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1. Introduction

Planar quadratic dynamical systems are used to describe different phenomena in
various fields of physics, economics, biology, chemistry, etc. Quadratic systems seem
to be the most studied ones. Dynamical properties, phase portraits, existence of
invariant algebraic curves, limit cycles and first integrals have attracted much atten-
tion in recent years. Despite the fact that quadratic systems are the most simple
non-linear systems, the classification of integrable quadratic systems is far from
being complete. In this paper, we focus on quadratic Liénard differential equations,
that is, equations of the form

=y, Yy =—fla)y - g(z) (L.1)

where the prime means the derivative with respect to the independent variable ¢
and f(z), g(x) € C[z]. The degree of the system is two. More concretely we consider
the system

o =y, Y =a+Br+y+mry+na®, (1.2)

where «, 3,7, m,n € C.
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Our first aim is to solve completely the hard problem of characterizing all systems
(1.2) that admit a Liouvillian first integral. We recall that Liouvillian functions are
functions built up from rational functions using exponentiation, integration and
algebraic functions. To do that, we begin by characterizing all irreducible invariant
algebraic curves of system (1.2), since the existence of invariant algebraic curves is
a central object in the theory of integrability. It turns out that when the degree
of f(z) is one and the degree of g(z) is two, that is, mn # 0 (known as Liénard
dynamical systems of type (1,2)) these systems have invariant algebraic curves of
unbounded degrees provided that we impose no restrictions on the coefficients of
the systems (see theorem 1.3 (a.3)). Hence, in particular, a uniform upper bound
that depends entirely on the degree of the dynamical system under consideration
does not exist for the Liénard dynamical systems of type (1,2).

We recall that the problem of finding a bound on the degree of irreducible
invariant algebraic curves of a single polynomial differential system goes back to
Poincaré [9] and, if the bound exists, such a problem is known as the Poincaré
problem. More precisely, the Poincaré problem can be simply stated as the problem
of recognizing when a single polynomial differential system admits a first integral
which is rational. If such a system admits a rational first integral then Poincaré says
that the system is algebraically integrable. The earliest publication of Poincaré in
which he refers to this problem appeared in April 1891 in Comptes Rendus de
I’Académie des Sciences t.112, pp. 761-764 where Poincaré began the paper with
the following phrase: ‘The question of algebraic integrability of differential equa-
tions of the first order and of the first degree did not attract the attention of the
geometers as much as it deserved...”. The next paper in which Poincaré discusses
this problem is in [9] in which he begins by saying: ‘To recognize if a differential
equation of the first order and the first degree is algebraically integrable, it evi-
dently suffices to find a superior limit of the degree of the integral; it only remains
afterwards to perform purely algebraic calculations’. Assuming we know what the
maximum degree of an algebraic invariant curve of a system is, then in principle
we can perform the calculations and find the curves and determine a first integral
in case it exists. However in practice, even with our most powerful computers these
calculations are not easy. So that reducing the problem to finding the bound for
the degrees of these curves is not exactly solving the problem of Poincaré but is a
very good beginning especially if such a bound is low.

As a somewhat extension of the Poincaré problem to a family of differential equa-
tions (and not a single one) one can also asks whether there exists a uniform upper
bound that depends entirely on the degree of a family of differential equations and
not on the coefficients of such a family. This is precisely one of the main issues that
is studied in this paper for the family of Liénard dynamical systems of type (1, 2).
Being more precise, we shall prove in theorem 1.1 that such an upper bound does
not exist for the family of differential equations given by (1.2). Although there are
available some examples of families of dynamical systems with irreducible invariant
algebraic curves of unbounded degrees assuming that no restrictions are imposed
on the coefficients of such families, the case of Liénard dynamical systems of type
(1,2) seems to be the first example of a natural (i.e. not artificially constructed)
family of models with this property. Liénard differential systems (1.2) were previ-
ously considered by Chavarriga, Garcfa, and Sorolla [3]. The authors claimed that
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in fact the extension of the Poincaré problem to a family of dynamical systems
was solved for the Liénard dynamical systems of type (1,2) by stating that any
irreducible invariant algebraic curve of such systems has at most degree 3. The
results in [3] are not on solid ground because they are based on results of Zol@dek
[12], which turned out to be wrong for the case of Liénard dynamical systems (and
in particular for Liénard dynamical systems of type (1,2)).

To state our first main result we introduce some auxiliary notation:

m(Bm — 2yn) m*(Bym — am® — 4°n)
oo=———"—5 > 00o= .
4n? 16n3
m? ¥ m? m
bo=-——, bi=—, by=——s, by=—o—
T TV gn2’ 2n’ (1.3)
s=bo(z+b1), 2z=>byy+bi(x+b)?+bo(x+by),
n B+ oy n
= — 2 _ 4 X = — = —1.
o f% — dam, oo ), 6!

THEOREM 1.1. The following holds for systems (1.2) satisfying |m|* + |n|? # 0.

(a) If mn # 0, the unique invariant algebraic curves are
(a.1) z — g = 0 with cofactor K = bz whenever og = —1;

(a.2) 82 +3s/2—2—26) =0 with cofactor K = bz(—2s—1/2) whenever
og = 450 - 1/4,

(a.3) g2(2)s% + g1(2)s + go(2) =0 with cofactor K =bz(—2s+ M — 3/2)
whenever oy = —1,00 = (2M — 3)(2M + 1)/16, and M € N\ {1},
where go(2),91(2), and go(z) are polynomials given by the relations

1 1 1
gO(Z) = 52292,2,2 - (M - 5)292,.2 + <T6(2M + 1)2 — Z)QQ,

1

91(2) = =Zga.- + (M + 5)927 (1.4)
= (=D)™(M +m —1)!(2m — 1) zM-m—1

02(2) =) — smm!(Mml))! ’

m=0
the variable Z reads as

(2M —3)(2M +1)

Z=z—
i 16

and (=Dl =1. (1.5)

(b) If n # 0 and m = 0, the unique invariant algebraic curves are
(b.1) y?/2 — az — B2?/2 — na®/3 = 0 with zero cofactor whenever v = 0;

(b.2) V2 — 47/5(X +12/25)Y — 4X? — (892/25)X? — (47*/625)X = 0 with
cofactor K = 67v/5 whenever o1 = —672/25;

(b.3) Y2 — (49/5)XY — 4X3 + (492/25)X? =0 with cofactor K = 67/5
whenever o1 = 672 /25.
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(¢) If n =0 and m # 0, the unique invariant algebraic curves are
(c.1) y+ B/m =0 with cofactor K = max + v whenever a = y/m and  #
0;

(c.2) y—ma?/2 — vz —co = 0,¢o € C with zero cofactor whenever o = 0 and

B=0.

The proof of statement (a) of theorem 1.1 is given in §3 while the proof of
statements (b) and (c) are given in §§4 and 5, respectively. This problem was also
considered in [11] with an extra assumption on the coefficients that in this paper is
removed. However, in the current paper we provide a different proof for the cases
already proved in [11] and a new one for the cases not proved in [11].

Finally, we provide the complete characterization of systems (1.1), which admit
a Liouvillian first integral.

THEOREM 1.2. The following holds for systems (1.2) satisfying |m|* + |n|* # 0.

(a) If mn # 0, it has a Liowvillian first integral if and only if o9 = —1 and 0y =
(2M —3)(2M +1)/16. A Liowvillian first integral is

= 22 — 50)M71/2 arctan 91(2) +292(2)s 1.6
V—91(2)% + 490(2)g2(2) t <\/—91(Z)2 +4g0(2)g2(2) > (0

where g;(z),z and dy are given in the statement of theorem 1.1 and in (1.3),
respectively,

(b) If n # 0 and m = 0 it has a Liowvillian first integral if and only if
(b.1) v =0 and a Liouwvillian first integral is H = y?/2 — ax — B2?/2 —
na?/3;
(b.2) o1 = —67%/25 and a Liouvillian first integral is
H =125 (—49*X — 203 — 2007 X2 — 5007 XY + 625(Y2 — 4X3)) /¢

59/27(v2 + 25X) "1/ 4 (=293 + 2(42 + 25X)3/2 — 507X 4 125Y)5/6hohs
(=471 X — 2073Y — 20072 X2 — 5007 XY + 625(Y2 — 4X3))%/6

)

(L.7)

where ho and hs are given by
hy = 2v% +2y/(72 + 25X)3 + 507X — 125Y
1
hs = 2 F1 (63

and o Fy stands for the hypergeometric function;

| ot

7. ha
1674 (2 4 252)%% )
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(b.3) o1 = 6v2/25 and a Liowvillian first integral is

(—2yX +5Y — 10X3/2)(—2yX +5Y 4 10X3/2)5/6p,

H = 576 (1.8)
(4X2 (y2 = 25X) — 207 XY + 25Y2)
where hy is given by
157 29X —5Y +10Xx3/2
hy = 21/351/6X—1/4 F - Y00,
1 2471 6,676’ 20X3/2
—5(=2vX +5Y + 10X3/2)1/6,
(¢) If n =0 and m # 0, it has a Liouwvillian first integral if and only if
c.l) a= pvy/m wit and a Liouvillian first integral is
1 I ith B # 0 and a Liouwvillian first i L
2
(6+my)5/meXp(m; +’yx—y); (1.9)

(c.2) a= B =0 and a Liowvillian first integral is H =y — ma?/2 — .

The proof of theorem 1.2(a) is given in § 6, the proof of statement (b) is presented
in §7, while the proof of statement (c) can be found in §8. We have included § 2
where we give some definitions and present a piece of theory that we shall use in
order to establish our results.

2. Preliminary definitions and results

Consider a two-dimensional polynomial differential system of degree d € N
x:Pl(xuy)7 y:PQ(x7y) (21)

where (1,y) € C?, P, P, € C[x,y|, d = max{deg P;,deg P,} and the dot denotes
derivative with respect to the independent variable t.

A function H(z,y) is a first integral of system (2.1) if it is continuous on a full
Lebesgue measure subset 2 C C2, is not locally constant on any positive Lebesgue
measure subset of 2 and moreover is constant along each orbit in Q of system (2.1).
If X is the vector field associated with the system (2.1), i.e. X = (Pi(z,y), P2(z,v)),
and H is C', then we have

OH 0H

XH)=P — +P,— =0.
(H) 18x+28y 0

A Darboux polynomial of (2.1) is a polynomial f € C[xz,y] such that

af af
X(f)=Pi— + P — =K/,
(f) =Py + P ay f
where K € Clz, y]. The polynomial K is called the cofactor of f and has degree at
most d — 1. An invariant algebraic curve is a curve f =0, where f is a Darboux
polynomial. Note that the curve is invariant by the dynamics in the sense that if a
trajectory starts on the curve it does not leave it.

https://doi.org/10.1017/prm.2019.63 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2019.63

3236 Maria V. Demina and Claudia Valls

An ezponential factor of (2.1) is a function F' = exp(g/f), with coprime f, g €
C[x,y] such that
OF oF
X(F)=P— + P,— =LF
() Y ox i Ay ’
where L € C[z,y] is called the cofactor of F and has degree at most d — 1. Tt is
widely known that either f is constant or f is a Darboux polynomial of (2.1). In
the latter case the following relation is valid: X' (g) = Kg + Lf, where K and L are
as defined above.
An inverse integrating factor of (2.1) is a function V(z,y) such that

ov ov oP, 0P,
XF)=P—+P—=(—""+—7—)V.
(F) 18x+23y (5‘x+8y>v

In other words V' (x,y) satisfies
. (P P
o (54 -0
v
where div stands for the divergence of the system. Hence, the system

R & R &
Xr = — = —_—
v YTy
is Hamiltonian and a first integral H(x,y) can be obtained solving the system

P OH P, OH

Ve Vo 22)

If V(z,y) is a polynomial, then it is a Darboux polynomial whose cofactor equals
the divergence of the system.

The following results, proved in [7], explain how to find Darboux and Liouvillian
first integrals.

THEOREM 2.1. Assume that a polynomial differential system X of degree d defined
in C2 admits p Darboux polynomials f; with cofactors K;,i =1,...,p, and q expo-

nential factors F; = exp(g;/h;) with cofactors Lj,j =1,...,q. Then, the following
statements hold:

(a) There exist A, ji; € C not all zero such that

P q
D MK+ Ly =0
i=1 j=1

if and only if the function

1>‘1 fz;\pFlp‘l ...F;q’ (23)

is a first integral of X. Such a function is called a Darboux function.
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(b) There exist X\, uj € C not all zero such that
P q
Z MK+ Zuij = div (X)
i=1 j=1

if and only if the Darbouz function (2.3) is an inverse integraling factor of
X. Here div(X) stands for the divergence of the system.

To prove the results related with the Liouvillian first integrals we used the fol-
lowing result proved in [4,10]. We recall that system (2.1) is said to be Liouvillian
integrable if it has a Liouvillian first integral.

THEOREM 2.2. The polynomial differential system (2.1) has a Liouvillian first
integral if and only if it has an integrating factor which is a Darboux function.

In what follows we shall use some facts from the theory of Puiseux series. A
Puiseux series in a neighbourhood of the point z( reads as

—+oo

y(zx) = Z by(z — zg)otD/mo, (2.4)
=0

where [y € Z, ng € N. In its turn a Puiseux series in a neighbourhood of the point
x = o0 is given by
+oo
y(@) = Y qato=d/mo, (2.5)
1=0
where again ly € Z, ng € N.

It is known [8, § 7.8, p. 136] that a Puiseux series of the form (2.4) that satisfy
equation G(z,y) = 0, where G(z,y) is an element of the ring C|x,y], is convergent
in a neighbourhood of the point xg (the point ¢ is excluded from domain of conver-
gence whenever [y < 0). Analogously, a Puiseux series of the form (2.5) that satisfy
equation G(z,y) =0 is convergent in a neighbourhood of the point x = co (the
point x = oo is excluded from domain of convergence whenever iy > 0). If ng > 1
then the convergence of the corresponding series is understood in the sense that a
certain branch of the ngth root is chosen and a cut forbidding going around the
branch point is introduced. The set of all Puiseux series of the form (2.4) or (2.5)
forms an algebraically closed field.

Let us privilege the variable y with respect to the variable z and consider y as
a function of the variable x. It is straightforward to prove [6, Lemma 2.1] that
invariant algebraic curves of the vector field X and related dynamical system (2.1)
capture Puiseux series satisfying the first-order ordinary differential equation

Pl(xvy)yx —Pz(if,y) =0, (26)

where y, = dy/dx and Py (x,y), Ps(z,y) € Clz,y] are the polynomials appearing in
the dynamical system under consideration.

All the Puiseux series that solve equation (2.6) can be obtained with the
help of the Painlevé methods. Let us present a brief description of such a
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method. A first-order algebraic ordinary differential equation can be represented
as W(x,y,y,) =0, where W(z,y,y,) can be regarded as the sum of differential
monomials given by

) d J1 o
Myl =Cay { P cec\O) tidete @)

The set of all the differential monomials of the form (2.7) will be denoted as M.
In addition in order to simplify notation the expression E|x,y(z)] will stand for a
polynomial in z, y(x) and y,(x) with coefficients in the field C.

At the first step one needs to find the so-called dominant balances of equation
(2.6), see definitions below. A direct and simple way to find all the dominant
balances is to use the Newton polygon of the algebraic ordinary differential
equation under consideration. This technique now known as the power geometry
was developed by Bruno [1,2].

Define the map ¢ : M — R? by the following rules:

dk

dia::Z —q=(-k,1), q(MMy)=q(M;)+ q(M),

Cx®y® — q = (q1,¢2),
where C' € C\ {0} is a constant, My and M> are differential monomials. We denote
the set of all points p € R? corresponding to the monomials of equation (2.6) as
S(W). The convex hull of S(W) is called the Newton polygon of equation (2.6).

The boundary of the Newton polygon consists of vertices and edges. Selecting
all the differential monomials of the original equation that generate the vertices
and the edges of the Newton polygon, we obtain a number of balances. The
balance for a vertex is defined as the sum of those differential monomials in
W(x,y,y,) that are mapped into the vertex. The balance for an edge is defined
as the sum of differential monomials in W(x,y,y,) whose images belong to the
edge. If solutions of equation (2.6) possess an asymptotic of the form y(z) = coz”
with  — 0 or # — oo, then there exists a balance E[z,y(z)] such that the func-
tion y(z) = coz” satisfies the equation E[z,y(x)] = 0. Conversely, the function
y(x) = coz” solving equation E[zr,y(z)] =0, where E[z,y(x)] is a balance is an
asymptotics at x — 0 (or & — oo) for solutions of equation (2.6) whenever for all
the differential monomials M|z, y(x)] of the original equation not involved into
Elz,y(z)] = 0 we have Res > Re s (or Res < Resg), where M|z, cox”| = Bx*
and My|x, coa”] = Boax™ with My[x,y(x)] being a differential monomial of the
balance E[z,y(x)].

Consequently, having found all the power solutions y(x) = coa” for all the
balances, one needs to select those that give asymptotics at + — 0 or  — oc.
Using power asymptotics it is possible to derive asymptotic series possessing these
asymptotics as leading-order terms.

In what follows we shall need Puiseux series near x = oo that satisfy equation
(2.6), therefore we shall focus at the case x — oo. Let us suppose that a balance
Eply(z), z] of equation (2.6) has a solution y(x) = coz”, which is an asymptotics at
T — 0.
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In the second step one calculates the formal Gateaux derivative of the balance
Eyly(x), 2] at the solution y(x) = coz":

0Ey - . Ey [C()!ET + S.%‘T_j, .’13] — FEy [C()JTT7 .’)3]
—[cpx"] = lim

=V(j)z".
5 lim . )z

In this expression V (j) is a first-degree polynomial with respect to j. Note that
the coefficients of this polynomial depend on ¢y and on the parameters (if any) of
the original equation involved into the balance Ey[y(z),z]. The zero jo of V(j) is
called the Fuchs index (or the resonance) of the balance Fy[y(x),x] and its power
solution y(x) = coz”. If the Fuchs index jj is not a positive rational number, then
ng = ro where ro is defined as r = r1/ry, r1 € Z, 79 € N, and (r1,72) = 1. Otherwise
we obtain ng = lem(pe,72), where ro was defined previously and ps is given by
Jo = p1/p2 where p1, p2 € N, (p1,p2) = 1. By lem we denote the lowest common
multiple.

In the third step one verifies the existence of the Puiseux series of the form (2.5)
with lop = rng. If the balance Eply(z),z] corresponds to a vertex of the Newton
polygon, then the Puiseux series always exists and possess an arbitrary coefficient
co. Note that in this case the Fuchs index is equal to zero. Now let us suppose that
the balance Ey[y(z), z] corresponds to an edge of the Newton polygon. Substituting
series (2.5) into equation (2.6) one can find the recurrence relation for its coefficients.
This relation takes the form

k
V() CkZUk(Co,...,Ck_l), ke N,

no
where Uy, is a polynomial of its arguments. Note that Uy can also depend on the
parameters (if any) of the original equation. The equation U,,;, = 0 is called the
compatibility condition. If the compatibility condition is not satisfied, then the
Puiseux series under consideration does not exist. Otherwise the corresponding
Puiseux series exists and possesses an arbitrary coeflicient ¢, j, -

The Puiseux series under consideration has uniquely determined coefficients
whenever there are no non-negative rational Fuchs indices.

We note that if one wishes to find all the Puiseux series of the form (2.5) that sat-
isfy the original equation, then it is necessary to implement the procedure described
above for all the dominant balances and for all their power solutions.

We also observe that there may exist balances and their power solutions such that
V() =0. If V(j) is identically zero, then one should make the substitution y(x) =
cox” + w(x) in equation (2.6) and find all the Puiseux series w(z) = ¢;a™ + -+ of
the latter such that 1 < r and z — oo.

The following theorem was proved in article [6].

THEOREM 2.3. Let F(x,y) € Clz,y]\ C,F, £ 0 be an irreducible invariant alge-
braic curve of polynomial vector field X and related dynamical system (2.1). Then
F(x,y) takes the form

N
F(z,y) = u@) [[{v—v@)}y . NeN,
Jj=1 +
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where p(xz) € Cla] and y1(z),...,yn(z) are pairwise distinct Puiseuz series in
a neighbourhood of the point x = oo that satisfy equation (2.6). The symbol
{W(x,y)}+ means that we take the polynomial part of the expression W (x,y).
Moreover, the degree of F(x,y) with respect to y does not exceed the number of
distinct Puiseux series of the from (2.5) satisfying equation (2.6) whenever the
latter is finite.

Clearly, if there are no Puiseux series in a neighbourhood of the point z = oo
that satisfy equation (2.6), then polynomial vector field X and related dynamical
system (2.1) do not have invariant algebraic curves such that Fy # 0.

3. Proof of theorem 1.1(a)

Introducing the change of variables and reparameterization of the independent
variable t given by

$1=b0($+b1), ylzbgy and ¢ =b3T

where b; are presented in (1.3), the Liénard dynamical systems (1.2) with mn # 0
can be written as

. . 2
Ty =y, = —2x1y1 + 27 — opx1 — Jp.

Now the dot means the derivative with respect to the new independent variable 7
and the parameters og, dp are also given in (1.3).

Introducing the invertible change of variables 71 = s, y; = 2z — s2 — s (or s = 11,
z=y1 + 2% + 21, see (1.3)) yields the following dynamical system

§=z—5"—5 2=2z—(1409)s— do. (3.1)
There exists the one-to-one correspondence between irreducible invariant algebraic
curves f(x,y) =0 of Liénard dynamical system (1.2) and irreducible invariant
algebraic curves G(s,z) of system (3.1). The following theorem was proved in
article [5].

THEOREM 3.1. Let G(s,z) € Cl[s, 2]\ C be an irreducible invariant algebraic curve
of dynamical system (3.1). Then the degree of G(s,z) with respect to s is either
0 or2.

It is also clear that the cofactor K of the invariant algebraic curve must be of
the form K = Ag + Ays with Ao, A, e C.

The proof of theorem 1.1(a) will be an immediate consequence of the proof of
the following theorem.

THEOREM 3.2. The unique irreducible invariant algebraic curves G(s,z) =0 of
dynamical systems (3.1) have cofactor K = Ag + A1s and take the form

(i) G(s,2) =z — 0o with A1 =0 and Ag = 1 whenever oy = —1;

(i) G(s,2) =s?+3s/2—2—28 with Ay = —2,Ag=—1/2 whenever o=
4(5() — ]./4,
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(iii) G(s,2) = g2(2)s® + g1(2)s + go(z) with Ay = —2 and Ao = M — 3/2 when-
ever o9 = —1 and dg = (2M — 3)(2M + 1)/16 with M € N\ {1},

where go(2),91(2) and go(z) are the polynomials given by the relations in (1.4)
(see also (1.5)).

We recall that the value M =1 is excluded in the last sequence of invariant
algebraic curves since the latter is a partial case of the algebraic curve given in (i7).

Proof of theorem 3.2. Invariant algebraic curves of system (3.1) satisfy the
following equation

Go(z—5%—8) +G.(z— (1+00)s — ) = (Ag + A15)G. (3.2)

We begin by classifying irreducible invariant algebraic curves that do not depend
on s.

Case 1. G(s,z) has degree 0 in s. Substituting G(s, z) = z — 2o with zg € C into
equation (3.2), we obtain the following relation

z—(1400)s— 00 = (Ao + A18)(z — 20).

Setting to zero the coefficients at different powers of s and z, we find zg = do,
A1 =0, Ap = 1 and 09 = —1. This result is given in (7).

Case 2. G(s,z) has degree 2 in s. Representing irreducible invariant algebraic
curves G(s, z) as follows:

G(s,2) = g2(2)s® + g1(2)s + go(2), (3.3)

where go(z), 91(2), g2(2) € C[z] and ga2(z) # 0, we substitute this representation
into equation (3.2) and set to zero the coefficients at different powers of s. The
equation resulting from the coefficient at s reads as

(00 + 1)g2,z + (A1 + 2)g2 = 0. (34)
If o9 # —1, then go(z) takes the form

g2(2) = Cpexp [ p——

}, Cp € C\ {0}.

Consequently, go(z) is a polynomial if and only if A; = —2. In this case we get
92(2) = Cp. Without loss of generality, we take Cy = 1. Further, we substitute rela-
tion (3.3) with g2(2) =1 into equation (3.2) and set to zero the coefficients at
different powers of s. The coefficient at s? gives the following ordinary differential
equation

(co+1)g1: —g1 + A +2=0.

The unique polynomial solution of this equation is g1(z) = Ag + 2. Considering the
coefficient at s', we obtain the following ordinary differential equation

(00 +1)go,- —2g90 — 22+ (Ao +2)(Ag+1) =0
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with the unique polynomial solution given by
go(2) = =2+ 3 (A§+ 340 — 09 +1).
Finally, setting to zero the coefficient at s°, we find
o9 = 469 — %, Ay = —%.

The resulting irreducible invariant algebraic curve is given in (ii).

Now let us consider the case o9 = —1. From equation (3.4) we obtain A; = —2.
Considering equations resulting from the coefficient at s? and s, we can express g
and go via go and its derivatives. Thus we get

g1 = _(Z - 60)92,z + (AO + 2)92)

1 1 (3.5)
go = 5(2 —00)%92.22 — (Ao + 1) (2 — 80)ga.. + (1 —z+ §A0(A0 + 3)) g2.

Substituting these expressions into the equation resulting from the coefficient at s°
yields the following third order linear ordinary differential equation

2393227 — 3402% 92,27 — (AZ + 460 — 3A0 (Ao + 1)) Zga, 2
+(2(240 4+ 1) Z + (Ao + 1)(40p — Ao(Ag +2))) g2 = 0 (3.6)
Note that for simplicity we introduce the new variable Z = z — §y. Further, using
relations (3.5) we verify that if z = dp is a zero of go(z), then it is also a zero of

g1(z) and ga(z). If such a situation occurs, then G(s, z) is reducible. In view of this
let us suppose that g»(z) takes the form

g(2)=2ZM 14 B ZM=2 4 ...+ By, Z=2-0y, MEN, (3.7)

where By/_1 # 0. Note that if go(2) is of degree M — 1 with respect to z, then go(z)
is of degree M with respect to z and so does G(s, z). Substituting representation
(3.7) into equation (3.6) and setting to zero the coefficients at ZM and Z9, we find
the following necessary conditions for polynomial solutions to exist:

240 —2M +3 =0, (AO + 1)(A0(A0 + 2) - 450)BM,1 =0. (38)
Recalling the fact that Bps_1 # 0, we solve system (3.8). This gives

O — 3)(2M + 1
Aon—%, 5o = 3ié +1) (3.9)

Further, we find the recurrence relation for the coefficients of g2(z). The result takes
the form

(M —m — 1)(2m + 1)B]V[7m71 + 8(m + 1>BM7m72 = 0, m e Z, (310)

where By =1 and B,,, = 0 whenever m > M and m < 0. Analysing this relation,
we conclude that equation (3.6) possesses the unique polynomial solution of degree
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M — 1 provided that conditions (3.9) are satisfied. Finally, relation (3.10) and the
normalization By = 1 give the following explicit representation

(—=1)™ (M +m — 1)(2m — 1)!

By, =
8mm!(M —m — 1)1

This completes the proof. O

4. Proof of theorem 1.1(b)
If v = 0 then system (1.2) becomes
=y, vy =a+ pzr+nz’.
This system has the first integral
H(z,y) = y*/2 — ax — Bx?/2 —nx®/3

and so y?/2 — az — B2?/2 —nx3/3 =0 is an invariant algebraic curve with zero
cofactor. This proves statement (b.1).
Now assume that v # 0. Introducing the change of variables

X= (e 252), v=2

system (1.2) with m = 0 and n # 0 becomes
X'=Y, Y =49V +6X? -0 X. (4.1)

Our aim is to provide the complete classification of irreducible invariant algebraic
curves of Liénard dynamical systems (4.1). We shall use the method of Puiseux
series introduced in articles [5, 6] and briefly described in § 2.

The proof of theorem 1.1(b) will be an immediate consequence of the proof of
the following theorem.

THEOREM 4.1. The unique irreducible invariant algebraic curves G(X,Y) =0 of
dynamical systems (4.1) with v # 0 have cofactor K = 6v/5 and take the form

(i) G(X,Y)=Y2— (4v/5)(X ++2/25)Y —4X3 — (872/25)X? — (471/625) X
whenever o = —672/25;

(i) G(X,Y)=Y?2 — (49/5) XY —4X3 + (44%/25)X? whenever o1 = 672 /25.
Proof. Invariant algebraic curves of dynamical system (4.1) satisfy the equation
YGx — (—7Y —6X? 4+ 0, X)Gy = K(X,Y)G. (4.2)

Balancing higher-order terms with respect to y, we see that K(X,Y) = K(X),
w(X) = po, where K(X) € C[X] and po € C. Without loss of generality, we set
po = 1. Substituting G(X,Y) = G(X) into equation (4.2), we show that there are
no invariant algebraic curves that do not depend on Y.
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-1 0 1'G1

Figure 1. The Newton polygon of equation (4.3) with o1 # 0.

Let us find irreducible invariant algebraic curves G(X,Y") such that Gy # 0. Sup-
posing that the variable Y is dependent and the variable X is independent, we see
that the function Y = Y (X) satisfies the following first-order ordinary differential
equation

YYx =Y —6X% 4 0,X = 0. (4.3)

Our aim is to find Puiseux series near the point X = oo that satisfy equation
(4.3). The Newton polygon of equation (4.3) is presented in figure 1. Analysing the
Newton polygon we find that there exists only one dominant balance related to the
point X = oco. This balance and the power solutions take the form

YYX _ 6X2 =0: y(l,Z)(X) _ Cél72)X3/27 cgl,?) — 49

The Fuchs index is jo = 3 and the corresponding Puiseux series take the form

“+o0
y(1,2)(X) — ZC}E)172)X3/27]€/2- (44)
k=0

The compatibility condition for both series to exist resulting from the presence of
the Fuchs index jo = 3 reads as

(672 — 2501) (6% + 2501) = 0. (4.5)

Consequently series (4.4) possess arbitrary coefficients b2 provided that condition

(4.5) holds. Using the consequence to theorem 2.3 and the fact that there are
no Puiseux series near X = oo satisfying equation (4.3) with (672 — 2507)(67% +
25071) # 0, we conclude that the corresponding dynamical system does not have
invariant algebraic curves whenever condition (4.5) is not satisfied.
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Further, we represent invariant algebraic curves via the Puiseux series as follows

Gxy)={ [[{v -v" }H{Y YA Xy, (4.6)

+

where Ny, Ny € NU {0} and each series Y;(I’Q)(X ) contains an arbitrary coefficient

cél 2) , arbitrary in the sense that it is not provided by equation (4.3). These coef-

ﬁc1ents with the same upper index should be pairwise distinct. Further, we require
that the non-polynomial part of expression in brackets in (4.6) equals zero. Setting
to zero the coefficient at Y N1+N2=1X3/2 gives the following relation Ny = N;. The
equation resulting from the coefficient at YN +N2—1X1/2 ig automatically satisfied.
Further, we consider the algebraic system

Ny
3 {C,S; + c,(f;} 0, k=4,5,... (4.7)
=1

resulting from the coefficient at Y N1+N2=1 X (3=F)/2 For convenience we introduce
the following notation

) . 2)
o ;{c&j} Z::{ 1 men.

Solving system (4.7) accompanied by equation (4.5) we obtain the following results

6
o= CPV=0, CP=0, meN;

; :_EW 0(1):ﬂ76m]\; 0(2):ﬂ76m1\f Ni,m €N
YT a5 Ym T gmag2m b Mme T 9mogg2m b '

Requiring that the resulting invariant algebraic curve is irreducible, we should set

Ny =1
6
o1 = %72, c((;% =0, cg% =0, N =1,
6 o L ) L 6
= — — = — [ — — 1
TLT o5 1T T 95000 6.1~ 125000 !

Substituting these expressions into representation (4.6), we obtain the correspond-
ing irreducible invariant algebraic curves. Their cofactors we find by direct sub-
stitution of the polynomials representing the algebraic curves under consideration
into equation (4.2). The results are given in (i) and (ii). O
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a1

Figure 2. The Newton polygon of equation (5.2) with Sa # 0.

5. Proof of theorem 1.1(c)

Proof. Invariant algebraic curves of dynamical system (1.2) with n =0 and m # 0
satisfy the following partial differential equation

yFy + (may 4+ vy + fr + ) Fy = K(z,y)F. (5.1)

Balancing higher-order terms with respect to y, we find K (z,y) = K(x), u(z) = po,
where K (z) € Clz] and pp € C. Without loss of generality, we set 19 = 1. Substitut-
ing F(z,y) = F(z) into equation (5.1), we see that there are no invariant algebraic
curves that do not depend on y.

Let us find other irreducible invariant algebraic curves. The function y = y(x)
satisfies the first-order ordinary differential equation

Yye —may — vy — fr —a =0 (5.2)

with the Newton polygon given in figure 2.
The dominant balances giving power asymptotics at © = co correspond to the
edges [Q2, Q3] and [Q3, Q4]. These balances and the power solutions take the form

(I): yye—may=0: ylz)= %ﬁ;
. . __B
(II): mazy+PBx=0: y(z)= -

The Fuchs index of the first series is jo = 2. This series takes the form

—+o0

(D ya) =Y aa®* ="

2
k=0

and exists whenever 3 = 0. This equality results from the compatibility condition
for the Fuchs index j, = 2. Note that the coefficient ¢y is arbitrary. The second
series does not have Fuchs indices and consequently possesses uniquely determined
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coefficients

00 B
(IN): yla) =Y az™ ag= -
k=0

It follows from theorem 2.3 that if § # 0, then the unique irreducible invariant
algebraic curve exists whenever series of type (IT) terminates at zero term. This
gives ma — v = 0. The cofactor we calculate by direct substitution of the relation
F(z,y) =y + /m into equation (5.2).

Now let us consider the case 5 = 0. Irreducible invariant algebraic curves can be
represented via the Puiseux series as follows:

N—k
G(X’Y): H(y_%1‘2_01.%—0073'—--~)(y—a0_...)k ,

o
J +

where N € N and k =0 or k = 1. Setting to zero the coefficients at ¥ ~12! with
[ < 0, we see that the unique possibility is £ = 0 and o = 0. The resulting algebraic
curve and its cofactor are F(z,y) =y — ma?/2 — yz — ¢o and K = 0. Note that ¢
is arbitrary and in fact F'(z,y) gives the polynomial first integral. O

6. Proof of theorem 1.2(a)

The proof of statement (a) in theorem 1.2 will be a direct consequence of the
following theorem.

THEOREM 6.1. The unique dynamical systems (3.1), which admit a Liowvillian first

integral are the ones with the conditions

(2M —3)(2M + 1)
16 ’

og=—1, do = M € N.

Proof. Note that if cg = —1 and §g = (2M — 3)(2M + 1)/16, in view of theorem 3.2
there exist two distinct irreducible invariant algebraic curves f; = z — dg and fy =
G(r,y + 2? + x), where the bivariate polynomial G(s, z) is given in the statement
of theorem 1.1 and in (1.4). The cofactors take the form Ky =1 and Ky = —2s +
M — 3/2 accordingly. Clearly,

V=5

is an inverse integrating function and by theorem 2.2 system (3.1) admits a Liou-
villian first integral. The first integral H can be obtained solving (2.2). Doing so,
we get that a Liouvillian first integral reads as (1.6).

Now we shall show that in any other case systems (3.1) do not admit a Liouvillian
first integral.

Case 1. o9 = —1 and 0y # (2M — 3)(2M +1)/16 for any M € N. In this case
systems (3.1) can have an exponential factor of the form E = exp(f/(z — do)"™)
with n >0 and f coprime with z — dg. We will show that this is not possible.
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Assume that it is the case, then simplifying the exponential term E, we see that f
satisfies the following equation
0 0
(2 — 8% — s)—f +(z — (50)—f —nf = (Bo+ P1s+ P22)(z — dp)". (6.1)
s 0z
Set now f = f|.—s,- Then f # 0 (otherwise f would not be coprime with z — &)
and it satisfies equation (6.1) restricted to z = do, i.e.
df -
§—s?—s)== =nf.
(0 =" —s) - =nf

Solving this linear differential equation we conclude that: if o # —1/4 then

. —2n 2541
f—aexp (\/ﬁ arctan (\/ﬁ)), o€ (C\{O}

and if §p = —1/4 then
f=ae®™1+29) o e C\ {0}

Since f must be a polynomial, and na # 0 we get a contradiction. So, this case
is not possible. In short, the unique possible exponential factors must be of the
form E = exp(g) with g € C[x,y]. Moreover, by theorems 2.1 and 2.2, if there is a
Liouvillian first integral then the cofactor must be of the form 2s — A with A € C.

So,
g g
2 9 9
— 82— 8)2L 4 (2 — 8p) =2 = 25 — A
(z —s°—5s) . (z—do) . 5—A
Evaluating it on z = §p yields
dg
§—s2—5)= =2s5s— A
(6—s 8)85 . s

which is not possible because g is a polynomial. This concludes the proof in this
case.

Case 2. o9 =40 — 1/4 with §y # —3/16. In this case system (3.1) can have an
exponential factor of the form E = exp(f/(s* + 3s/2 — z — 209)") with n > 0 and
f coprime with s? + (3/2)s — z — 24¢. If it exists, then f satisfies, after simplifying
the exponential term F, the equation

(2—32_5)% + (z— (460—1—%)3—60)% —n(23+%)f
= (Bo + Bis + B22) (82 + gs —z— 26())”.

Set now f = fla=s24(3/2)s—25,- Then f # 0 and it satisfies

(%s — 25())3—5 = —n(2s + %)f

https://doi.org/10.1017/prm.2019.63 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2019.63

Poincaré problem and Liouvillian integrability 3249

Solving this linear differential equation we get
f=a(s —46y) "1+16%) oxp(—4ns), a e C\ {0},

what is not possible because f is a polynomial and na # 0. So, the unique possible
exponential factors must be of the form E = exp(g) with g € C[z,y]. Moreover, by
theorems 2.1 and 2.2, if there is a Liouvillian first integral then the cofactor must
be of the form 2s — A with A € C. Hence,

dg 3 dg A
i 2 — — — — — - = — -
(z—5"—3) s + (z (460 + 4) s 50) % 2s(1 = X) 5"

Evaluating it on z = (409 + 3/4)s — Jp yields
dg A

((460 - i)s —0p — 32>% s e =2s(1—-\) — 2

which is not possible because g is a polynomial. This concludes the proof in this
case.

Case 3. ¢ & {—1,40¢ — 1/4}. The unique possible exponential factors must be of
the form E = exp(g) with g € Clz,y]. Moreover, by theorems 2.1 and 2.2, if there
is a Liouvillian first integral then the cofactor must be of the form 2s. So,

9g 9g

_ g2 _ — — — - —
(z—s 8)83+<Z (14 09)s 60)02 2s.

Evaluating the above equation on z = (1 4 o)s + dp, we get

19)
(6 — 5%+ 005)—9 = 2s,
§ z=(1400)s+do
which is not possible because g is a polynomial. This concludes the proof. O

7. Proof of theorem 1.2(b)

The proof of statement (b.1) is clear. To the complete proof of statement (b) in
theorem 1.2 will be a direct consequence of the following theorem.

THEOREM T7.1. The unique dynamical systems (4.1) which admit a Liouvillian first
integral are the ones with the conditions o1 = +672/25.

Proof. In view of theorem 1.1(b) if oy = 672/5 there exists an irreducible invariant
algebraic curve Gi(s,z) with G; given in statement (b.2) of theorem 1.1. The
cofactor is of the form K = 6/5. Clearly,

V= G1—5’Y/6

is an inverse integrating function and by theorem 2.2 system (3.1) admits a Liou-
villian first integral. The first integral H can be obtained solving (2.2). Doing so,
we get that a Liouvillian first integral is given in (1.7).
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Analogously, in view of theorem 1.1(b) if 01 = —672/5 there exists an irreducible
invariant algebraic curve Ga(s, z) with G given in statement (b.3) of theorem 1.1.
The cofactor is of the form K = 6/5. Clearly,

V=6,

is an inverse integrating function and by theorem 2.2 system (3.1) admits a Liou-
villian first integral. The first integral H can be obtained solving (2.2). Doing so,
we get that a Liouvillian first integral is given in (1.8).

Now we shall show that in any other case there are no Liouvillian first integrals.
In these other cases, the unique possible exponential factors must be of the form
E =exp(g) with g € C[X,Y]. Moreover, by theorems 2.1 and 2.2, if there is a
Liouvillian first integral then the cofactor must be of the form —~. So,

Y%’( + (7Y +6X2% — 01X)(%i = —7.
Evaluating the above equation on Y = X = 0 we get 0 = -, which is not possible.
This concludes the proof. O

8. Proof of theorem 1.2(c)

In view of theorem 1.1(c) if a = 3 = 0, the polynomial y — mz?/2 —vyx — ¢p is a
first integral. This proves statement (c.2).

If « = B~/m with 8 # 0 then there exists the irreducible invariant algebraic curve
y+ B/m = 0. It turns out that V = y + 5/m is an inverse integrating factor and by
theorem 2.2 system (3.1) admits a Liouvillian first integral. Solving (2.2) we obtain
the first integral in (1.9) proving statement (c.2).

Finally, to conclude the proof of theorem 1.2(c) we shall see that there are no
Liouvillian first integrals in any other case. Note that these other cases, the unique
possible exponential factors must be of the form E = exp(g) with g € Clz, y]. More-
over, by Theorems 2.1 and 2.2, if there is a Liouvillian first integral then the cofactor
must be of the form mx + . So,

y%+(a+ﬁx+7y+mxy)%g, =-—mz — 1.
Evaluating the above equation on y = 0, z = —«/ we get 0 = ma/3 — v, which is
not possible because o # (v/m. This concludes the proof.
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