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Università di Udine, via delle Scienze 206, Udine, 33100, Italy.

*Corresponding author(s). E-mail(s): gabriele.villari@unifi.it;
Contributing authors: timoteo.carletti@unamur.be;

fabio.zanolin@uniud.it;

Abstract

We study the problem of existence of harmonic solutions for some gen-
eralisations of the periodically perturbed Liénard equation, where the
damping function depends both on the position and the velocity. In the
associated phase-space this corresponds to a term of the form f(x, y)
instead of the standard dependence on x alone. We introduce suitable
autonomous systems to control the orbits behaviour, allowing thus to
construct invariant regions in the extended phase-space and to conclude
about the existence of the harmonic solution, by invoking the Brouwer
fixed point Theorem applied to the Poincaré map. Applications are given
to the case of the p-Laplacian and the prescribed curvature equation.

Keywords: Non-autonomous systems, Generalized Liénard equations,
Prescribed curvature operator, Relativistic acceleration, ϕ-Laplacian,
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1 Introduction

Starting from the pioneering work by Liénard [14] in 1928, the quest for the
existence of periodic solutions for the following model, nowadays called Liénard
equation

ẍ+ f(x)ẋ+ g(x) = 0 , (1)

has attracted a lot of attention and there is an enormous amount of works
available in the literature. The interested reader can consult for instance [8,
26, 27] and the references quoted therein.

Generalisations, taking into account nonlinear acceleration terms, have
been recently studied [19, 22]

d

dt
ϕ(ẋ) + f(x)ẋ+ g(x) = 0 , (2)

where a nonlinear function ϕ of the velocity is considered.
In particular assuming ϕ(ẋ) = ẋ/

√
1 + ẋ2 allows to recast the previous

model into the prescribed curvature equation of Liénard type [20]

d

dt

ẋ√
1 + ẋ2

+ f(x)ẋ+ g(x) = 0 . (3)

Similarly, one can study the relativistic Liénard equation

d

dt

ẋ√
1− ẋ2

+ f(x)ẋ+ g(x) = 0 , (4)

by taking ϕ(ẋ) = ẋ/
√

1− ẋ2. The latter corresponding to a relativistic
acceleration term, hence the name.

Motivated by the recent work [5], the results hereby presented are a natural
development of the former one. In particular we will extend previous existence
results to the non-autonomous case and allow for a more general velocity term
depending on both x and ẋ. More precisely we will introduce a T -periodic
continuous function, e(t), a function f̂(x, ẋ), and thus consider the ϕ-Laplacian
non-autonomous equation of Liénard type

d

dt
ϕ(ẋ) + f̂(x, ẋ)ẋ+ g(x) = e(t) , (5)

where ϕ : (−ρ, ρ) → (−ω, ω), is an odd increasing homeomorphism, with
0 < ρ, ω ≤ +∞. Notice that, at a first glance, it would be more natural
to assume that ϕ is a diffeomorphism. However, by suitably considering the
solution as an orbit of an equivalent planar system (see (6)), one can see
that the above assumption about ϕ is sufficient. We also observe that (3) is a
particular case of (5) with ρ = +∞, ω = 1 and ϕ(s) = s/

√
1 + s2, while (4)

corresponds to (5) with ρ = 1, ω = +∞ and ϕ(s) = s/
√

1− s2. In particular,
due to the presence of the periodic forcing term e(t), we will be interested in
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studying the existence of harmonic solutions, namely periodic solutions with
the same period T of the forcing term.

Models close to these analyzed here, have been recently investigated by
several authors, using either the Leray-Schauder-type methods initiated in [1],
or variational methods initiated in [2], or symplectic methods initiated in [10].
We refer the interested reader to the surveys [17, 18] for broader discussion
about these methods. We hereby will adopt a completely different approach; we
will employ standard phase-space analysis coupled with comparison methods
to construct invariant regions allowing us to apply the Brouwer fixed point
Theorem [9] to the T -time Poincaré map. Indeed Eq. (5) is equivalent to the
time dependent system defined on the phase-space{

ẋ = ϕ−1(y)

ẏ = −f(x, y)ϕ−1(y)− g(x) + e(t) ,
(6)

with f(x, y) = f̂(x, ϕ−1(y)). Hence, defining E+ = maxt e(t) and E− =
mint e(t), one can compare the previous system (6) with the autonomous ones{

ẋ = ϕ−1(y)

ẏ = −f(x, y)ϕ−1(y)− g(x) + E+ ,
(7)

and {
ẋ = ϕ−1(y)

ẏ = −f(x, y)ϕ−1(y)− g(x) + E− .
(8)

Under suitable assumptions (see Lemma 1 and Lemma 4) one can control
the behaviour of the orbits of system (6) using the solutions of systems (7)
and (8) and eventually construct a bounded region of the phase-space, homeo-
morphic to a disk, that is mapped onto itself by the (time T ) Poincaré map of
the system (6). Being the flow of the latter, a continuous function of the ini-
tial conditions, one can apply the Brouwer Theorem and prove the existence
of a fixed point for the T -Poincaré map, that is a T -periodic solution of the
non-autonomous system (6) (see Theorem 1).

Let us observe that the case of the prescribed curvature operator corre-
sponds to

ϕ−1(y) =
y√

1− y2
,

while that of the relativistic acceleration is given by

ϕ−1(y) =
y√

1 + y2
.

In general, we have that

ϕ−1 : (−ω, ω)→ (−ρ, ρ) ⊂ R,



Springer Nature 2021 LATEX template

4 Generalisation of the non-autonomous Liénard equations

is an odd increasing homemorphism with 0 < ω ≤ +∞. We do not assume
that ϕ−1 is bounded, even if actually this case may occur in the case of the
relativistic acceleration.

The paper is organized as follows. We present the main definitions and
hypotheses and then we prove our main result, Theorem 1, for equation (5).
Subsequently, we present some examples and applications for different choices
of the operator ϕ, including the above mentioned prescribed curvature case,
the relativistic acceleration and the p-Laplacians as well. We will also briefly
discuss the presence of more complex solutions of recurrence type.

2 Definitions and results

Throughout the paper, we assume the functions f(x, y) and g(x) to satisfy the
standard hypotheses to ensure the existence and uniqueness of the associated
Cauchy problem, and the forcing function e(t) to be continuous and T -periodic
for some T > 0. Moreover we assume a suitable sign condition for the function
g(x), namely g(x) > E+ for large enough x > 0 and g(x) < E− for small
enough x < 0, where E+ and E− denote the bounds on e(t) previously defined.

Let us start by considering the case of the non-autonomous ϕ-Laplacian
Liénard equation given by Eq. (6) in phase-space. To prove the existence of a
periodic solution for the latter, we will first introduce two autonomous systems,
obtained by replacing the forcing term e(t) with its maximum and mini-
mum. Then the solutions of each systems can be studied and their behaviour
quantitatively determined using ideas taken from [5].

It will be convenient to introduce the auxiliary function

h(y) :=
y

ϕ−1(y)
,

which corresponds to
√

1− y2 for the prescribed curvature case and to√
1 + y2 for the relativistic one. Notice that h is an even and positive function,

being ϕ−1 odd.

Before to prove our main result, let us present some preliminary Lemmas.
We start with the following Lemma which is similar to the one discussed in [5]
and based on previous results [3, 4, 24, 25]. This result has a general validity
as it does not require ω = +∞.

Lemma 1. Let us assume there exist α < 0 < β and two smooth functions
φ(x) and ψ(x) such that

0 < φ(x) < ω ∀x ≤ α and − ω < ψ(x) < 0 ∀x ≥ β .

Assume moreover

f(x, φ(x))φ(x) > −φ′(x)φ(x)− (g(x)− E+)h(φ(x)) ∀x ≤ α , (9)
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and

f(x, ψ(x))ψ(x) < −ψ′(x)ψ(x)− (g(x)− E−)h(ψ(x)) ∀x ≥ β . (10)

Then the orbits of system (6) enter the regions bounded by y = φ(x) for x ≤ α
and y = ψ(x) for x ≥ β (see Fig. 1).

Proof Let us consider in detail the case involving φ(x); being the one for ψ(x) similar,
the associated proof will be omitted. The slope of system (6) is given by

dy

dx
(x) = −f(x, y)− g(x)

ϕ−1(y)
+

e(t)

ϕ−1(y)
, (11)

and thus evaluated on the graph of the function φ(x) we obtain:

dy
dx (x)

∣∣∣
y=φ(x)

= −f(x, φ(x))− g(x)−e(t)
ϕ−1(φ(x))

= 1
φ(x)

[−f(x, φ(x))φ(x)− (g(x)− e(t))h(φ(x))] ,
(12)

where we have used the position that h(y) = y/ϕ−1(y).
Recalling the assumption (9) and the positiveness of φ(x) for x ≤ α we get:

dy

dx
(x)
∣∣∣
y=φ(x)

< φ′(x) + (e(t)− E+)
1

ϕ−1(φ(x))
∀x ≤ α ,

recalling the definition of E+ we can finally conclude

dy

dx
(x)
∣∣∣
y=φ(x)

< φ′(x) ∀x ≤ α .

Namely, any orbits starting on y = φ(x) will enter the region bounded by such curve
if x ≤ α (see Fig. 1). �

↵
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Fig. 1 The curves y = φ(x) and y = ψ(x) and their relation with the trajectories of the
system (6). In this illustrative example, we have assumed that ω = 1, corresponding to the
case of the prescribed curvature operator.

We are now treating the cases which allow us to rule out the presence of vertical
asymptotes for the orbits.
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6 Generalisation of the non-autonomous Liénard equations

Lemma 2. Let us assume ω = +∞ and that there exist a positive continuous
function T (x) and three positive constants L, D and M such that

|f(x, y)| ≤ LT (x)|y| ∀x ∈ [−M,M ] and |y| ≥ D , (13)

where M ≥ max{−α, β}, for α and β being the constants introduced in Lemma 1.
Then any orbit of system (6) starting on the lines x = ±M cannot escape to infinity
(i.e. no vertical asymptote is allowed).

Proof One can easily get the following bound on the slope of system (6)∣∣∣dy
dx

(x)
∣∣∣ ≤ |f(x, y)|+ (|g(x)|+ E+)

1

ϕ−1(|y|)
≤ LT (x)|y|+ (|g(x)|+ E+)

1

ϕ−1(D)
,

hence the orbit can be continued in the future starting from any x0 = −M and
y0 ≥ D up to x = M . �

Remark 1. We observe that if ω < +∞, we need to use a slightly different lemma
in our setting in which one must also control the growth of the orbit y(x), that is the
latter should remain inside the strip R × (−ω, ω). This constraint could be obtained
by multiplying f(x, y) by a positive small parameter, as in [20]. We hereby propose
an alternative way relying on the values of f(x, y) close to the upper/lower boundary
of the strip.

Lemma 3. Let us assume ω < +∞ and that there exist three positive constants M ,
δω and δ−ω such that for all x ∈ [−M,M ] the following limits do exist (uniformly
with respect to x ∈ [−M,M ])

lim
y→ω−

f(x, y) = δω and lim
y→−ω+

f(x, y) = δ−ω . (14)

Then any orbit of system (6) starting on the lines x = ±M cannot escape from the
strip R× (−ω, ω).

Proof The time evolution of the vertical component, y, of system (6) is given by

dy

dt
(x) = −f(x, y)ϕ−1(y)− g(x) + e(t) ; (15)

Let x ∈ [−M,M ] and consider values of y close but smaller than ω, hence the term
−f(x, y)ϕ−1(y) is negative because of the assumption (14) and very large in absolute
value. In conclusion the whole right hand side of Eq. (15) is strictly negative and
y(t) should be a decreasing function, preventing thus it from reaching the value ω.

A similar analysis can be done considering y values close, but larger, than −ω. In
this case, the term −f(x, y)ϕ−1(y) is positive and large and thus y(t) is an increasing
function of t. �

The last step is to show that orbits “turn clockwise”, that is they cannot escape
“horizontally”. This goal is achieved using the following Lemmas 4 and 5 aimed at
comparing the slope of system (6) with the one for Eq. (7) in the region y > 0, and
the one for Eq. (8) in the complementary region y < 0.
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Lemma 4. Let the slope of system (6) given for y 6= 0 by:

dy

dx
(x) = −f(x, y)− (g(x)− e(t)) 1

ϕ−1(y)
.

Similarly the slopes of systems (7) and (8) are obtained as:

dy+
dx

(x) = −f(x, y)− (g(x)− E+)
1

ϕ−1(y)
,

and
dy−
dx

(x) = −f(x, y)− (g(x)− E−)
1

ϕ−1(y)
,

where we recall that E+ = max e(t) and E− = min e(t).
Then

dy

dx
(x) ≤ dy+

dx
(x) ∀y > 0 , (16)

and
dy

dx
(x) ≤ dy−

dx
(x) ∀y < 0 . (17)

Proof The proof of the claim is straightforward by comparing the definitions of the
slopes and the bounds E− ≤ e(t) ≤ E+. �

The next result allows to show the aimed behaviour for the solutions of the
autonomous systems (7) and (8). Hence orbits of (6) should “follow” the same
guidelines because of the previous Lemma.

Lemma 5. Assume ω = +∞. Let us assume G(x) to be unbounded and to grow
faster than E+x. Let moreover f(x, y) > 0 for x > b, for some 0 < b ≤ β, then any
trajectory of (7) starting on the vertical line (b, yb), yb > 0, will first intersect the
positive x-axis and then again the vertical line x = d at some yb′ < 0.

Proof Let us define the energy function for the autonomous Duffing type system
associated to Eq. (7) {

ẋ = ϕ−1(y)

ẏ = −g(x) + E+ ,
(18)

namely

H+(x, y) = Φ∗(y) +G(x)− E+x , with Φ∗(y) :=

∫ y

0
φ−1(s) ds. (19)

Because of the assumption on G(x), its level sets are closed if x > 0 is large enough.
Moreover, a direct computation allows to get

dH+

dt (x, y) = ϕ−1(y)
(
−f(x, y)ϕ−1(y)− (g(x)− E+)

)
+ (g(x)− E+)ϕ−1(y) = −f(x, y)

[
ϕ−1(y)

]2
.

(20)

The assumption on the sign of f(x, y) for large x permits to conclude that orbits
of (7) starting on the vertical line (b, yb), yb > 0, will enter the level set of H+(x, y)
which is a closed curve as already noticed, and thus they must reach the positive x-
axis somewhere. From there, they are again driven by the level set of H+(x, y) and
thus have to reach the vertical line x = d at some negative y. �
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Let us observe that a similar result holds true for solutions of (8) with initial
conditions on the vertical line (a, ya), ya < 0, provided f(x, y) > 0 for x < a, for
some α ≤ a < 0. In this case one should use the energy function

H−(x, y) = Φ∗(y) +G(x)− E−x

and require again that G(x) grows faster than E−x for negative x.

Corollary 1. Under the assumptions of Lemmas 4 and 5, any solution of (6) start-
ing on the vertical line (b, yb), yb > 0, will first intersect the positive x-axis and then
again the vertical line x = b at some y′b < 0.

The proof is a straightforward application of the comparison method. Indeed
from Lemma 4 we know that solutions of (6) should remain “inside” the solutions
of (7), and the latter have the required property, namely starting from (b, yb), yb > 0,
they will arrive again at x = b for some y′b < 0, after passing through y = 0. By
comparison this behaviour holds true also for orbits of (6).

We can now prove our main result.

Theorem 1. Let us assume ω = +∞. Consider system (6) with ϕ−1 defined on R.
Let us assume the above introduced regularities conditions on the functions f(x, y)
and g(x), and let e(t) be a continuous and T -periodic function for some T > 0.
Assume the existence of α < 0 < β such that f(x, y) > 0 for (x, y) ∈ (β,+∞)× R+

and for (x, y) ∈ (−∞, α)× R−, and moreover g(x) > E+ for x > β and g(x) < E−
for x < α, where E+ and E− denote the bounds on e(t) previously defined. Assume
the existence of two smooth functions 0 < φ(x) and ψ(x) < 0 in the range of ϕ−1

such that:

f(x, φ(x))φ(x) > −φ′(x)φ(x)− (g(x)− E+)h(φ(x)) ∀x ≤ α < 0 , (21)

and

f(x, ψ(x))ψ(x) < −ψ′(x)ψ(x)− (g(x)− E−)h(ψ(x)) ∀x ≥ β > 0 , (22)

Moreover, let there exists a positive function T (x) such that

|f(x, y)| ≤ LT (x)|y| ∀x ∈ [α, β] and |y| ≥ D > 0 , (23)

and finally that G(x)−E±x→∞ for x→ ±∞. Then the system (6) exhibits a least
a T -periodic solution.

Proof In comparison with the above quoted recent work [5], now we are dealing with
a non-autonomous system, and therefore we cannot use standard tools such as the
Poincaré-Bendixon Theorem. Instead we will build our proof on the continuity of
the solutions of (6) with respect to initial conditions and on the construction of a
region homeomorphic to a disk and invariant for the period-T Poincaré map. In such
a way we can apply the Brouwer fixed point Theorem to ensure the existence of an
initial condition which will result to be a fixed point for the Poincaré map and thus
a periodic solution of the system (6).

The reader can consult panel a) of Fig. 2 to follow the progress of the proof.
Let us consider a point A = (xA, yA), xA < −M and yA = φ(xA) > 0, in virtue
of Lemma 1 the trajectory originating from this point it is bounded away from the
x-axis for negative t and it enters the graph of the function φ(x); therefore it will



Springer Nature 2021 LATEX template

Generalisation of the non-autonomous Liénard equations 9

x

x

y

y

t = 0

t = T

b) c)

x

y

↵<latexit sha1_base64="D3dWJmrY3lL2LZ2LgB5cfOecgBE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3IjRMcMmallvBOqlmmESCtaPx7dxvPzFtuJIPdpKyMMGh5DGnaJ3U6qFIR9gvV/yqvwBZJ0FOKpCj0S9/9QaKZgmTlgo0phv4qQ2nqC2ngs1KvcywFOkYh6zrqMSEmXC6uHZGLpwyILHSrqQlC/X3xBQTYyZJ5DoTtCOz6s3F/7xuZuNaOOUyzSyTdLkozgSxisxfJwOuGbVi4ghSzd2thI5QI7UuoJILIVh9eZ20rqqBXw3uryv1Wh5HEc7gHC4hgBuowx00oAkUHuEZXuHNU96L9+59LFsLXj5zCn/gff4AiH+PDg==</latexit><latexit sha1_base64="D3dWJmrY3lL2LZ2LgB5cfOecgBE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3IjRMcMmallvBOqlmmESCtaPx7dxvPzFtuJIPdpKyMMGh5DGnaJ3U6qFIR9gvV/yqvwBZJ0FOKpCj0S9/9QaKZgmTlgo0phv4qQ2nqC2ngs1KvcywFOkYh6zrqMSEmXC6uHZGLpwyILHSrqQlC/X3xBQTYyZJ5DoTtCOz6s3F/7xuZuNaOOUyzSyTdLkozgSxisxfJwOuGbVi4ghSzd2thI5QI7UuoJILIVh9eZ20rqqBXw3uryv1Wh5HEc7gHC4hgBuowx00oAkUHuEZXuHNU96L9+59LFsLXj5zCn/gff4AiH+PDg==</latexit><latexit sha1_base64="D3dWJmrY3lL2LZ2LgB5cfOecgBE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3IjRMcMmallvBOqlmmESCtaPx7dxvPzFtuJIPdpKyMMGh5DGnaJ3U6qFIR9gvV/yqvwBZJ0FOKpCj0S9/9QaKZgmTlgo0phv4qQ2nqC2ngs1KvcywFOkYh6zrqMSEmXC6uHZGLpwyILHSrqQlC/X3xBQTYyZJ5DoTtCOz6s3F/7xuZuNaOOUyzSyTdLkozgSxisxfJwOuGbVi4ghSzd2thI5QI7UuoJILIVh9eZ20rqqBXw3uryv1Wh5HEc7gHC4hgBuowx00oAkUHuEZXuHNU96L9+59LFsLXj5zCn/gff4AiH+PDg==</latexit><latexit sha1_base64="D3dWJmrY3lL2LZ2LgB5cfOecgBE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3IjRMcMmallvBOqlmmESCtaPx7dxvPzFtuJIPdpKyMMGh5DGnaJ3U6qFIR9gvV/yqvwBZJ0FOKpCj0S9/9QaKZgmTlgo0phv4qQ2nqC2ngs1KvcywFOkYh6zrqMSEmXC6uHZGLpwyILHSrqQlC/X3xBQTYyZJ5DoTtCOz6s3F/7xuZuNaOOUyzSyTdLkozgSxisxfJwOuGbVi4ghSzd2thI5QI7UuoJILIVh9eZ20rqqBXw3uryv1Wh5HEc7gHC4hgBuowx00oAkUHuEZXuHNU96L9+59LFsLXj5zCn/gff4AiH+PDg==</latexit> �
<latexit sha1_base64="3vn/PANuKftz4i6hvWUXPi7vYSQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUQEeyx48VjBtIU2lM120i7dbMLuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMikMed63s7G5tb2zW9or7x8cHh1XTk5bJs01x4CnMtWdiBmUQmFAgiR2Mo0siSS2o/Hd3G8/oTYiVY80yTBM2FCJWHBGVgp6ERLrV6pezVvAXSd+QapQoNmvfPUGKc8TVMQlM6brexmFU6ZJcImzci83mDE+ZkPsWqpYgiacLo6duZdWGbhxqm0pchfq74kpS4yZJJHtTBiNzKo3F//zujnF9XAqVJYTKr5cFOfSpdSdf+4OhEZOcmIJ41rYW10+YppxsvmUbQj+6svrpHVd872a/3BTbdSLOEpwDhdwBT7cQgPuoQkBcBDwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AMDUjpo=</latexit><latexit sha1_base64="3vn/PANuKftz4i6hvWUXPi7vYSQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUQEeyx48VjBtIU2lM120i7dbMLuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMikMed63s7G5tb2zW9or7x8cHh1XTk5bJs01x4CnMtWdiBmUQmFAgiR2Mo0siSS2o/Hd3G8/oTYiVY80yTBM2FCJWHBGVgp6ERLrV6pezVvAXSd+QapQoNmvfPUGKc8TVMQlM6brexmFU6ZJcImzci83mDE+ZkPsWqpYgiacLo6duZdWGbhxqm0pchfq74kpS4yZJJHtTBiNzKo3F//zujnF9XAqVJYTKr5cFOfSpdSdf+4OhEZOcmIJ41rYW10+YppxsvmUbQj+6svrpHVd872a/3BTbdSLOEpwDhdwBT7cQgPuoQkBcBDwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AMDUjpo=</latexit><latexit sha1_base64="3vn/PANuKftz4i6hvWUXPi7vYSQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUQEeyx48VjBtIU2lM120i7dbMLuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMikMed63s7G5tb2zW9or7x8cHh1XTk5bJs01x4CnMtWdiBmUQmFAgiR2Mo0siSS2o/Hd3G8/oTYiVY80yTBM2FCJWHBGVgp6ERLrV6pezVvAXSd+QapQoNmvfPUGKc8TVMQlM6brexmFU6ZJcImzci83mDE+ZkPsWqpYgiacLo6duZdWGbhxqm0pchfq74kpS4yZJJHtTBiNzKo3F//zujnF9XAqVJYTKr5cFOfSpdSdf+4OhEZOcmIJ41rYW10+YppxsvmUbQj+6svrpHVd872a/3BTbdSLOEpwDhdwBT7cQgPuoQkBcBDwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AMDUjpo=</latexit><latexit sha1_base64="3vn/PANuKftz4i6hvWUXPi7vYSQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUQEeyx48VjBtIU2lM120i7dbMLuRCilv8GLB0W8+oO8+W/ctjlo64OBx3szzMyLMikMed63s7G5tb2zW9or7x8cHh1XTk5bJs01x4CnMtWdiBmUQmFAgiR2Mo0siSS2o/Hd3G8/oTYiVY80yTBM2FCJWHBGVgp6ERLrV6pezVvAXSd+QapQoNmvfPUGKc8TVMQlM6brexmFU6ZJcImzci83mDE+ZkPsWqpYgiacLo6duZdWGbhxqm0pchfq74kpS4yZJJHtTBiNzKo3F//zujnF9XAqVJYTKr5cFOfSpdSdf+4OhEZOcmIJ41rYW10+YppxsvmUbQj+6svrpHVd872a/3BTbdSLOEpwDhdwBT7cQgPuoQkBcBDwDK/w5ijnxXl3PpatG04xcwZ/4Hz+AMDUjpo=</latexit>

x<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

�M<latexit sha1_base64="giCOXc8YljQgxbvo7SmB//g4/G8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXgRopgHJCHMTnqTIbOzy8ysEJb8gRcPinj1j7z5N06SPWhiQUNR1U13lx8Lro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6GbqN59QaR7JRzOOsRvSgeQBZ9RY6eHsrlcsuWV3BrJMvIyUIEOtV/zq9COWhCgNE1TrtufGpptSZTgTOCl0Eo0xZSM6wLalkoaou+ns0gk5sUqfBJGyJQ2Zqb8nUhpqPQ592xlSM9SL3lT8z2snJrjqplzGiUHJ5ouCRBATkenbpM8VMiPGllCmuL2VsCFVlBkbTsGG4C2+vEwalbJ3Xq7cX5Sq11kceTiCYzgFDy6hCrdQgzowCOAZXuHNGTkvzrvzMW/NOdnMIfyB8/kDD6+NDA==</latexit> M<latexit sha1_base64="LYKb6VVKloxBSLpM78v6ttRQbOI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ZbjNU=</latexit>b<latexit sha1_base64="YJjhR7RY5hyNtVLBH/MerrmOQ7I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPxi+M6g==</latexit>

a<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

Lemma 1

Lemma 2 Corollary 1

Lemma 2 Lemma 1

Corollary 1

A
B

C

D

E
F

G

H

a)

Fig. 2 Phase-space and extended phase-space. Panel a): Scheme of the proof of the
Theorem 1. Panel b): Invariant domain for the Brouwer Theorem and the T -periodic orbit, at
t = 0 (dark grey) and after one period, t = T , (light grey). Panel c): schematic representation
of the harmonic orbit.

intercept the vertical line x = xB where xB = min{α,M} (for a sake of definitiveness
we assumed xB = −M in the panel a) of Fig. 2). By Lemma 2 (or Lemma 3) the
forward trajectory will reach the line x = M at some yC > 0 and from this point on,
by Corollary 1, the trajectory will be guided by the level sets of the energy function
H+, thus it will reach the x-axis at some point x < XD where xD > max{M,β}
is sufficiently large. The solutions cannot escape through the vertical segment DE
because ẋ|0<y<yE < 0.

From this point on, we can use similar arguments, lemmas and corollary as the
ones invoked in the construction the first part of the orbit, to prove that the trajectory
cannot escape from the graph of the function y = ψ(x), nor to have a vertical
asymptote and thus it must reach the vertical line x = −M at some yG < 0. From
there, the solution is guided by the level sets of H− and then by the vertical segment
HA to go inward.

The piecewise regular path ABCDEFGHA is the boundary of a domain, which is
by construction invariant for the flow and homeomorphic to a disk. This completes
the proof by applying the Brouwer Theorem (see panels b) and c) of Fig. 2 for a
schematic representation). �

Remark 2. When ω < +∞, Theorem 1 holds true provided that one can control
the growth of the comparison orbits, as discussed in Remark 1. In the case of the
prescribed curvature operator, in order to achieve the result, condition (23) is replaced
multiplying f(x, y) by a positive small parameter, as in [20]. Alternatively, we can
use condition (14) and apply Lemma 3.

Remark 3. A crucial observation is the following. At first we note that the constants
α and β provide a couple of lower and upper solutions. Hence, in the special case in
which ω = +∞ and ϕ−1 is bounded, as, for instance, in the case of the relativistic
curvature equation, then a classical result of Bereanu and Mawhin [1, Corollary 5],
guarantees the existence of a T -periodic solution if f, g, e are continuous and

g(x) > E+ for x > β and g(x) < E− for x < α.

This holds true because a direct computation shows that in our case the relation (30)
in [1] is verified and hence Corollary 5 of the above mentioned paper holds. Therefore
the result in [1] is more general, as there are no extra conditions on f(x, y), which
are required. However, if ϕ−1 is not bounded, the result in [1] cannot be applied and
it is well known that the above sign condition on g(x) is not enough to guarantee the
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existence of T -periodic solutions. Moreover, with our approach, we also provide some
information on the dynamics of the solutions, namely that they are bounded in the
future time and we can also locate the periodic solutions in a trapping region. In this
light, we will consider also in the applications the relativistic case.

3 Applications and examples

In this Section we present some applications of the results in Section 2. For sake
of simplicity, we will present some examples in which Lemma 1 holds with φ and
ψ constant functions. Indeed, this was the first case considered in [25] and further
extended to the case φ(x) = −g(x) and ψ(x) = g(x) in [24] and for more general
situations in [3, 4]. Under this choice, conditions (9) and (10) can be equivalently
written as

∃K ∈ (0, ω) : f(x,K)ϕ−1(K) > −(g(x)− E+),∀x ≤ α
and

∃L ∈ (0, ω) : f(x,−L)ϕ−1(−L) < −(g(x)− E−), ∀x ≥ β,
respectively. This simplify the computations, because conditions (9) and (10) can be
verified more easily. Alternatively, one can use as φ and ψ suitable branches of the
0-isocline for the autonomous system, because now it suffices to have that the slope
dy/dx of the non-autonomous system is negative on such branches. Figure 3 below
illustrates this situation.

At first we concentrate on two examples, that is the relativistic case and the pre-
scribed curvature one. As already mentioned, the existence result for the relativistic
case is well known, but the example shows as the additional assumptions give fur-
ther information on the dynamical behavior of the solutions, in view of the explicit
construction of the invariant region, which is provided also in all other cases.

The first example is a straightforward generalization of the one presented in
Section 4.1 of [5], to which we refer for more details, to the non-autonomous case.
We thus consider the systemẋ = y√

1+y2

ẏ = −f(x, y) y√
1+y2

− g(x) + e(t) ,
(24)

with f(x, y) = |y| cos2(y)(x2 − 1), g(x) = x and we set the periodic forcing equals
to e(t) = A sin(2πt). In [5] it has been shown that one can use the 0-isocline for the
function φ(x) and ψ(x); in the present framework this accounts to use the 0-isoclines
of autonomous systems obtained replacing e(t) in Eq. (24) with its maximum or
minimum, E± = ±A.

As a second case, we exhibit an example belonging to the class of prescribed
curvature equation which can be equivalently represented as the systemẋ = y√

1−y2

ẏ = −f(x, y) y√
1−y2

− g(x) + e(t) ,
(25)

in the phase-plane. We follow Section 4.3 of [5], to which we refer for more details,
with the addition of a periodic term e(t) = A sin(2πt). More precisely we set f(x, y) =

λ|y| cos2(3πy)(x2−1) and g(x) = µxe−|x|. Let us observe that the (small) parameter
λ has been introduced to constraint the orbits into the strip |y| < 1. Again the
application relies [5] on the use of the 0-isocline for the function φ(x) and ψ(x).
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Using the MATLAB software [29] we numerically solved system (25) and the
results reported in the right panel of Fig. 3 show the existence of a unique periodic
solution.

We performed a numerical integration of (24) using the MATLAB software [29]
and the results show the existence of a unique periodic solution (see Fig. 3 left panel).
Observe that we are not able to prove the uniqueness of such periodic solution, and
at this stage this remains a numerical observation.

Fig. 3 Two numerical examples. In the left panel we show the phase-portrait of the
system (24) with f(x, y) = |y| cos2 y(x2 − 1), g(x) = x and e(t) = A sin(2πt), with A = 1.5
while in the right panel we consider the system (25) with f(x, y) = λ|y| cos2(3πy)(x2 − 1),
g(x) = µxe−|x| and e(t) = A sin(2πt), with λ = 0.05, µ = 0.5 and A = 0.5. In both
cases the black curves denote the different branches of the 0-isocline, the blue curve is the
numerically computed periodic orbit, while the red and green curves represent generic orbits
that accumulate on the stable periodic solution.

As a third class of examples, we exhibit some different situations arising from
the study of a second-order generalized Liénard equation involving the p-Laplacian
differential operator

Lp : x 7→ d

dt
ϕp(ẋ), with 1 < p <∞,

where
ϕp(s) := |s|p−2s, for s 6= 0 and ϕp(0) = 0.

In this case, the equivalently represented system in the phase-plane becomes{
ẋ = ϕq(y)

ẏ = −f(x, y)ϕq(y)− g(x) + e(t) ,
(26)

for
1

p
+

1

q
= 1.

Notice that, with our convention on the exponents, we have a linear differential
operator for p = 2 and ϕq(y) = |y|q−1sign(y) is the inverse function of ϕp.

Using the Maple software [28], in order to double check the numerical simulations,
we numerically solve system (26) for different values of p and q. The results are
reported in Figures 4-5-6.

We observe that, even if our main theorem ensures the existence of a T -periodic
solutions, we cannot guarantee, in general, its uniqueness or its stability and the pres-
ence of other stable/attracting trajectories cannot be ruled out. This is confirmed by
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Fig. 4 Case of φp with p = 5, q = 5/4, q − 1 = 1/4. In the left panel we show the
phase-portrait of the system (26) for with f(x, y) = |y| cos2 y(x2 − 1), g(x) = x and
e(t) = A sin(2πt), with A = 1.5, while in the right panel we consider the solutions (t, x(t))
with different initial points. From the left panel, it seems that the numerically computed
solutions that we find for the initial values (x(0), y(0)) = (−2, 3), (x(0), y(0)) = (−2, 6) and
(x(0), y(0)) = (−2, 10), accumulate to a periodic solution. On the other hand, in the right
panel, the graphs of (t, x(t)) for interval t ∈ [300, 320] show the presence of two attracting
subharmonic solutions of period T = 9 (which are one the shift of the other and correspond
to the solutions depicted in the left panel) and another attracting subharmonic solution of
period T = 7 for the initial point (x(0), y(0)) = (0.01, 0.01).

Fig. 5 Case of φp with p = 4/3, q = 4, q − 1 = 3. In the left panel we show the
phase-portrait of the system (26) for with f(x, y) = |y| cos2 y(x2 − 1), g(x) = x and
e(t) = A sin(2πt), with A = 1.5, while in the right panel we consider the solutions (t, x(t))
with different initial points. From the left panel, it seems that the numerically computed
solutions that we find for the initial values (x(0), y(0)) = (−2, 1) and (x(0), y(0)) = (−2, 5)
accumulate to different periodic solutions. On the other hand, in the right panel, the graphs
of (t, x(t)) for interval t ∈ [300, 320] show the presence of two different attracting subhar-
monic solutions of period T = 4 (which correspond to the solutions depicted in the left
panel) and another attracting subharmonic solution of period T = 5 for the initial point
(x(0), y(0)) = (0.01, 0.01).

our numerical simulations, where attracting subharmonic solutions (or perhaps, even
more complicated orbits for the Poincaré map) are found. This is in complete agree-
ment with the fundamental and pioneering works of Cartwright and Littlewood [6, 7],
Levinson [12, 13] and Littewood [15, 16] who analytically predicted these kind of phe-
nomena in the study of the periodically perturbed van der Pol and Liénard equations.
Such studies were later expanded by Levi in [11]. As remarked by P.J. Holmes in his
review MR617687 of [11], the construction in 1963 by S. Smale [23] of the horseshoe
diffeomorphism, was inspired by results in [6] and [13]. For a more recent discussion
of the expected dynamics in periodically perturbed dissipative systems, see also [21].
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Fig. 6 Case of φp with p = 3/2, q = 3, q − 1 = 2. In the left panel we show the phase-
portrait of the system (26) for with f(x, y) = |y| cos2 y(x2 − 1), g(x) = x and e(t) =
A sin(2πt), with A = 1.5, while in the central panel we consider the solutions (t, x(t)) with
different initial points. From the left panel, it seems that the numerically computed solutions
that we find for the initial values (x(0), y(0)) = (−2, 1) and (x(0), y(0)) = (−2, 5) accumulate
to the same trajectory of some “recurrent” structure. On the other hand, in the central panel,
the graphs of (t, x(t)) for interval t ∈ [300, 320] show the presence of two different attracting
solutions which are not periodic. One of these solutions (of larger amplitude) corresponds
to the solutions depicted in the left panel (which become practically indistinguishable after
some time). Another attracting solution of smaller amplitude emerges for the initial point
(x(0), y(0)) = (0.01, 0.01). The nature of these solutions is more evident from the right panel,
where we consider the n-th iterates of the Poincaré map for 100 ≤ n ≤ 800 for the initial
points (x(0), y(0)) = (−2, 5) and (x(0), y(0)) = (0.01, 0.01).

Declarations

The authors declare the absence of any competing interest in the present work.

References

[1] C. Bereanu, J. Mawhin, Existence and multiplicity results for some non-
linear problems with singular φ-Laplacian, J. Differential Equations, 243,
(2007), 536–557.

[2] H. Brezis, J. Mawhin, Periodic solutions of the forced relativistic pendu-
lum, Differential Integral Equations, 23, (2010), 801–810.

[3] F. Bucci, On the existence of periodic solutions for the generalized Liénard
equation, Boll. Un. Mat. Ital. B (7) 3 (1989), 155–168.

[4] F. Bucci, G. Villari, Phase portrait of the system x = y ,ẏ = F (x, y),
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