
Xr
= _(gf()xeo + fe()—lyxéo_l)[(_1)l/2algéé2_1fe()—1Kl,l/2x(é0+1)l/2_1 + O(y)] (28)
+O0(y)

= (—1)ED 2, 9@0 ? fro-1 K 1jarlfoTI2HO=1 4 O(y).

Now setting y = 0 in (28) and since gy, fr,—1 7 0 we get that a; = 0. This concludes
the proof of the proposition. O
6. Case H2. The main result in this section is the following.

Proposition 15. System (3) with £y > 2¢1 + 2 has no analytic first integrals.

Proof. System (3) becomes

.T/ =y + F(I) =y + Z ; ff1.+i I£1+i+1 _ y+ Zﬁ1+i$el+i+l7
X 1
0

1
S +1+ >0
i
- E Gro+iz 0T,
i>0

(29)

We claim that (29) has not global analytic first integrals. We note that the proof
of the proposition will follow then from the claim. Now we shall prove the claim.

Let H = H(z,y) = > ;> Hi(z,y) be a first integral of (29) where Hy is a
homogeneous polynomial of degree k. Then H satisfies

3 3 H
(y+ Z Foy it ) &U deoJr hot) =0. (30)

>0 >0 y
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Note that the term in (30) before 0H/Jy has degree at least ¢;,. We will show by
induction that for k > 1,

_ OH,  OHpyg—2
Hk;_l =0 and W = = T =0. (31)

We have taken the criterium that for j > 0, H_; = 0. We note that (31) clearly
implies that H = 0, a contradiction with the fact that H is a global first integral of
system (29). Hence the claim will be proved if we prove the induction hypothesis.
H
Computing the terms in (30) with degree one we obtain that ya—1 = 0 and
z
since Hy = 0 the induction hypothesis is proved for k = 1.

Now we assume that (31) is true for k = 1,...,1 (I > 1) and we will prove it for
k =1+ 1. By the induction hypothesis, we have
8Hl aHH—é —2
H_ ;=0 q 22 ZHiHb—2
! o Ox Ox

fori=1,...,1 that is,
H_;=0 and Hj4; = al+jyl+j, aj+; € R, (32)

fori=1,...,land j =0,...,¢y — 2. Computing the degree [ + ¢y — 1 in (30) and
using the induction hypothesis, we get that

OHiy4,-1 OH, _
7&9950 = —gzoxz‘)a—y = —algg,x"y' " (33)

If [ = 1, then (33) becomes

OHy,
Yy ax) = —alggox%.
From this equation since gy, # 0 we get that a3 = 0 and 0H,,/0z =0, so H; =0
and from equation (32) with [ =1 we get H; = 0, 0Hy/0x = --- = 0Hy,/0x = 0.

The induction hypothesis is proved for £ = 2. Now we assume [ > 2.
Now show that by the induction hypothesis, we have

Hiygg—1 = —gr,aiCrz’o iyt =2 £ O(y' o1, (34)

and for j=1,...,¢; — 1,

172)

Hijeo-145 =0y "), (35)

where C; = 1/(fp + 1), O(y"+%~1) denote the terms of order greater than or equal
to I+ £y — 1 in y and O(y'~?) denote the terms of order greater than or equal to
I — 2 in y. Note that from (34), (35) and since ¢y > 2¢; +2 > 4 (¢; > 1) we have
that Hyyp—14x = O(y'=2) for k =0,..., 0, — 1.

Indeed, since | > 2, solving (33) we get

plot1

9eo bo+1 y
= —a1ge, Crz* Ty T + Oy T,

1—2 I+40—1

Hipoy—1 = —aly' g, + Qite5-1Y

where C; =1/(¢p + 1). This proves (34).
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Computing the degree | + ¢y — 1+ j in (30) with j =1,...,¢; — 1 (note that in
this case j — 1 —i — £; < —2) and using (32) we get that

OH 0H, i
y l+€o 1+] . de‘ﬁ_ xngrz g;]

= —Zgéo+ 2T+ = dar oy
=0

= —laige, 52y = (L4 Darpageg 127y + Oy,
(36)

that is, after simplifying the right-hand side of equation (36) by y and taking inte-
grals in = we get that

l
bh+j+1
This proves (35) with j =1,...,¢; — 1.
Lemma 16. Forn=1,...,1—2,

Hl+l()—1+ni1 = (_1)n+1f_.£nialgfoKl,?zméo+1+n(el+l)yl_2_n + O(yl_l_n)v (37)
and forj=1,...,41 —1,

Hitto145 = — age 45z Y 2O = 0.

Hi i pg—14ne,+5 = Oy ™), (38)

where K ,, 1s a positive constant depending on I, n; O(y'='=") denote the terms of
order greater than or equal to | — 1 —n in y and O(y'=2~") denote the terms of
order greater than or equal tol —2 —n in y.

Proof of the lemma. The proof will be done by induction over n. Computing the
degree [ 4+ ¢y — 1+ ¢1 in (30) and using (32) and (34) we get that

OHi o144, - 41+18H1+eo 1 de p mguﬂ Hive,—i
l 0

= fr,a196,Ci(fo + 1)x€°+fl+1yl 2403
L1
_ ngo-‘r T Lo+i arso, - 1(l+€1 ) I+4;—i—1
=0

= ﬁ1algfocl(€0 + 1)xfo+l1+1yl*2 + O(yl)a

where we have used that ¢y > 2(¢; + 1). Then, after taking simplifying by y and
taking integrals in  we get
Hl+€0—1+£1 = .ﬁ1 angoKl,1$e0+el+2yl73 + O(ylil)?

where K;1 = (o + 1)Cy/(€o + ¢1 + 2). This proves (37) with n = 1.

Now computing the degree | + g — 1+ ¢1 + 7 in (30) with 1 <r < /¢; — 1 and
using (32) we get that

OHiy0g—1+40,+r
oz

Lo+r—1 l1+7r

14 l+€ 1—i+r 12 l4+414+7r— 39
§ fl i 1+142 o—1—7 E Goy+iT o+ :; i ( )

= O(yl:2)7
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where we have used that the terms in (34) and (35) are of order O(y'~2) and
that H;,, with k < £y — 1 is also O(y'~2). Furthermore, we can write Hj, ¢, 1, 1 =
Hiog—1+4200+r—00+1 and since £y > 2¢1+2 we have that 201 +r—fp+1 < j—1 < {1—1
and then by equation (35) we have that Hy ¢, y»—1 = O(y'~2). Now simplifying (39)
by y and integrating in x we conclude that (38) holds forn =1land j =1,...,¢;—1.

Now we assume that (37) and (38) hold for n =0,...,7 — 1 and we will prove it
for n = n.

Computing the degree | + ¢y — 1 4+ ¢ in (30) and the induction hypothesis, we
have

OHitpy—14ne, _ A OHi 414 (7-1)0,
Ox ! Ox
Lo—1+(7—1)0;
7 el+1+iaHl+€o—1+(ﬁ—1)€1—i
- Z f£1+i513
— Oz
=
7l
to+i OHi4ie, —i
i=0 Y

Note that since ¢ > 1, by (37) and (38) with n <7 — 1 we have

OHipty 141t~ _ OHire 142yt (e—i) _ 0

ox ox

l—ﬁ).

Furthermore we can write [ + 7y — 4 in OHj4 ¢, —;/0y of the form
l+nly—i=1l4+0lyg—1+nl —i—4ly+ 1.
Since g > 2¢; + 2 and i > 0 we have that
I+l —i<l4+ly—14+nl —20, —241<I4+—1+(n—-2); — 1
<l4+0l—1+(n—3)+ (4 —1)

and by (37) and (38) with n < 7 — 3 we have that Hj7s, —; = O(y'~"*!) which
yields
OHy 70, —i I~
=0@™").
By ")
Therefore, using also the induction hypothesis, we have that

OH 40140, = OHy gy 14(i-1)ty s
+80$1+ _ 7fe11,£1+1 0 a;( ) + O(yl )
= (=)™ [P age, Kin-1(fo + 1+ (7 = 1)(£1 4 1)) ot PEFDy =220k L Oyl =),

Hence,
Hiptg—14m0, = (1) R ayge, Ky gafot 1Dy 1=2=0 4 gy l=n=1)

where
_Uo+1+ (-1 +1)Ka
Lo+ 1+n(l;+1)

K 5

This proves (37) with n = 7.
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Computing the degree | + g — 1+ 7fy + j in (30) with j =1,...,¢; — 1, and the
induction hypothesis, we have

Lotj—1+(fi—1)£;

yaHl+€ofl+ﬁ€1+j _ Z [ARRCEEEE OH 4 pg—1—itj+(i-1)ts
Bl e 10 e A L
ox pard ox
. (a0
nty1+j
tori OHipae 4
- o +il " o
i=0 Yy

Note that since ¢ > 1, by (37) and (38) with n <7 — 1 we have

OH 4y —1—itj+(i—1)t,
Ox
Furthermore we can write [ + 1y 4+ j — 4 in 0Hjyas,+,—:/0y of the form

— O(yl—(ﬁ—l)—Q) — O(yl_ﬁ_l).

I+nbi+j—i=l+by— 1+l +j—i—Llo+ 1
Since g > 2¢; + 2 and i > 0 we have that
I+l +j—i<l4+ly—1+j+nl—20 —241<I+l—-1+(n—-2) +j—1
and by (38) with n < 7 — 2 we have that Hy sz, +;j—i = O(y'~™) which yields

OHiyiie i _ Oy~ 1),

dy
Now simplifying (40) by y and integrating in x we conclude that (38) holds for
n=nand j=1,...,¢; — 1. This completes the proof of the lemma. O

Now we continue with the proof of Proposition 15. Given [ > 2 if we take n = [—2
and use (34) (if I = 2) or (37) in Lemma 16 if [ > 3 we get that

Hyoy 126, = (=17 20190, Ko ot HHE2ETD 1 O(y),

where K19 = C;. Now computing in (30) the term of degree I + fg — 1+ (I — 1)¢;
and proceeding as in the proof of Lemma 16 we get that

OH gy 1431-1)0,
Qx (41)
= (=)' i age, Ko (lo + 14 (1 = 2) (£ + 1))zt =2 4 O(y),

Now setting y = 0 in (41) and since gg, fo1 Kj1—2(bo + 1+ (I —2) (€1 + 1)) # 0 we get
that a; = 0. This concludes the proof of the proposition. O

Appendix. Poincaré in [10] defined the notion of a center for a real polynomial
differential system in R2. He showed that a necessary and sufficient condition in
order that a real polynomial differential system has a center at a singular point with
purely imaginary eigenvalues, is that it has a local analytic first integral defined in
its neighborhood. Then doing a linear change of variables and a scaling of the
independent variable, we can write any polynomial differential system with a focus
at the origin with purely imaginary eigenvalues (i.e. having either weak focus or a
center) into the form

& =p(,y) =y +pa(z,y) +... +pu(z,y), (42)
y=4q(@y) = —w+@,y) + ... +am(z,y),
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where
piz,y) =D aia ™y, qi(zy) =Y byat Iy
=0 7=0
The following result is due to Shi [13, 14]. It is better stated in [12] (see also [7]).

Lemma 17. For the polynomial system (42) there exists a formal power series
F S Q[a’20a sy bOm][[I7 y]]7

1
F=o(a®+y") + Fy(w,y) + Fa(w,y) + ...,
and polynomials Vi,..., Vi, ... € Qlago, - - ., bom] such that

dF _ OF F& :
da %w ?qu - ;Vi(w? +y7)

The constants V; are called focus quantities or Poincaré-Liapunov constants.
They are not uniquely determined. From a result of Shi, all such V;’s are in the
same coset modulo the ideal generated by Vi,...,V;_; in the ring Q[aso, .. ., bom].
From Poincaré [10] system (42) has a center at the origin if and only if V; = 0 for
all 4. The ideal (Vi,...,V;,...) has a finite basis due to Hilbert’s basis theorem.

A hyperbolic saddle such that the trace of its linear part is zero is a weak saddle.
Dulac [3] in his studies of hyperbolic saddles in complex systems used a definition
which in real coefficients can be a center. With a linear change of coordinates and a
scaling of the independent variable, we can write any polynomial differential system
with a weak saddle at the origin into the form

T =p(z,y) =y +p2z,y) + ...+ pm(z,y), (43)
¥ =q(r,y) =+ q(r,y) + ...+ qn(z,y),

where p; and ¢; are the same as in (42).
The proof of the next result is analogous to the proof of Lemma 17.

Lemma 18. For the polinomial system (43) there exists a formal power series
F S Q[aZO; sy bOm][[xv y]]7

1
F:§xy+F3($,y)+F4(x,y)+,

and polynomials Ly, ..., L;,... € Q[azo, - .., bom] such that

dF 8F  OF > ,
= p+—=—q= L;(zy)t.
il L ; (zy)

The constants L; are called the saddle quantities. They are not uniquely deter-
mined. As for the V;’s, all L;’s are in the same coset modulo the ideal generated by
Ll7 . 7Li71 in the ring Q[ago, e 7b0m].

We say that the origin is an integrable saddle if and only if L; = 0 for all 4. The
ideal (L1,...,L;,...) has a finite basis due to Hilbert’s basis theorem.

Doing a linear change of coordinates any complex polynomial differential system
with a weak saddle at the origin can be written as

T =y+px,y),
: v 44
y=x+q(z,y), (44)
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where p and ¢ are complex polynomials without constant and linear terms. With
the change of variables © = a, y = ib, system (44) becomes the complex differential
system

a =ib+ P(a,1b),

b= —ia+ Q(a,ib),
where P and @ are complex polynomials. Then the focus quantities V; of system
(45) coincide with the saddle quantities L; of system (44). From this duality be-
tween focus quantities and saddle quantities it follows that an integrable saddle has
an analytic first integral defined in a neighborhood of it. This is the reason why
we call such a saddle an integrable saddle. The complex change (45) is done for
showing the duality of weak focus and weak saddles.

If we apply a change of the form (45), precisely the change (15), to system (14)
we get the differential system (16). Exactly system (16), which is a particular case
of system (45), has been studied in [2, 15] showing that it has a first integral of the
form given in Lemma 17 if and only if Fj =0 for 5 odd.

(45)
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