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Abstract. The autonomous Duffing—Holmes oscillator & =y, § = z —a® +by—kz, 2 = w(y—=z),
depending on the three parameters b, k, and w, has been studied previously by several authors who
showed that for certain parameter values, it exhibits chaotic motion, or that numerically it has two
periodic orbits coming from a Hopf bifurcation, or that it can have three equilibria for some given
values of the parameters. Here we provide new results on the integrability and the global dynamics
of the autonomous Duffing—Holmes oscillator using its first integrals and Darboux invariants when
these exist for some given values of its parameters.

Keywords: Duffing—Holmes model, first integral, rational first integral, invariant algebraic surface,
Darboux invariant.

1 Introduction and statements of the main results

One of the most representative nonlinear differential systems exhibiting chaotic dynam-
ics is the nonautonomous Duffing—Holmes oscillator. It is described by a second-order
differential equation with an externally applied periodic driving term:

&+ bi — x4+ 2° = asin(wt).

In [7], as an alternative to the nonautonomous Duffing—Holmes oscillator, the authors
propose an autonomous version, defined as follows:

i':ya y:x—x?’—f—by—kz, Z:w(y_z)v (1)

where (z,y,2) € R3, and b, k, w are real parameters. Additionally, the authors devel-
oped a specialized electrical circuit to replicate the solutions of oscillator (1). The circuit
was evaluated both numerically and experimentally, showing good agreement between
simulation and physical results. The model can exhibit chaotic behavior.
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In [6], the authors analyzed the differential system (1) for the specific values of the
parameters b = 1.9, k = 2.5, and w € (2.5, 3.85). Under these conditions, system (1)
has exactly three equilibrium points. They investigated the behavior of these equilibrium
points depending on the parameter w, obtaining numerical results indicating that for w <
3.55, the three equilibrium points are nonattractive. Moreover, periodic orbits exist around
two of them. When the parameter w decreases, the attracting properties of these two
points weaken, and eventually, trajectories begin to move between the lateral equilibrium
points, exhibiting irregular behavior and sensitivity to initial conditions. Later, the authors
applied these observations to the study of some models in genetic network theory.

In [2], the authors prove the numerical results obtained in [6] by applying Hopf bifur-
cation theory, which provides the existence of two limit cycles around each equilibrium
point, and show that, for the parameter values b = 1.9 and kK = 2.5, the differential
system (1) undergoes a Hopf bifurcation at w = 3.64.

In this paper, we give some results about the integrability and the global dynamics of
the Duffing—Holmes model, given by the three-parameter family of systems (1), where b,
k, and w are real parameters.

One can easily check that systems (1) are invariant under the change of variables

(xvyv Z) - (—(E, —-Y, _Z)'

Consequently, if (x(t), y(¢), 2(t)) is a solution of systems (1), then (—x(¢), —y(t), —z(t))
is also a solution.

Let F = F(x,y,2) € Rz, y, 2], where R[z, y, 2] is the ring of real polynomials in the
variables z, y, and z. The function F' defines an invariant algebraic surface of system (1),
F = F(x,y,z) = 0, if it satisfies the following condition:

oF OF

OF
or L9 8 _ O ol — ) —
A oy (z —a® + by — kz) + P w(y —2) = KF,

where K = K(x,y, z) is a real polynomial of degree at most 2, called the cofactor of
F(x,y, z). The following proposition provides a complete classification of all invariant
algebraic surfaces of degree at most four of systems (1).

Proposition 1. All the invariant algebraic surfaces of degree at most four of systems (1)
for all values of the parameters are given in Table 1.

Table 1. Invariant algebraic surfaces of systems (1), F; = F;(z,y,z) =0for1 <1 < 6.

Conditions F; =0 Cofactor
b=0k=0 Fy =222 —g*—2y2 K1 =0
w=0 Fy =2z Ko =0

b= —w= —2 = \/% Fy = /2222 —/222* — 42y — 222y + 1622 K3 = —4
b=—w= f k= \/% Fy = /2222 —/222* + 42y — 222y — 1622 K,=4
b=—y/3.k=-2,/2,w=1/2 Fs=+62"—V6a2"—4ay—2v6y> +8x2+2v62> K5=-2,/2

b= %,k:2 %,w:—\/g Fgs :\/éa:Q—\/éw4+4wy—2\/(§y2—8xz+2\/6z2 Kg =2
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Proof. We assume that F'(x,y, z) = 0 is an invariant algebraic surface of degree at most
four for systems (1) and that K = K (x,y, z) is its associated cofactor. Then

F(z,y,2) Z aijr'yizt and  K(z,y, 2 Z kijiatyl 2,
1,5,120 4,7,1>0
i+j+1<4 i+j+1<2
and the following holds:
OF OF oF
S by — k) 2 — KF. 2
8xy+8y(z x> + by — z)+azw(y 2) (2)

By equating the coefficients of the monomials on both sides of (2), we obtain a sys-
tem of 84 equations in 48 unknowns, namely the 35 coefficients a;;;, the 10 cofactor
coefficients k;;;, and the parameters b, k, and w.

Solving this system with the help of a computer algebra system such as Mathematica
or Maple, and taking into account Proposition 4, we obtain the six irreducible invariant
algebraic surfaces F; = 0, with F; shown in Table 1.

This concludes the proof of the proposition. O

We remark that the case with the invariant algebraic surface F; corresponds to the case
with F3 by applying the symmetry (z, vy, z,t,b, k,w) — (—z, —y, —z, —t, —=b, —k, —w).
The same occurs in the cases with the invariant algebraic surfaces F5 and Fgz. Then
the study of the systems with the invariant algebraic surfaces F3 and F3 is enough to
determine also the behavior in the cases with F and Fg.

A first integral of systems (1) is a (nonlocally constant) continuously differentiable
function H : A — R, where A is an open and dense subset of R3, which remains constant
along all solutions (x(t), y(t), z(t)) of systems (1) that are contained in A; that is, such
that

O0H OH

0H
afxy-i-a—y(x—x?‘—i—by—kz)—i-fw(y—z):0.

0z
A first integral is called simple if it is not a function of other first integrals, and the first
integral H is called polynomial if H is a polynomial function. The degree of a polynomial
first integral is the degree of the polynomial.

In what follows, we describe all polynomial first integrals of degree at most four of
systems (1).

Proposition 2. All simple polynomial first integrals of degree at most four of systems (1)
are given in Table 2.

Table 2. Simple polynomial first integrals of systems (1),
H;, =H;(z,y,z) for1 <i<2.

Conditions Simple polynomial first integral
b=0,k=0 Hy =2x2 — 2% — 292
w=0 Hy =z

Nonlinear Anal. Model. Control, 31(3):699-721, 2026
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Table 3. Darboux invariants of systems (1), I; = I;(z,y, z) for 1 < i < 4.

Conditions Darboux invariant

b= —w= 7%, k= f\/% I = (V2222 — /22x* — dxy — 2¢/22y% + 16:Bz)e(4/‘/ﬁ)t
b= —w= \/T \/47 Iy = (V2222 — /222 + dxy — 21/22y2% — 16:pz)e_(4/‘/ﬁ)t
b= — g,k——Q S,w—\/7 I3:(\/&02—\/é:c4—4:cy—2\/éy2+8:cz+2\/éz2)62 2/3t

b—\/g k—2\/7 w——\/g I4:(\/6:1:2—\/6m4+4my—2\/6y2—8mz+2\/(§z2)e’2 2/3t

Proof. Given that a polynomial first integral corresponds either to an invariant algebraic
surface with zero cofactor, or to a combination of the invariant algebraic surfaces with
respective nonzero cofactors whose sum is zero, the result stated in Proposition 2 follows
directly from Proposition 1, Table 1, and Proposition 4. O

The differential systems (1) are said to be completely integrable if there exist two
functionally independent first integrals; that is, their gradients are linearly independent
except possibly on a set of Lebesgue measure zero.

Corollary 1. The differential systems (1) are completely integrable if b = k = w = 0,
with the two first integrals H, and Hy of Table 2.

Proof. According to Table 2, the systems described by (1) with parameters b = k =
w = 0 possess two polynomial first integrals, H; and H,. These integrals are evidently
independent, as H; does not involve the variable z, whereas Hs explicitly depends on
them. This establishes the validity of Corollary 1. O

An invariant of systems (1) defined on an open and dense subset A C R? is a noncon-
stant C! function, I = I(z,y, 2,t), such that I (z(t), y(t), z(t), t) remains constant along
any solutions (x(¢), y(¢), z(¢)) of systems (1) contained in A4, i.e.,

oI oI oI oI
—(x — by — k — — =0
axy+ay(a: 3+ by — z)+8w(y )+8t
for all (z(t),y(t), z2(t)) € A. Note that if an invariant is independent of ¢, it is a first
integral.

An invariant of the form I = f(z,y, z)e®t, where f is an analytic function in A and
s € R\ {0}, is called a Darboux invariant. A Darboux invariant is said to be simple if it
cannot be written as a function of other Darboux invariants.

Proposition 3. All Darboux invariants of the form I = f(x,y, z)e%t, where f(x,y, 2) is
composed of the polynomials F;, with i = 1,2, 3,4, listed in Table 1 are summarized in
Table 3.

Proof. The proof of this result follows directly from Proposition 5 and from the irre-
ducible invariant surfaces obtained in Proposition 2, which have a nonzero constant co-
factor. To apply Proposition 5, it has been taken into account that, when the values of the
parameters b, k, and w defining the equation are fixed, there exists at most one irreducible
invariant surface of degree less than or equal to 4. O

https://www.journals.vu.lt/nonlinear-analysis
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Figure 1. Dynamics of systems (1) on the infinite sphere.

Let ¢, (t) be the solution of systems (1) such that ¢, (0) = p, defined on its maximal
interval (ap,wp). If w, = 400, we define the w-limit set of p as

w(p) = {q € R% 3{t,} CRwith lim t, = +ooand lim g (t,) = q}.

n—r00

In the same way, if o, = —o0, we define the a-limit set of p as
a(p) = {q € R% 3{t,} C Rwith lim t, = —coand lim ¢,(t,) = q}_
n— oo n— oo

The presence of a first integral enables a reduction of the phase space dimension
by one when analyzing the dynamics of a differential system. In contrast, a Darboux
invariant provides valuable information about the o- and w-limits behavior of the system’s
trajectories; see [5, Prop. 5] or Proposition 6 in Section 2.

We recall that an equilibrium point of a planar system is called a center if there is an
open neighborhood, called the period annulus, consisting, besides the equilibrium point,
of periodic orbits. If this neighborhood is all the plane R?, then we say that the equilibrium
is a global center.

Theorem 1. The phase portrait of the family of systems (1) on the infinite sphere is as
shown in Fig. 1. The infinity of the plane x = 0 is filled with equilibria. The orbits in the
region x < 0 have their a-limit in the endpoint of the positive y-axis and their w-limit in
the endpoint of the negative y-axis. The orbits in the region x > 0 have their a-limit in
the endpoint of the negative y-axis and their w-limit in the endpoint of the positive y-axis.

Theorem 1 is proved in Section 3.

The following result shows the global dynamics of systems (1) in the case w = 0,
in which there exists a first integral H, = =z that allows the reduction of systems (1) to
a family of planar polynomial systems.

Theorem 2. The differential system
T =y, yzx—m3+by—(s—53), 3)

with s € R, has at infinity a unique pair of equilibria at the origins of the local charts
Us and Vs. Their local phase portraits are formed by two hyperbolic sectors with both

Nonlinear Anal. Model. Control, 31(3):699-721, 2026
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separatrices at infinity. The following statements hold for the differential system (3):

(a) When |s| > 2/+/3, the system has the unique finite equilibrium P, = (s,0).

®

(c

)

~

Then, ifb € (—2v/3s2 — 1,2v/3s2 — 1), the phase portrait in the Poincaré disc is
a global hyperbolic unstable focus if b > 0, a global Hamiltonian center if b = 0,
and a global hyperbolic stable focus ifb < 0. Ifb € R\ (—2v/3s2 — 1,2/352 — 1),
the phase portrait in the Poincaré disc is a global hyperbolic unstable node if
b > 0 and a global hyperbolic stable node if b < 0.

If |s| = 2/+/3, in addition to the finite equilibrium point Py, the system has

another equilibrium point Py = (—5/2,0). Ifb € (—2v/3,2V/3), then ifb > 0, P,

is a hyperbolic unstable focus and Ps is a semihyperbolic saddle-node. If b = 0,

then Py is a Hamiltonian center and Ps is a nilpotent cusp, its two separatrices

connect forming a homoclinic orbit, the boundary of the period annulus of the
center. If b < 0, then P is a hyperbolic stable focus and Ps is a semihyperbolic
saddle-node. If b € R\ (—2v/3,2V/3), then if b > 0, Py is a hyperbolic

unstable node and Ps is a semihyperbolic saddle-node, and if b < 0, then P;

is a hyperbolic stable node and Ps is a semihyperbolic saddle-node.

If |s| < 2/+/3, in addition to the finite equilibrium point Py, there are two finite

equilibria Ps = (—s — /4 — 3s2/2,0) and Py = (—s + V4 — 3s%/2,0).

(c.1) Assume that s € (—=2//3,—1/V/3) and b € (—2v/35% —1,2/352 — 1).
Then, if b > 0, Py is a hyperbolic unstable focus, Ps is a hyperbolic saddle
and Py is a hyperbolic unstable focus if a™ = b> —8 +6s(s+ V4 — 352) <
0, and a hyperbolic unstable node if o™ > 0. If b = 0, then Py and Py are
Hamiltonian centers and Ps is a hyperbolic saddle. If b < 0, then Py is
a hyperbolic stable focus, Ps is a hyperbolic saddle and Py is a hyperbolic
stable focus if o™ < 0, and a hyperbolic stable node if o > 0.

(c.2) Assumethats € (—2/v/3,—1/v/3) andb € R\(—2v/35% — 1,2+/352 — 1).
Then, if b > 0, Py is a hyperbolic unstable node, P3 is a hyperbolic saddle
and Py is a hyperbolic unstable focus if ot < 0, and a hyperbolic unstable
node if o™ > 0. If b < 0, then Py is a hyperbolic stable node, P; is
a hyperbolic saddle and P, is a hyperbolic stable focus if a™ < 0, and
a hyperbolic stable node if a™ > 0.

(c.3) Assume that s = —1/\/3 Ifb > 0, then the equilibrium P, = Ps is a semi-
hyperbolic saddle-node and Py is a hyperbolic unstable node. If b = 0, then
the equilibrium Py = Pj is a cusp and P, is a Hamiltonian center. If b < 0,
then the equilibrium P, = Ps is a semihyperbolic saddle-node and P is
a hyperbolic stable node.

(c.4) Assume that s € (—1/v/3,1/+/3). In this case, P, is a hyperbolic saddle.
Ifb = 0, then P and P, are Hamiltonian centers. If a~ = b* — 8 + 65(s —
V4 —3s2) < 0and a™ < 0, then if b > 0, Py and Py are hyperbolic
unstable foci, and if b < 0, P3 and Py are hyperbolic stable foci. If = < 0
and at > 0, then if b > 0, Ps is a hyperbolic unstable focus and Py
a hyperbolic unstable node; if b < 0, P3 is a hyperbolic stable focus and
Py a hyperbolic stable node. If o~ > 0 and o™ < 0, then if b > 0, Ps is

https://www.journals.vu.lt/nonlinear-analysis
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a hyperbolic unstable node and Py a hyperbolic unstable focus; if b < 0,
Ps is a hyperbolic stable node and Py a hyperbolic stable focus. If a= > 0
and ot > 0, then if b > 0, Py and Py are hyperbolic unstable nodes, and if
b < 0, Ps and Py are hyperbolic stable nodes.

(c.5) Assume that s = 1/\/3 Ifb > 0, then the equilibrium P, = P, is a semi-
hyperbolic saddle-node and Ps is a hyperbolic unstable node. If b = 0,
then the equilibrium Py = Py is a cusp, and Ps is a Hamiltonian center. If
b < 0, the equilibrium P, = P, is semihyperbolic saddle-node and Ps is
a hyperbolic stable node.

(c.6) Assume that s € (1/1/3,2/v/3) and b € (—2v/3s2 — 1,21/352 — 1). Then,
if b > 0, Py is a hyperbolic unstable focus, Py is a hyperbolic saddle and
Ps is a hyperbolic unstable focus if a= < 0, and a hyperbolic unstable
node if a— > 0. If b = 0, then Py and P3 are Hamiltonian centers and Py
is a hyperbolic saddle. If b < 0, then Py is a hyperbolic stable focus, P,
is a hyperbolic saddle and Ps is a hyperbolic stable focus if o~ < 0, and
a hyperbolic stable node if o~ > 0.

(c.7) Assume that s € (1/v/3,2/v/3) and b € R\ (—2/3s% — 1,2V/352 — 1).
Then, if b > 0, Py is a hyperbolic unstable node, P, is a hyperbolic saddle
and Ps is a hyperbolic unstable focus if o= < 0, and a hyperbolic unstable
node if a= > 0. If b < O, then Py is a hyperbolic stable node, Py is
a hyperbolic saddle and Ps is a hyperbolic stable focus if o~ < 0, and
a hyperbolic stable node if o~ > 0.

There are six topologically different phase portraits of system (3) in the Poincaré disc,
which are included in Figs. 2-3. For s € (—2/v/3,2/\/3), if b # 0, the phase portrait
in the Poincaré disc is topologically equivalent to G1, and if b = 0, it is topologically
equivalent to G2. For |s| = 2/V/3, if b # 0, the phase portrait in the Poincaré disc
is topologically equivalent to G3, and if b = 0, it is topologically equivalent to G4.
Finally, for s € R\ (=2/v/3,2/v/3), if b # 0, the phase portrait in the Poincaré disc is
topologically equivalent to G5, and if b = 0, it is topologically equivalent to G6.

Gl G2 G3
s€(—2/v3,2/V3),b#0 s€(—2/v3,2/V3),b=0 s=12/V3|,b#0

Figure 2. Phase portraits of system (3) in the Poincaré disc: G1-G3.

Nonlinear Anal. Model. Control, 31(3):699-721, 2026
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POE®

s=2/V3,b=0 sER\ (—2v3,2v3),b#0 se€R\(-2/V3,2/V/3),b=0

Figure 3. Phase portraits of system (3) in the Poincaré disc: G4-G6.

Figure 4. Global phase portrait of systems (1) on the invariant surface F3 = 0 when b = —w = —3/+/22 and
k=—4/v22.

Theorem 2 is proved in Section 4.
Systems (1) under the conditions b = —w = —3/+/22 and k = —4/+/22 have the
Darboux invariant

I = (V22a% — V222" — day — 2V/22y% + 1622) "/ V22

In the next theorem, we characterize its dynamics in the Poincaré ball.

Theorem 3. The global dynamics of system (1) under the conditions

b:—w:—i and k;:—i

V22 V22
is described below:

(a) The phase portrait on the Poincaré disc at the invariant algebraic surface
F3(z,y) = V222 — V22x* — 4y — 2v/22y% + 1622 = 0 is the one given
in Fig. 4.

(b) The w-limit of a point p = (xo, Yo, 20), which is not on the surface F3 = 0, is
the point (—1,0,0) if zo,yo < 0; the point (1,0,0) if xo,yo > 0; and either
(=1,0,0), (1,0,0), (0,0,0) or the endpoints of the y-axis, if xoyo < 0. The
a-limit of any point p is one of the endpoints of the y-axis.

Note that the dynamics on the infinite sphere is shown in Theorem 1.
Theorem 3 is proved in Section 5.

https://www.journals.vu.lt/nonlinear-analysis
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2 Preliminaries

2.1 Poincaré compactification
2.1.1 Poincaré compactification in dimension 2

In this subsection, we present the Poincaré compactification, a technique that enables the
study of the behavior of the trajectories of a polynomial differential system near infinity.
This method will be applied in Sections 4 and 5.

We begin by considering the unit sphere S? = {y € R3: y? + y3 + ¢y2 = 1},
hereafter called the Poincaré sphere. The tangent plane to the sphere at the point (0,0, 1)
is identified with the Euclidean plane R?, where we consider the polynomial system of
degree d

$.1 ZPl(Jil,JCQ), 5&2:P2($171'2).

This planar system induces a vector field on the northern and southern hemispheres of
the sphere via the central projections f*: R? — S? and f~: R?> — S2, defined by
[ (z) = (21, 22,1)/A(x) with A(x) = /23 + 22 + 1. Through the differentials of
these maps, we obtain the corresponding vector fields on these hemispheres.

By multiplying the vector field by y4, it is possible to extend it analytically to the
equator of the sphere, which corresponds to the points at infinity of the original plane R?.

This analytic extension is known as the Poincaré compactification of the initial vector
field. Analyzing the behavior of this extended field near the equator (i.e., near the circle
St = {S? N {y3 = 0}}) allows to describe the dynamics of the original system close to
infinity.

To perform computations, we work in the local charts (U, ¢;) and (V;, ;) of the
sphere S?, defined as follows: U; = {y € S%: y; > 0}, V; = {y € S?: y; < 0}, with the
maps ¢; : U; — R? and ; : V; — R? given by ¢;(y) = ¥:(y) = (Ym/Yi> Yn /i), where
m < n are such that m,n # i fori = 1,2.

The expression of the Poincaré compactification in the local chart (U, ¢1) is

1
(u’i}):/ud(_upl_FPQa_UPl% Pz:Pl(au>7
and in the local chart (Uz, ¢2) is
1
(i,0) = v (—uPy + P, —vPy), P;=P; (u’ >
v

Considering the definitions of the local charts V; and the maps 1);, one finds that the
expression for the Poincaré compactification in the local charts (V;,1);), with i = 1,2, is
the same as in the local charts (U;, ¢;) multiplied by (—1)¢~1.

Since our goal is to analyze the dynamics of the system near infinity, we focus on
the so-called infinite equilibrium points, that is, the equilibrium points of the Poincaré
compactification located on the equator S of the sphere. If a point y € S! is such an
equilibrium, then its antipodal point —y is also an equilibrium. The stability of this pair,

Nonlinear Anal. Model. Control, 31(3):699-721, 2026
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whether identical or opposite, depends on the degree of the original polynomial system.
Therefore, to carry out a complete analysis, it suffices to examine the infinite equilibria in
the local chart U; and the origin in the local chart Us.

For a more detailed exposition of the Poincaré compactification in two dimensions,
see [3, Chap. 5].

2.1.2  Poincaré compactification in dimension 3

The technique of the Poincaré compactification can be extended to higher dimensions. In
particular, we use this technique in dimension 3 in Section 3. As the ideas are the same
explained before, we just include here the expressions obtained in the local charts Uy, Us,
and Uj for a polynomial system in R? of degree d

i‘:Pl(xayaz)a y:PQ(.’L‘,y,Z), 2=P3(x,y,z).

More details about the Poincaré compactification in dimension n can be found in [1].
The phase portrait in the local chart U; is given by the system

1
(1,0, ) = w(—uPy + Pi,—vPs + Py, —wP;), P;= Pi(“, -, ”).
w w o w

) b

(@, 0,10) = wl(—uP, + Py, —vP) + Ps,—wP)), P;= PZ(

gl
gls
S

The phase portrait in the local chart Us is given by the system

In the local chart Us, the phase portrait is given by
1
('L.L,l.],u.)) = wd(—upg + Pl, —'UP3 + Pz, —wP3), B = P1 <’U,’ 2 >

The following result is proved in [4].

Lemma 1. Let f(z,y, z) = 0 be an algebraic surface of degree m in R3. The extension
of this surface to the boundary of the Poincaré ball is contained in the surface defined by

wmf<f y ) —0. w=o.

)y
w w w

2.2 Invariant algebraic surfaces and Darboux invariants

We will use the following results (see Theorem 8.4 and Proposition 8.7 of [3], respec-
tively, for a proof).

Proposition 4. Suppose f € Rlz,y,z], and let f = f'* --- I’ be its factorization
into irreducible factors over Rlz,y, z]. Then, for the family of polynomial differential
systems (1), f = 0 is an invariant algebraic surface with cofactor Ky if and only if f; = 0
is an invariant algebraic surface for each i = 1,...,r with cofactor Ky,. Moreover,
Kf =1’L1Kf1 +~-~+TLTKfT.

https://www.journals.vu.lt/nonlinear-analysis
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Proposition 5. Assume that systems (1) admit p irreducible invariant algebraic surfaces
fi = 0 with cofactors K; fori = 1,...,p, not all zero, such that Zle NK; = —s for
some s € R\ {0}. Then the function

1)‘1 A fg‘p GSt
is a Darboux invariant of systems (1).
The following proposition is the Proposition 5 of [5].

Proposition 6. Let S? be the infinity of the Poincaré ball and 1(z,y, z,t) = f(x,y,z)e!
be a Darboux invariant of systems (1). Let also p € R3, and let ¢, (t) be the solution of
systems (1) such that ¢,(0) = p, with maximal interval (—oco, 00), because the Poincaré
ball is compact. Then the following holds:

(i) Assume that s > 0. Then w(p) is contained in the closure { f(x,y, z) = 0} in the
Poincaré ball, and o(p) C {f(z,y,z) = 0} N'S?, being S? the boundary of the
Poincaré ball.

(i) Assume that s < 0. Then a(p) is contained in {f(z,y,z) = 0}, and w(p) C
{f(x,y,2) =0} NS~

3 Proof of Theorem 1

The expression of the Poincaré compactification of systems (1) in the local chart U; is

zZ1=—1+ zg + bzlzg — kz2z§ — z%zg,
Zo = wzlzg — wzgzg — zlzgzg,
23 = leg.
Then, as #1 |,,—0= —1, there are not infinite equilibria on the local chart U;.

The expression of the Poincaré compactification of systems (1) in the local chart
U. 2 is

. 2 2, .4 .22 2
21 =23 —bz125 + 2] — 2725 + k212023,
. 2 2 3 2 2_2
Zo = wzi — (b+ w)zezs + 2720 — 212025 + k2323,

23 = b2y — 2323+ 2125 — ko2,
At infinity, i.e., when z3 = 0, this system is written as
. 4 : 3
Z1 = 271, Zo = 2]%2. 4)

The line z; = 0 if filled with equilibria. With a change of the time variable, we remove
the common factor 2§, and we get the system

21 = 21, Z9 = 29. &)
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(a) (b)

Figure 5. Phase portraits of system (5) in (a) and system (4) in (b).

The only remaining equilibrium point in system (5) is the origin, which is a hyperbolic
unstable star node, as in Fig. 5(a). Multiplying by 23, we obtain the phase portrait around
the line z; = 0 for system (4), given in Fig. 5(b).
The expression of the Poincaré compactification of systems (1) in the local chart Us
is
= wzlzg + z2z§ — wzlzgzg,

: 2_ .3 2 2 2 2
Zo = —kz§ — 27 + 2125 + (b4 w)z025 — w2523,

Z3 = fwzg + wZQZg’.
At infinity, i.e., when z3 = 0 this system becomes

% =0, By = —23.
Again, the line z; = 0 is filled with equilibria, and the orbits are along the straight lines
with constant z;.

Combining the information in the three local charts (and the corresponding V7, Va,
and Vj3), on the infinite sphere, the plane x = 0 is filled with equilibria, and all the other
orbits have their a- and w-limits at the origins of charts Us or V5. More precisely: the
orbits in the region x > 0 have their a-limit in the origin of the local chart V5, i.e., in the
endpoint of the negative y-axis, and their w-limit in the origin of the local chart Uy, i.e.,
in the endpoint of the positive y-axis. The orbits in the region z < 0 have their o-limit
in the endpoint of the positive y-axis and their w-limit in the endpoint of the negative
y-axis.

4 Proof of Theorem 2

The family of systems (1) with w = 0 has the first integral Ho = z, so on any level
H; = z = h, we can reduce systems (1) to the planar polynomial family of systems
(3), where we have rewritten the constant term kh in 3 as s — s in order to simplify the
computations. In this section, we study the dynamics of systems (3) in the Poincaré disc
for any value of s,b € R.
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Finite equilibrium points

If s € (—00,—2/v/3) U (2/+/3,00), systems (3) have the unique finite equilibrium point
P, = (s,0). If s = i2/\/§, systems (3) have, in addition to P, the equilibrium point
Py = (—5/2,0). If s € (—2/+/3,2/+/3), systems (3) have three finite equilibrium points:
Py, Py =((—s—+v4—3s2)/2,0),and Py = ((—s + V4 — 35%)/2,0).

For the equilibrium point P, if s € (—1/v/3,1/+/3), it is a hyperbolic saddle. If s €
R\ (=1/4/3,1/v/3), we will distinguish two cases. If b € (—2v/3s2 — 1,2v/3s2 — 1),
then P; is a hyperbolic stable focus if b < 0, a hyperbolic unstable focus if b > 0, and
a Hamiltonian center if b = 0. On the other hand, if b € R\ (—2v/3s2 — 1,2V/3s2 — 1),
then P, is a hyperbolic stable node if b < 0, and a hyperbolic unstable node if b > 0. This
leads to statement (a) of Theorem 2. If s = +1/ V3and b # 0, then P is semihyperbolic,
and applying [3, Thm. 2.19], we conclude that it is a saddle-node; finally, if s = +1/1/3
and b = 0, P is nilpotent, and applying [3, Thm. 3.5], it is a cusp.

The equilibrium point P, is semihyperbolic if b # 0 and nilpotent if b = 0. Applying
the mentioned results in [3], we determine that P; is a saddle-node if b # 0, and a cusp if
b = 0. This leads to statement (b) in Theorem 2.

The equilibrium point P; is a hyperbolic saddle if s € (—2/v/3,~1/v/3). If s =
—1/v/3,then Py = P. If s € (—1/+/3,2/V/3) and o~ = b? —8+6s(s—+/4 — 352) < 0,
then P4 is a hyperbolic stable focus if b < 0, a hyperbolic unstable focus if b > 0, and a
Hamiltonian center if b = 0. If o~ > 0, then P4 is a hyperbolic stable node if b < 0, and
a hyperbolic unstable node if b > 0.

For the equilibrium point Py, if s € (—2/v/3,1/v/3) and a* = b? — 8 + 6s(s +
V4 — 3s%) < 0, then Py is a hyperbolic stable focus if b < 0, a hyperbolic unstable focus
if b > 0, and a Hamiltonian center if b = 0. If ot > 0, then Py is a hyperbolic stable
node if b < 0, and a hyperbolic unstable node if b > 0. If s = 1/+/3, then P, = P,.
Finally, if s € (1/4/3,2/v/3), P4 is a hyperbolic saddle.

Combining these conclusions about P53 and P, with those for P;, we get statement (c)
in Theorem 2.

Infinite equilibrium points

Here we want to study the dynamics of systems (3) at infinity, and we will consider the
Poincaré compactification introduced in Subsection 2.1.1.
In the local chart U, systems (3) have the expression

0= —1+ 0%+ buv® — (8783)'0377121)2, 0= —uv®,

so there are not infinite equilibrium points in the local chart U; .
In the local chart Us, systems (3) have the expression

0= v% — buv? + ut —u® + (s - 33)uv3, ©)
0= —bv + udv —ud + (s — 53)114.

The only point we need to study in the local chart U, is the origin, and it is linearly zero.
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We will study the local phase portrait at the origin of the chart U, doing vertical blow-
ups. Since v = 0 is a characteristic direction, we need to do a twist (u, v) = (u1 —v1,v1).
In the new coordinates (u1,v1), system (6) becomes

01 = v3 — bupvi +uj — 3udvy + 2uiv? + cupvd,
0 = —bv} +udvy — 3ugv? 4 2uqvd + el @
Now we perform the vertical blow-up (u1,v1) = (u2, usv2), and system (7) becomes
Uiy = Uy + udvs — Juzvy — busvs + 2uyvs + cusvs, Dy = —ugVs. (8)
Since us is a common factor of iy and U5, we rescale the time, and we get the differential
system

: 3 2 3 3,3 : 3
Uiy = U + ugvs — Judvy — budvs + 2udvs + cudvs, Vg = —Vj. 9

The only equilibrium point on the straight line us = 0 is the origin, and it is linearly
zero. We perform another vertical blow-up, but first we make a twist since us = 0 is
a characteristic direction. Then, taking (us, v2) = (uz — vz, v3), system (9) becomes

U3 = u3 — 3ulvs + duzvs — 3v5 — 3udvs + (9 — b)uivs + (2b — 9)uzvs
+ (3 — b)vg + 6u3v] + 6uzvy — 205 + (s — s*)udvl — 3(s — s*)ujv]
+ 3(5 -5 )ugvg — (s — 53)1)3,

’l.)3 = —Ug).

(10)

Now we perform the vertical blow-up (us, v3) = (ug,uqv4), and system (10) becomes
U = us — 3ujvy + duivd + (9 — b)ujv? — 3udvi + 2ujv? + (2b — 9ujvd
— 3ufvy — 6ufvi + (3 — b)ugvy + (s — s*)ufvd + 6uivy — 3(s — s°)ufvy
— 2uiv] + 3(5 - sg)ugvi (s — 53)u2v2, an
O = —uivg + 3uvd + 3udvd — Sudvd + (b — 9)uivd + 3udvi — 2ujud
+ (9 — 2b)uifvf + 6ujv] + (b— 3)uiv] — (s — s*)ufv] — 6ujv]
+ 3(5 -5 )u4v4 + 2ujvs — 3(3 — 33)uiv2 + (s sg)uivz
Since u4 is a common factor of u4 and v4, we rescale the time, and we get the
differential system
U = uy — 3ujvy + dugvi + (9 — b)ujvi — 3ugvi + 2uivi + (2b — 9uivs
— Bugvy — 6uivi + (3 — b)ujvy + (s — *)ugvi + 6uivy — 3(s — s°)ujvy
— 2uiv} + 3(5 — sg)uiv;j (s 53)7&1}2,
O = —vyg + 307 + Bugvs — 5vi + (b — 9ugvi + 3v] — 2uvd + (9 — 2b)ugv] (12)
+ 6ujvy + (b — 3)ugvi — (s — s¥)uv] — 6uiv] + 3(s — s¥)udv] + 2uivd

—3(s — s uivs + (s — s¥)udvy.
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Figure 6. Blowing down of the origin of system (6).

There are two equilibrium points on uy = 0, the origin and the point (0, 1), and both
are hyperbolic saddles. Now we undo the blow-ups and twists.

For system (12), the local phase portrait in a neighborhood of the straight line uy = 0
is given in Fig. 6(a). If we multiply by u2 to return to system (11), then all points on
the u4-axis become equilibrium points. Thus we obtain the phase portrait in Fig. 6(b) for
system (11) around the straight line u4 = 0. Now we undo the blow-up to obtain the
local phase portrait at the origin of system (10), and we obtain the local phase portrait
in Fig. 6(c) for system (10). If we undo the twist and return to system (9), we obtain the
phase portrait in Fig. 6(d). If we multiply by us to return to system (8), then all points on
the us-axis become equilibrium points, and the orientation of the orbits in the second and
third quadrants is reversed. Then we obtain the phase portrait in Fig. 6(e). Now we undo
the blow-up to obtain the local phase portrait at the origin of system (7), and we obtain
the local phase portrait in Fig. 6(f). Finally, if we undo the twist, we obtain the local phase
portrait at the origin of the local chart Us, which is given in Fig. 6(g).

Phase portraits in the Poincaré disc

Now we will prove the topological classification of all phase portraits of systems (3) stated
in Theorem 2.

First, we note that systems (3) do not have limit cycles. The divergence of the systems
is b, and then, if b # 0, the systems have no periodic orbits by the Bendixon criterion; see,
for instance, [3, Thm. 7.10]. If b = 0, the systems are Hamiltonian, and then they have no
limit cycles.

Now we bring together the local information previously obtained.
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If s € (—2/v/3,2/4/3), the only equilibrium point is Py, and if b # 0, it is always
a node or a focus, stable or unstable. So, in any case, the phase portrait in the Poincaré
disc is topologically equivalent to G1 in Figs. 2-3. If b = 0, then P is a center, and the
phase portrait in the Poincaré disc is topologically equivalent to G2 in Figs. 2-3.

Ifs=|-2/ V3 |, the equilibrium points are P; and Py. If b # 0, the point P, is always
a saddle-node, and P; is either a node or a focus, stable or unstable. In any of these cases,
there is only one possible connection for the separatrices, and we obtain a phase portrait,
which is topologically equivalent to G3 in Figs. 2-3. If b = 0, P is a center, P is a cusp,
and the phase portrait is G4 in Figs. 2-3.

If s € R\ (=2/v/3,2/4/3), there are three equilibria, Py, Ps, and Py. If b # 0,
there is always one of the three equilibria, which is a saddle, and the other two equilibria
are nodes or foci with the same stability. Then the phase portrait in the Poincaré disc
is topologically equivalent to G5 in Figs. 2-3. If b = 0, then two of the equilibria are
centers, and the other one is a saddle. So, there is only one possible connection for the
separatrices, and the phase portrait is topologically equivalent to G6 in Figs. 2-3.

5 Proof of Theorem 3

We consider system (1) under conditions b = —w = —3/v/22 and k = —4//22, i.e.,

3
= \/E(y —z).

. . 3 3
i=y, y=r-13"-—=y+

4
Z’
V22 V22
These systems have the Darboux invariant

I = (V222% — V222" — day — 2V/22y% + 1622) "/ V22

13)

Dynamics on the invariant surface

We restrict system (13) to 3 = (12222 — /222* — 4oy — 2v/22y? + 1622) = 0 by
setting z = (—/2222 + /222* + 42y + 21/22y?)/(16x), and we obtain the system

_ . 3 3 V2222 4+ /222 + 4y + 2122y
V22 4222
Multiplying by x, we rescale time, and we get the system
. .03, 3y 2 1,
_ A Y il —92. 15
A Vi Y 5)

System (15) has three equilibrium points (0, 0), (1, 0), and (—1, 0). The eigenvalues of
the Jacobian matrix at (1, 0) are —+/2/14 (4/+/11)i, and the eigenvalues of the Jacobian
matrix at (—1,0) are 1/v/22 & (4/v/11)i. Hence, (1,0) is a hyperbolic stable focus,
and (—1,0) a hyperbolic unstable focus in system (15). Going back to system (14), both
points, (1,0) and (—1,0), are stable foci.
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The origin of system (15) is linearly zero, and we study it using the blow-up technique.
As the direction = = 0 is characteristic, we first make a twist (z,y) = (1 — y1,%1). In
the new coordinates (1, y1), system (15) becomes

. 3 1 2 1 2 3
Ty = ZT/% - <2 + \/;)xlyl + <4 + 11)3/% - 196411 +3ziy1

9 3
5351?/1 + 3x1y5 — Zy4’

. 3 3 2 5 2 3
Y1 = 453%— <2+\/11)9€1y1+ <4+ H)y%—4$?+3wi’y1
4

Zyr

(16)

9
- 51’@% + 3x1y} —

Now we perform the vertical blow-up (z1,41) = (21, z1w1), and system (16) becomes

. 3 1 2 3 1 2
Ty = Zw? — (2 + H)x%wl — Zm‘f + (4 + H)x%w% + 3ztw,

17
. 3 9 2 15 4 17
wlzixl— Z—i— 11 riwi + x1+ 1 x1w1+4x1w1
é
2

1 2 15
_ (4 N H>x1w§ ~ Datu? +

Since z; is a common factor of 2, and wy, we rescale the time, and we get the differential
system

.3 12 3, (L1, [2 > g0
r1 = —T1 — - — | 1w — =T — — | 1w T W
=377\ g 1) " g g TV 1

3
2 4
— —rSw? + 3riw? — Zm:{’wl,

3
riws.

15
‘f’wi’*z ‘fwi”rz

2
18
e (O DB (T Bt s Bt
Y7y \4 1) a4 11 )T g
1 2 15 15 15 3
_(4+ n)w? e el - Jpaiel + gl

There are three equilibrium points on the straight line 7 = 0: (0, 1), which is a hyper-
bolic unstable node, and the two points (0, (33+2+v/22++/814)/(11+4+/22)), which are
saddles. In Fig. 7(a), we include the local phase portrait of system (18) in a neighborhood
of the straight line ; = 0. If we multiply by z to return to system (17), then all points on
the x1-axis become equilibrium points, and the orientation of the orbits in the second and
third quadrants is reversed. Thus we obtain the phase portrait in Fig. 7(b) for system (17)
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Figure 7. Blowing down of the origin of system (14).

around the straight line z; = 0. Now we undo the blow-up to obtain the local phase por-
trait at the origin of system (16), which is in Fig. 7(c). If we undo the twist, we obtain the
local phase portrait at the origin of system (15), which is given in Fig. 7(d). Finally, if we
undo the rescaling in the time variable, we obtain the local phase portrait for system (14),
in which the vector field is not defined in 1 = 0, and it is included in Fig. 7(e).

Now we study system (15) in the Poincaré disc. On the local chart Uy, system (15) is
written as

3 3 V22 1
u:—z—l—i Q—Tuzﬂ—iu?vz 0= —uv’.
Then there are no infinite equilibrium points in the local chart U;.
On the local chart Us, system (15) takes the form
1 V2 u2o? + 3 ub 3 32

uiuv—kll 1 411,

1 2 3 3 3
v = —51)3 + \/;U/US + Zu‘lv — ZU% - Zuzv‘q‘.

The origin is an equilibrium point, and it is linearly zero. So, we need to perform blow-
ups to determine its local phase portrait. Since the vertical direction is characteristic, we
need to make a twist (u, v) = (u3 — v1,v1). In the new coordinates (uy, v1), system (19)
becomes

19)

2

V22 55 V22 3 15 55 3 5,
1Y1 —

. 1

U] = §U1v1 — Ui’ + Tu v 11 U1U1 + 4U1 3“1”1 + 4 U1 — 5“1’017 20)
_ 1 V22 V22 3 15 3

U1=-35 v} + Tulv? TR v + 4’“11"01 — 3ufv} + ZU%”% - 5“17/11
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Now we perform the vertical blow-up (u1,v1) = (ug,u2v3), and system (20) becomes

1
—usvs — 3udvy

’L‘LQ Z'LLQ + B
_ v22u4v2 vdu 3+£ 52 _ v22u4v3—§u5v3 (21)
Vg = —udv3 4 udv.

Since u% is a common factor of w1y and ¥y, we rescale the time, and we get the differential

system
3 3

. 1
Uy = ZU2+2U2U2 3u3vy

\/ . 5 22 3 . 22
Y2t st Do - Y3t - Dy, %Y

: 3
Vg = —U5 +v2.

This system has on the straight line us = 0 two equilibrium points: (0, 1), which is
a hyperbolic saddle, and (0, 0), which is again linearly zero, so we continue performing
vertical blow-ups. As the direction xo = 0 is characteristic, we make a twist (uq, ve) =
(us — v3,v3). In the new coordinates (us, vs3), system (22) becomes

22

3 9
3 2 — 3ulvs + (9—|—

Uz = —uU3 — 4u3v3 + —usvsy —

9 3
4 4 4"
2 15 .
- (10 f)u;g% <5 + ) 45u§v§
4 22 45 2
+ (5 N r)ugvg + <4 + \/7>U3 4 (23)

11

11 s

15 V22 3 9 9 3
_ (4 T H)Ug — §u§v§’ - §u§v§ — §u3v§ + 51}?,
V3 = fvg + vg.

Now we perform the vertical blow-up (ug, v3) = (u4, u4v4), and system (23) becomes

V22

. 9 11 9
Ugly = Zui — Zuim — 3ujvy + Zuivz + <9 + H)uivi 4uivi
15 2v/22 45 /22
+ —ufof — (10 + === Juged — | — + == Jujol
4 11 4 11
22 4,4 _ 47 2\/> + 2 bt
44 1 o Uals
5 22 9
(4 )U?I’Ui 5 + 5 4U47 (241)
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- 3 9 15 4 4 2 9
U3Vg = —4u4v4 + 4u4v4 + 3u4v4 1 —uyvy — | 9+ 11 u4v4 + 4u4v4

15 2 45 /2
Zuim + (11 +2\/;>u4 vy + ( 1 + H)uivi
2 3 45 2 9
— (54 y/ 3 Jutet+ Butet = (5 +0y/ 2 Jut - s

15 2 9 3
+ (4 + H)Uivg + iuivg — iuivz.

(242)

Since ui is a common factor of w4 and v4, we rescale the time, and we get the differential

system
.3 9 b2 8
Uy = EU4 — 4u4v4 — 3u4v4 —|— 1 u4v4 vy — 1u4v4
St - (10+ 57 ) ( >ivi’

9

)

15
1"

V22 3 5 W
( 11 ) 27“‘3”2+<4+ 11 )“4“2
L9
3

15 V22 . 3
ujvy — <4 + H)“ivi - 5“3”2 TR

. 3 9 15 /2 9
Vs =704 + 41)4 + 3ujvi — sz - (9 + H)uwi’ + Zvi
15 /2 45 2
T uivi + <11 + 2 H)uwi + (4 + H)uivi

/2 3 45 2
( >U4U4 + 2uivi‘ (4 + s H)uivi
29
2

15 2 9 3
o+ (437 Juded + Judet - Jute]

4.6
44

4 11

This system has on the straight line uy = 0 two equilibrium points, (0,0) and (0,

which are both hyperbolic saddles.

(25)

1),

Now we undo the blow-ups and twists. In Fig. 8(a), we plotted the local phase portrait
of system (25) in a neighborhood of the straight line uy = 0. In Fig. 8(b), multiplying by
u3, we get the phase portrait of system (24). In Fig. 8(c), undoing the blow-up, we plotted
the phase portrait at the origin of system (23). Undoing the twist, in Fig. 8(d), we plotted
the phase portrait at the origin of system (22), and we included the phase portrait around
the line uy = 0, adding the other equilibrium point, which was a saddle. Multiplying

by u3, in Fig. 8(e), we plotted the phase portrait around the straight line uy =

0 for

system (21), and undoing the first blow-up, in Fig. 8(f), we plotted the local phase portrait
around the straight line ug = 0 for system (20). Undoing the twist, we obtain the phase
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Figure 8. Blowing down of the origin of the chart Uz of system (15).

portrait around the origin of the local chart U, for system (19), given in Fig. 8(g). For
system (14), at infinity, we take into account that the system is not defined on the line
z = 0 and that the orbits in the quadrants with z < 0 reverse their orientation.

Phase portraits in the Poincaré disc

Taking into account the local information obtained for the finite and infinite equilibrium
points, now we study the local phase portrait in the Poincaré disc. We have two stable
foci (1,0) and (—1,0); although the system is not defined on the straight line z = 0, in
a neighborhood of the origin, we have the local phase portrait given in Fig. 7(e). The only
infinite equilibrium points are the origins of the local charts Us and V5, which have both
two hyperbolic sectors. Then there are two possible configurations for the separatrices.
The first one realizes when the unstable separatrix, which starts in a neighborhood of the
origin, has its w-limit in the stable focus on the positive x-axis; the stable separatrix, which
ends in a neighborhood of the origin, has its a-limit in a neighborhood of the origin in the
parabolic sector above the unstable separatrix, and in a symmetric way, in the quadrants
with negative x. In this case, the global phase portrait is the one in Fig. 9(a). The other
possibility corresponds with the case in which the two separatrices in the region > 0 in
the phase portrait in Fig. 7(e) are connected, i.e., there are actually the same separatrix;
and the two separatrices in the region z < 0 are also connected. Then the orbits inside
these regions delimited by the separatrices, which are homoclinic orbits, have their a-limit
in those homoclinic orbits, and their w-limits in the corresponding stable focus inside the
region. The global phase portrait in this case is the one in Fig. 9(b). Numerically, using
the software P4, we have obtained that the global phase portrait is the one in Fig. 9(a).
The software P4 is a specialized computational tool designed for the numerical study of

Nonlinear Anal. Model. Control, 31(3):699-721, 2026


https://doi.org/10.15388/namc.2026.31.46613

720 E. Diz-Pita et al.

(@ (b)

Figure 9. Phase portraits of system (14) in the Poincaré disc.

planar polynomial vector fields. For more information about this software, see [3, Chap. 9]
and [8].

a- and w-limits

Here we want to determine the possible - and w-limits for the points in R3, which are
not on the surface F5(xz,y) = 0 (as we have already determined, the phase portrait in this
surface).

According to Proposition 6, as in this case s = 4/1/22 > 0, we have that for any
p = (0, Yo, 20) € R3, w(p) is contained in the closure { F3(z,y, 2) = 0} in the Poincaré
ball. Also, we take into account that & = y. Then, if zg,y9 < 0, the w-limit of p is the
point (—1,0,0); if zg, yo > 0, the w-limit of p is the point (1,0, 0); if zoyo < 0, then the
w-limit of p is one of the following points: (—1,0,0), (1,0,0), (0,0, 0) or the endpoints
of the y-axis.

Again, by Proposition 6, we know that a(p) C {F3(x,y,2) = 0} N'S%. Then, for the
point p, the a-limit is the origin of the local chart U, or the origin of the local chart V5,
i.e., one of the endpoints of the y-axis.

6 Conclusions

In this work, we have studied the integrability and global dynamics of the autonomous
Duffing—Holmes oscillator depending on the parameters b, k, and w.

We have studied the existence of invariant algebraic surfaces, obtaining a complete
classification of all of those with degrees up to four. We have also studied all simple
polynomial first integrals of the same degree. As a consequence, we have given parameter
values for which the system is completely integrable.

Moreover, using the Poincaré compactification, we have described the global phase
portraits of the systems, including the dynamics at infinity. We have described in detail the
global dynamics in some relevant cases, including the reduction to planar systems when
a first integral exists, and the detailed analysis of the dynamics on invariant algebraic
surfaces associated with Darboux invariants. These results provide a rigorous description
of the asymptotic behavior of the system.

https://www.journals.vu.lt/nonlinear-analysis
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The approach developed here can be applied to other polynomial vector fields of
Duffing type or to higher-degree invariant surfaces, and may be useful in the analysis
of integrability and global dynamics of related nonlinear oscillators arising in physics and
applied sciences.
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