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In the sixties, Loud obtained interesting results of continuation on periodic solutions in driven nonlinear oscillators with small
parameter (Loud, 1964). In this paper Loud’s results are extended out for periodically driven Duffing equations with odd symmetry
quantifying the continuation parameter for a periodic odd solution which is elliptic and emanates from the equilibrium of the

nonperturbed problem.

1. Introduction

After pioneering work of H. Poincare in celestial mechanics,
the continuation analytical method will have a great relevance
in applied problems in science and technology. Several ver-
sions of this approach for the searching of dynamic objects
like periodic solutions and invariant manifolds have been
very fruitful in dynamical systems and its applications; see
[1, 2]. Perhaps there are perturbations of oscillators like

X+g(x, %) =ep(t,x, %,¢€), 1)

where g, p are continuous and p is T-periodic function in ¢
and € is a small parameter; this is one of the easiest environ-
ments on which we can apply the continuation methods. In
the sixties, Loud [3] obtained interesting results of local con-
tinuation in driven nonlinear differential equations like (1).
He assumed that the nonperturbed equation

X+g(x,%)=0 (%)
had an isolated equilibrium x = 0 and considered four cases
according to the relative position of the Floquet multipliers of

the variational equation

j+by+ay=0, (2)

witha = g,(0,0), b = g,(0,0). We denote by x(t, x,, v,) the
general solution of (*). Loud searched the solution of the
implicit function system

x (T, xq, v, €) — x4 = 0, o

x (T, xq, v, €) — x4 = 0,

in order to obtain e-family of T-periodic solutions as a con-
tinuation of the equilibrium x = 0 for € = 0. He used several
versions of the implicit function theorem obtaining some
orthogonality conditions involving the perturbation term
p(t,0,0,0) and the solutions of the variational equation.
According to a sign over this orthogonality condition it is pos-
sible to know the direction of movement of the Floquet mul-
tipliers while the parameter increases. In this way the author
is able to classify the stability properties for € small enough.
For the frictionless and nonresonant case, that is,

b=0,

2
a#(zn—n> , VneN
T

3)

(as will be considered in this paper), Loud’s result does not
provide any stability information (see Theorem 2.9 in [3]).
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From now on, we are interested in studying the periodi-
cally driven Dufling equation

+g(x)=ep(t), (%)

with g, p continuous, p being 2m-periodic function, and
a = g'(0) > 0 satisfying the above nonresonant condition.
We assume that x = 0 is an elliptic equilibrium for the non-
perturbed problem (¢ = 0) and we formulate the following
two questions:

(i) How small is the perturbation parameter € to guaran-
tee the linear stability for (s)?

(ii) How small is the perturbation parameter € to guaran-
tee the nonlinear stability for (s)?

A concrete example of oscillators like (s:) is the forced
pendulum

i+ sinx =ep(t), (4)

where many results with respect to the existence and stability
of periodic solutions can be found in the literature [4-7]; see
also [8] and the references therein. For instance, it is well
known that if p(t) is 27-periodic function, there exists 27-
periodic solution for the forced pendulum as a continuation
of the trivial solution which is stable when w ¢ N, and € is
small enough. This result is an easy consequence of the KAM
theory.

There are at least three different types of analytical
periodic continuation on the forced pendulum as follows:
(i) the small oscillations previously mentioned, (ii) those
emanating from certain periodic solutions of the nonlinear
center for the nonforced case, and (iii) those emanating from
the hanging solutions for the nonforced case [6]. In this last
paper the author applied Loud’s techniques in order to find
suitable p(t) to guarantee the bifurcations of many periodic
solutions from the hanging one.

On the other hand, assuming appropriate symmetries on
(%), g and p odd functions, the implicit system (L) could be
reduced to a single scalar equation

fvpe) = x<§,0, vo,e) =0, (5)

in order to find odd T-periodic solutions. This is an original
idea by Hamel [4] in his research of periodic solutions on the
forced pendulum.

Thereby in this work we focus on the global continuation
problem of periodic solutions under this kind of symmetries
for (=) and their stability properties, starting from an elliptic
equilibrium of the nonperturbed equation.

As the core problem has been reduced to an implicit one,
that is, the study of the set of zeros of a continuous real
function (e.g., the function f), some topological tools, like
the Leray-Schauder Continuation Theorem [9], help us to
understand its structure. This approach has been successfully
applied in the study of periodic solutions on a restricted three-
body problem (see [10, 11]). In order to apply this tool it is
necessary to compute a priori bounds over the zeros of f
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(see Theorem 1 in Section 2 for more details) but the con-
clusion of the Leray-Schauder Theorem says nothing about
the linear stability of the associated periodic solutions. For
this study it is necessary to obtain more refined bounds over
the periodic solution in order to apply some classical stability
results on the variational equation (like Hill’s equation).

The rest of the paper is divided in four sections. In
Section 2 we illustrate how the Leray-Schauder Continuation
Theorem can be applied to the forced pendulum in order to
get a global family of periodic solutions from the equilibrium
and remark its limitations for the stability analysis of this
family. In Section 3 we consider oscillators of pendulum
type with odd symmetries and present our first main result
(Theorem 5); a family of odd periodic solution is obtained
for all parameter values, and furthermore we present some
interesting a posteriori bounds for its amplitude (see (25)).
In Section 4 we review some basic facts about the stability
of Hill’s equation and we present the second main result,
namely, the determination of a computable e-interval, where
we guarantee the linear stability for the periodic continuation
obtained in Theorem 5. Finally, Section 5 is devoted to point
out some open questions about the nonlinear stability of the
obtained periodic family.

2. The Forced Pendulum and a Global
Implicit Function Theorem
Consider the forced pendulum
i+ sinx =ep(t), (6)

where € is a positive parameter and p(t) is an odd and 27-
periodic continuous function; that is, for all t € R, we have

p(t+2m) =p(t),
p(=t)=-p().

The existence of odd and 27-periodic solutions of (6) was
proved for the first time by Hamel [4] in 1922 by means of
a reduction to the boundary value problem

7)

#+w’sinx = ep(t),
(8)
x(0) =x(m) =0.

See [8] for more references on this paradigmatic equation. Let
x(t, 1, €) be the solution of (6) satistying

x(0) =0,

x(0) =1.

)

This is a real analytic function in the arguments (¢, 7, €) € R>
(see [12]) and is globally defined in R. It is not difficult to
prove that the research of odd and 27-periodic solutions of
(6) is equivalent to study (8). This follows by performing odd
and 2m-periodic extensions improving the symmetries of (6)
and its periodicity. So problem (8) can be reduced to the study
of the implicit equation

x (m,m,€) = 0. (10)
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Therefore we want to apply some global version of the Implicit
Function Theorem in order to solve (10), namely, the analyti-
cal version of the Leray-Schauder Continuation Theorem (see
[9]), which provides parametrized curves (#(s), €(s)) solving
(10) starting at (17,e) = (0,0). We present the following
version of this result. The complete proof can be found in [10].

First, we recall that for a given function f € C'([a, b))
which does not vanish in {a, b} and has a finite number of
nondegenerate zeros x, ... ., X, in ]a, b[ it is possible to define
the Brouwer degree deg(f, [a, b]) as

deg (f,[a,b]) = Z sign (f' (xi)) , (11

where f' denotes the derivatives of f. If x, is an isolated zero
in the set of zeros of f, the Brouwer index of the zero x, is
defined by

ind (f,x,) = deg(£,U), (12)

where U is a small neighbourhood of x,. Now we are able to
present the main theorem of this section and its application
to (10).

Theorem 1 (Leray-Schauder). Let F : R x [a,b] — R be
analytic and let Z = {(n, €) : F(y,€) = 0} be the set of zeros of
F. Assume the following:
(H1) Z is bounded.
(H2) The set Z, = {(n,a) : E,(n) = 0} with F,(n) = F(n,a)
is finite and there is (1y, a) € Z, with ind(F,,#,) # 0.

Then there is a continuum arcae : [0,1] — Z, afs) =
(n(s), €(s)), with n(0) = 1y, €(0) = a, such that either (1) = b
ore(1) = a and (1) # 1.

From Theorem 1 we have the following consequence for
the forced pendulum.

Proposition 2. Given A > 0, w € ]0,1[ there exists a con-
tinuum arcn = r(s), € = €(s), s € [0, 1] such that

x, (1) =x(t,n(s),e(s)) (13)

is an odd 2m-periodic solution of forced pendulum (6) with
x(0) =0, €(0) =0, and e(1) = A.

Proof. Let x(t,7, €) be the solution of (6) that satisfies initial
conditions (9) and defines the real analytic function

F(n,€) = x(m,n,¢€) (14)

with € € [0, A]. The set of zeros of F is clearly bounded since
the derivatives of the solutions of (6) are uniformly bounded
in [0, 27r] which reveals a simple integration over (6):

1% (0] < lel |p, +2m0®,  Vt € [0,27], (15)

where || - ||, denotes L,-norm in the space L' ([0, 27]); there-
fore

il = Alpl, + 2’ (6)

then (H1) holds. On the other hand, since w < 1, the only 27-
periodic solution for the nonforced pendulum (e = 0) is the
trivial one. This nonlinear center is surrounded by periodic
solutions x(t,#,0) with a monotone increasing time period
function T'(#) with lim, _,,T() = 27/w (see [13]); therefore
if w < 1 we obtain T'(#) > 27 for all # # 0. As a consequence
the zeros of the function Fy(n) = x(m,#,0) are reduced to
{(0,0)}.

Now we compute the index at 7, = 0 by linearization; that
is,

oF,
ind (F,,7,) = sign <5_f70 (0, 0)) : 17)

Notice that (0F,/0%)(0,0) = y(m) where y(t) is the solution
of the variational problem

j)+w2y =0,
y(0) =0, (18)
y(0)=1.

Since 0 < w < 1, then

=1, (19)

ind (F , 110) = sign ( Stn wor >

and this verifies (H2). As a consequence, we infer the exis-
tence of a continuous family {(#(s), €(s))}sc[o,1 in R % [0, A]
such that

F(n(s),e(s)) =0,

n(0) =0, (20)
€(0) =0,
and either
e, =A (21)
or
e, =0,
(22)
n (1) * Ho>»

but this last alternative is not possible, again, because w < 1.
Then we get the required global continuation x,(t) of odd 27-
periodic solutions for (6). O

Remark 3. Note that the continuation x,(t) can be identified
with a parametrized curve in xe-plane and it could have
turning points. See Figure 1. In the next section we will show
that this is not the case and actually this curve is a graph of a
differentiable function 7 = ¢(e) globally defined on R" when
w € [0,1/2].

Remark 4. Note that Leray-Schauder’s Theorem demands a
priori bounds over the continuation x(t) which are generally
coarse. A key subject for researching of the stability of
the continuation is the possibility of obtaining more acute
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FIGURE 1: Graphic of the two possible options for the continuum arc which contains the point (7, a) in the Leray-Schauder Continuation

Theorem for real analytical functions.

bounds over it by means of some constructive approach.
This is the purpose in the next section, to present some
basic procedure for quantifying a linear stable branch of
odd periodic solutions emerging from an equilibrium on
oscillators of pendulum type.

3. Odd Global Continuation of Equilibrium
Solutions for Oscillators of Pendulum Type

This section is devoted to oscillators of pendulum type given
by the equation

£+g(x)=ep(D), (23)

where p is an odd 27-periodic function and g € C*(R)
satisfies the following conditions for some positive numbers
o, and w:

(1) g(-x) = —g(x), forall x € R,

) |g'(x)] < ?, forall x € R,

3) g'(x) > 0, for all x € [0, ],

(4) g'(ap) = 0, g" #0in [0, .

Without loss of generality, in the following we assume that
2m
lell = [ lp@la =1 8
The main result of this section is the following.
Theorem 5. If w € ]0,1/2], then there exist x, = x.(t) being

2m-periodic and odd continuation of the equilibrium x = 0 for
(23), for all € € R. Moreover

o, sinh wr
X < Llel 1+ , 25
| 6"00 2w| |< sin wrr ) (25)
with
inh 2 —sin 2
0, = max {sinh wTT, s wnz s wn} (26)

Remark 6. As a particular case, this theorem gives the odd
global continuation of the equilibrium solution x = 0 for
forced pendulum (6) for all frequencies w € 0, 1/2].

The proof of Theorem 5 requires several preliminary
results. We start with an estimative over the canonical solu-
tions of Hill’s equation as a consequence of Sturm’s Compar-
ison Theorem.

Lemma 7. Let a € C([0,T/2]) with |a(t)] < w* forallt e
[0,T/2] and |a| + w* withw € [0,7/T). Let ¢, (t) and ¢, (t) be
the solutions of

X+a(t)x=0, (27)

satisfying the initial conditions

¢1 (0) = 1:
$(0) =0, o8)
(/)2 (0) = 0,
(/52 (0) = 1:

respectively. Then for all t € ]0,T/2[ we have the following
inequalities:

coswt < ¢, () < coshwt,

1 1 (29)
— sinwt < ¢, (t) < — sinh wt.
w w
Proof. Let y;(t), i = 1,2 be the canonical solutions of
Zt+wx=0 (30)

that satisfy the initial conditions y,(0) = #,(0) = 1 and
,(0) = 1,(0) = 0; that is,

Yy (t) = cos wt;

1 (31)
t) = —si t.
o (£) o sinw
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Fori = 1,2 observe that x; = ¢; — ; satisfies the boundary
problem

X+a(t)x+q;(t) =0,
x(0) =0, (32)
%(0) = 0,

with g;(t) = (a(t) - wz)yi. So it is not difficult to prove that

t
6 (0 = j G (t,5) g () ds, (33)
0
where

G(t,5) = ¢y () Py (s) =y (), (1) (34)

Now we want to know the sign of y;(¢) on [0, T/2]. First, we
remark that g;(t) < 0 since a(t) — @* < 0 and y; > 0 for all
[0, T/2[ because w < 7/T.

On the other hand, since a(t) < (/T)* on [0, T/2], from
the Sturm Comparison Theorem, we deduce ¢,(t) > 0 in
10, T/2]. This implies that G(t, s) < 0 forall (t,s) € {(¢,s) : 0 <
s <t,0 <t <T/2} (see [14]). From the hypothesis on a(t) we
know that g;(t) is not identically zero; then as a consequence
we have y;(¢) > 0 on ]0, T/2]; that is,

coswt < ¢, (1),
1 .
” sinwt < ¢, (t), (35)
T
Vt € ]0, E] .

The proof for the other inequalities follows the same ideas if
we consider the equation

F-—wx=0 (36)
and the canonical solutions

i, (t) = cosh wt,

| (37)
i, (t) = — sinh wt.
w

O

As in the previous section, let x(t, #, €) be the solution of
(23) satistying

x(0) =0,
x(0) =79

(38)

From the symmetries over (23) the search of odd 27-periodic
solutions can be focused to solve the Dirichlet problem (in a
half period)

+g(x)=ep(t),
x(0) =0, (39)
x () =0.

In other words, we must find the zeros of the function
x (m,m,€) = 0. (40)

This is a classical implicit function problem with initial
solution of the trivial one 7 = € = 0. Let wé = g'(O). Since
wy < w < 1/2, then

0,x (1,0,0) = L in (wymr) # 0; (41)
Wy

as a consequence there exists a local function 1 = #(e) such
that x(t, n7(€), €) = 0. Let 7" be an open neighborhood of (0, 0)

where 0,x(,7,€) # 0. By the Implicit Function Theorem
problem (40) is equivalent to the Cauchy Problem

7 (e) = F(n€),
(42)
n (0) =0,
which is well defined on 7" with
0.x (7,71, €)
F(ne)=-———. (43)
0,x (7,7, €)

The next proposition gives sufficient conditions to guarantee
that 7" = R” and F is bounded.

Proposition 8. Ifw € ]0,1/2], then the function F(n, €) given
in (43) is well defined in all R* and

[of
F(n,€)| < L
| (71 €)| 2sinmw (44)

with o, = max{sinh 7w, (sinh 27w — sin 271w)/2}.
Proof. For each (1, €) € R? consider the variational equation

X+a(t)x =0,
, (45)
a(t)=a,(t)=g (x(t.n.€)).

From assumption (2) over the function g, it follows that
la] < w?in [0, 7] uniformly in (1, €) and for assumption (3) it
follows that a # w”. Let ¢, and ¢, be the canonical solutions
of (45). From Lemma 7 with T = 27t we obtain

coswt < ¢, () < cosh wt,

— sinwt < ¢, (t) < — sinh wt,
w w

for all t € ]0,7]. On the other hand, the theorem of differ-
entiability with respect to initial conditions and parameters
implies that the functions ¢,(f) = 9,x(f,n,€) and y(f) =
0.x(t, 1, €) satisfy the following Cauchy problems:

X+a(t)x =0,
(47)
x(0)=x(0)=1,

X+at)x=p(t),
(48)
x(0) =x(0) =0,



respectively. Therefore, for t € [0, 7], we have

t

v = —J G(t,s) p(s)ds. (49)

0

Since w € ]0, 1/2[ from the Comparison Sturm Theorem we
obtain ¢,(t) > 0 forallt € ]0, 7z[. Following the lemma in [14]
we concluded that

G(t,s) = ¢ (1), (s) =y () §, (1) <0, (50)

forall (t,s) € A = {(t,s) | 0 < s < t,0 < t < m}. Moreover
since 0 < wmr < 77/2 then cos wt > 0 and sinwt > 0 on [0, 7];
therefore

|G (t,s)| =-G(t,s) < max H (t,s), (51)
(t,s)eA

where H(t, s) = (1/w) (cosh wt sinh ws — cos ws sin wt). Since
there are no critical points of H in A then H has the maxi-
mum value on the boundary of A. A simple calculation shows
that

G(t.9)] =G t:s) < 22, (52)
with
0, = max {sinh . sinh 2nw2— sin 271w } (53)
On the other hand
lv(®)] <22 vtelon] (54)
yir= 2w T
Finally we obtain
y () %
F(ne) = < :
[F ()] ¢, (m)|  2sinnw (55)
O
Remark 9. For the autonomous Cauchy problem
dn
— =F(n,t),
2 ~F)
a_,
de -0 (56)
n(0) =0,
t(0) =0,

which has a bounded vector field X(1,€) = (F(n,¢€), 1); we
conclude that #(e) is well defined in ] — oo, co[ (see [15]);
therefore for all w € ]0, 1/2] we obtain an odd, 27-periodic
continuation ¢ (t) = x(t, 0, 7(e), €) of the equilibrium for all
eecR.

Now we are able to present the proof of the main theorem
of this section.
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Proof of Theorem 5. Let X(e) = ((e), t(e))" and consider the
autonomous Cauchy problem

X' =F(X)=(F(n,e),1),
(57)
X (0) = (0,0).

It follows from Proposition 8 that # is bounded. From here
we deduce that all solutions are globally defined; then #(e) is
well defined forallt € ]—00, 0o[; (see [15]). As a consequence
for all w € ]0,1/2] we obtain an odd, 27-periodic continua-
tion @ (t) = x(t,0,7(€), €) of the equilibrium for all € € R.
Now by the Mean Value Theorem we have

< 19) t, O
|| < el |g|£}§[o,n]| L9 (6:1(8),8)] (58)
On the other hand,

0 < o] |+ o] £

Since d.x and 0, x are, respectively, the solutions of the initial

value problems (47) and (48), with a(t) = g'(¢.(t)), they
satisfy inequalities (46) and (54) in [0, ]; therefore

0, sinhwm o,
+_

0.9| <
[9:91 2sintw w 2w
) (60)
_ %% (1 . 51T1hwrr>;
2w sin wrmr
as a consequence
g, sinh wmr )
<le] =11+ 61
|¢e| el 2w < sin wrr (1)
concluding the proof. O

4. Linear Stability of the Continuation

In this section we will obtain a proof of the linear stability of
the continuation ¢,. We use techniques that are traditionally
employed in the study of Hill's equation. More precisely,
the proof will be based on the Lyapunov-Zukovskii stability
criteria for Hill's equations. We start with a well-known result
of the Sturm comparison theory for Hill’s equation.

Lemma 10. If a € C;(R) satisfies 0 < m* < a(t) < M>
on [0, T'] with strict inequality on a set of positive measures on
[0, T], then

(i) any solution of (27) has infinitely many zeros;

(ii) if t, and t, are two consecutive zeros of any solution of
(27), they satisfy

T octy—t, < = (62)
M N m

The proof of Lemma 10 follows easily from Sturm’s Com-
parison Theorems (see [16]).
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Proposition 11 (Lyapunov-Zukovskii). Let a € Cp(R) such
that 0 < a(t) < (n/T)?, for allt € R, with strict inequality on
a set of positive measures in [0, T]. Then (27) is elliptic.

Proof. By a contradiction argument suppose that there is a
real Floquet multiplier A. Let ¢(t) be the Floquet solution
associated with A; then
et+T)=2Ap(t), VteR. (63)
Since 0 < a(t) it follows from Lemma 10 that 3¢, € R such
that ¢(t,) = 0; then @(t, + T') = 0. Once again, from Lemma
10 t, and t, + T are consecutive zeros; as a consequence the
distance is at most T" and this is a contradiction. O

Finally we completed all the necessary arguments that we
need in order to prove our second main result.

Theorem 12. Under the same hypothesis of Theorem 5, 27-
periodic continuation @, of the equilibrium x = 0 of (45) is
elliptic if |e| < I = I(w) where

I () = 20w sin Tw

o, (sinh 7w + sin rw)” (64)

Proof. With e € ] -1, 1[ and from (25) it is clear that [¢ ()] <
. On the other hand, from the conditions on the function
g»> we have

0<a(t)=g (p.(t)) <’ < 1,

Vt € R. 65
1 (65)

On the other hand, if a(t) = 1/4 for allt € R, then g, = 0
since g’ is strict monotone in ]0, &,] and this implies p = 0
which is a contradiction. By continuity we deduce the exis-
tence of a set of positive measures in [0, T'] such that 0 < a <
1/4. The conclusion follows if we apply Proposition 11 to the
variational equation along ¢,:

y+a(t)y=0, (66)
where a(t) = g'((pe(t)). O
Corollary 13. For p € C,(R), Ipl, = 1, and odd w €
10, 1/2], the equilibrium solution x = 0 of the oscillator (23)
can be continued like an odd 2m-periodic solution ¢ (t) of the
forced pendulum

x +w?sinx = ep (1), (67)

which is elliptic (therefore linear stable) for |e| < y(w) where

(@) = 7w sin Tw ) (68)
14 a o, (sinh 7w + sin Tw)”’
moreover,
lel oy, ( sinh nw)
< 1+ . 69
loel 2w sin Tw (69)

5. Odd Global Continuation for any Positive w

In order to remove the restriction w € 10, 1/2[ in Theorem 5,
we follow a different approach to estimate an upper bound for
|0cx (773 17, €)| and a lower bound for |9, x (73 1, €)| in (42)-(43).
As before we assume the condition [ pll, = 1 on oscillator
(23).

We start this new approach by setting new conditions over
the function g. Suppose that there exist positive values w and
w, ¢ N such that

(a) Ig'(x)l, Ig"(x)l < w?, forall x € R.
(b) g'(0) = w;.

The main result of this section is the following.

Theorem 14. Under assumptions (a) and (b), there exist ¢, =
@.(t) being 2m-periodic and odd continuation of the equilib-
rium x = 0 for (23) for all |e] < A, with

(1 +w_2)

AO = AO (w, (JJO) = m |sinworr| . (70)
Moreover
A
1) <le|lA 1+ ——— 1, 71
|pe ()] < Iel ( Y(w,wo,e)) (71)

2 1+w’
where A% = elltem

le] < A, given by

and Y(w, wy, €) is a positive constant for

2 43
ot 2 1) o

1
— sin wy7
Wy

Y (w, wy, €) = o

The proof of Theorem 14 follows similar arguments and
steps are given in Section 2 for proving Theorem 5. We start
by considering again the solutions ¢,(t) = 9,x(t,7,€) and
y(t) = 0.x(t, 1, €) of Cauchy problems (47) and (48), respec-
tively.

Before the proof of Theorem 14 we point out some prelim-
inary results. The first one is about the growing of the solu-
tions for Hill’s equations.

Lemma 15. Let a € C([0,T]) with |a(t)| < o forallt € [0,T]
and let ¢, (t), ¢,(t) be the unique solutions of

F+at)x=0 (©)
satisfying
¢, (0) =, (0) =1,
, (73)
¢, (0) = ¢, (0) = 0.
Then, fori = 1,2, we have
s ()] < T vt e 0,77 (74)

Proof. Let x(t) be a solution of (¢) and define the function

7 (t) = % () +5* ). (75)



By a direct computation we obtain

2, .2
() =xx(1-a) < M(lﬂf)

(76)
=7 ) (1+0).

Solving this differential inequality with initial condition 77(0)
we get

V7 (t) < 7 (0) e, (77)

In particular for the canonical solutions ¢;(t) i = 1,2 we have
7°(0) = 1/2 and therefore

|6 (0] < || (¢ 1), b )] < 7, veeo,T]. (78)

O

From (49), hypothesis (a), and Lemma 15 taking a(t) =
g'(x(t, 1,€)) on [0, 7] we have the following estimative:

1+’
e( w )n,

|0.x (71,1, €)| < V(n.€) € R (79)

The second preliminary result is the classical fundamental
inequality in ordinary differential equations (see [16]).

Proposition 16. Suppose that x(t), y(t) satisfy

x=f(tx),
x (o) = xo,
(80)
y=g(ty),
y (to) = Yo

where f,g:U Cc RxR" — R", are continuous and Lipschitz
with respect to the second variable with Lipschitz constant K. If

|f(t, u)-g(t, u)| <6, (t,u)eU, (81)

then

K-t O (K6l 1), (82)

|x(t)—y(t)| < |x0—y0|e K

for all t in a common interval of existence.

Proof of Theorem 14. The existence of nontrivial odd, 27-
periodic solutions of (23) is equivalent to the solving of
problem (40). Furthermore, from assumption (b)

0,x (1,0,0) = L in (wyr) # 0; (83)
2

therefore we can consider the Cauchy problem

0.x (m,1,€)
o (me) (84)
1(0) =0,

1 (e) =

in a small rectangle of the form Q, = {(e,7) : |e| < A, |y| <
I}
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Our objective is to solve initial value problem (84) in a
concrete e-interval and on an appropriate rectangle. For this
purpose we will estimate an upper bound over the absolute
value of the right hand side of (84). In accordance with (79)
we only have to find a positive lower bound for |8,7x(t, 1n,€)l
on Q.

Consider variational equation (45) given by

X+a,. (t)x =0,
. (85)
aye (t) =g (x(t.n.€)).

The vector field of the first order system associated with this
variational equation is given by

F, (txy)=(y-a, ®)x), (86)

with y = x’. Notice that this vector field is continuous and
(x, y)-Lipschitz, with Lipschitz constant K = 1+w? uniformly
in (e, %) € R%.

Next we apply the fundamental inequality to the vector
fields F,.(t, x, y), Foo(t,x, y) and the respective solutions
8,Ix(t, n,€), 0,x(t,0,0) = (1/wy)sin(wyt) (both in the same
initial conditions) on the domain U = Rx] — A, A, [XR,

2
where A, = /27 ¢ an upper bound for the canonical

solutions of (45) given by Lemma 15. Henceforth

<

(AL-1), (87)

1
0,x (1, 1,€) — . sin w7

2
o l+tw

where § is an upper bound on U for
|Fr],€ (t’ X, y) - FO,O (t’ X, y)| = |(a71,s (t) - wé) 'x| N (88)
From the mean value theorem we get
'%,e () —w(z)' < |le|m, (89)

where m is any positive number such that

oa, . (t)
mzsup{ ™ :te[O,n],ﬂeR,e>0}. (90)
Besides,
oa, (1)
=g cEne)|lox(tne)l, OV

and from (79) and condition (a) over the function g we have

day (t)

<w’A? 92
oe @ 02)

sy W’

forallt € [0,7], € R, e > 0. In conclusion on the domain
U we have

|Eye (%, 7) = Fog (8%, 7)| = |(ae () - f) 5| < 8
(93)

2 43
= || w A,
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Now we impose the restriction (see (87))

1 .
— sin wy7
Wy

: (R)

The restriction (R) is equivalent to |e| < A, with A, given by
(70). Combining (87) and (R) we obtain (for all u, v,y € R if
lu—v| <y <|vl|, then [u| > [v| —y)

|a,1x (., e)' >Y (w, wy, €) >0, (94)

with Y(w, wy, €) given by (72). Finally, an upper bound for the
modulus of the right hand side in (84) is given by

A2

0.x (1,1, €)
Y (w, gy €)’

<M :=
0,x (7,7, €)

(95)

on Q, . For classical Peano’s Theorem we obtain a solution
n = ¢(e) of (10) for |e] < min{A,,I'/M}. Note that our esti-
matives do not depend on #; therefore we can take I' > MA
so the solution ¢(¢) is defined on ] — A, Ay[. So we obtain
the odd 27m-periodic family ¢.(t) = x(t, ¢(€), €). Following
the lines in the proof of Theorem 5 (inequalities (58) and
(59)) is a straightforward task to obtain (71) using the above
estimative. O

6. Concluding Remarks

Applying the techniques in [7] to forced pendulum (6) we
obtain a finite e-interval for frequencies w far away of the
strong resonances. In contrast, our first main result (The-
orem 5) provides an infinite e-interval for low frequencies
w € [0,1/2]. Moreover for high frequencies we obtain 27-
periodic continuation of the equilibrium x = 0 in a quantified
e-interval (Theorem 14) for general oscillators of pendulum
type.

The nonlinear stability in the Lyapunov sense of the fam-
ily ¢, obtained before remains an open problem. This can
be studied by means of the KAM Theory. More precisely,
the Twist Theorem of Méser [17] gives sufficient conditions
to ensure that Poincare’s mapping 9, of (23) has invariant
curves in all neighbourhood of the elliptic fixed point z, =
(9:(0), .(0)).

From Moser’s work this approach has been referenced in
the literature like a third-order method, because the stability
is generically decided by the nonvanishing of a certain third-
order coefficient  of &, called the first twist coefficient. The
Moser Theorem essentially claims that if § # 0, then the
fixed point z, is stable and therefore ¢, is also stable. We will
explain this a little bit more.

By means of a translation ¢, to the origin y = x — ¢, and
making Taylor’s expansion up to the third order, we arrive to
the equivalent equation with equilibrium y = 0:

jt+a ) y+b () y+c. )y +---=0, (96)

where a,, b., and ¢, and the remaining terms are periodic

functions of period 271; moreover

a.(t) =g (¢ (1),

g" (. (1))
¢m=—7r—, (97)

A CX0))
(1) = T2,

The twist coefficient § = f(e) is a meromorphic function
which depends on a,, b,, and ¢, in a not easy way (see 7, 14,18,
19]). In [14] Ortega gave for the first time an explicit formula
for B and subsequently Zhang in [7, 19] provided some
refinements of it making the dependence with respect to
a. more synthetic and very practical for applications (see
[5,7,19-21]). The open problem consists of studying the first
zero of B(e) in order to estimate e-range for the stability of
@, In this direction the results in [7] could be useful. Finally,
it is important to notice that when g is really analytical the
recently Hanfimann and Simé’s results in [22] could be useful
to study the nonlinear stability for the continuation.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by Capital Semilla (2014-2015),
Project 00003967, and Pontificia Universidad Javeriana, Sec-
cional Cali, Cali, Colombia.

References

[1] P. Gomis-Porqueras and A. Haro, “A geometric description of
a macroeconomic model with a center manifold,” Journal of
Economic Dynamics and Control, vol. 33, no. 6, pp. 1217-1235,
2009.

[2] C. Sim6, “On the analytical and numerical approximation of
invariant manifolds,” in Les Méthodes Modernes de la Mecanique
Céleste, D. Benest and C. Froeschlé, Eds., Course Given at
Goutelas, France, pp. 285-329, Editions Frontieres, Paris,
France, 1989.

[3] W. Loud, Periodic Solutions of Perturbed Second-Order Auto-
nomous Equation, Memoirs of the American Mathematical
Society no. 47, American Mathematical Society, Providence, RI,
USA, 1964.

[4] G. Hamel, “Uber erzwungene Schwingungen bei endlichen
Amplituden,” Mathematische Annalen, vol. 86, no. 1-2, pp. 1-13,
1922.

[5] D.Nuiiezand P. ]. Torres, “KAM dynamics and stabilization of a
particle sliding over a periodically driven curve,” Applied Math-
ematics Letters, vol. 20, no. 6, pp. 610-615, 2007.

[6] R. Ortega, “A forced pendulum equation with many periodic
solutions,” Rocky Mountain Journal of Mathematics, vol. 27, no.
3, pp. 861-876, 1997,

[7] J. Lei, X. Li, P. Yan, and M. Zhang, “Twist character of the least
amplitude periodic solution of the forced pendulum,” SIAM
Journal on Mathematical Analysis, vol. 35, no. 4, pp. 844-867,
2004.



10

(8]

[9]

(10]

(11]

(12]

(13

(15

(16]

(17]

[20]

[21]

(22]

J. Mawhin, “Seventy-five years of global analysis around the
forced pendulum equation,” in Proceedings of the Equadiff 9,
Conference on Differential Equations and Their Applications, pp.
115-145, Brno, Czech Republic, August 1997.

J. Leray and J. Schauder, “Topologie et quations fonctionnelles,”
Annales Scientifiques de 'Ecole Normale Supérieure, vol. 51, no.
3, pp. 45-78,1934.

J. Llibre and R. Ortega, “On the families of periodic orbits of the
Sitnikov problem,” SIAM Journal on Applied Dynamical Systems,
vol. 7, no. 2, pp. 561-576, 2008.

R. Ortega and A. Rivera, “Global bifurcations from the center
of mass in the Sitnikov problem,” Discrete and Continuous
Dynamical Systems Series B, vol. 14, no. 2, pp. 719-732, 2010.

S. Krantz and H. Parks, The Implicit Function Theorem History,
Theory and Applications, Birkhduser, Boston, Mass, USA, 2002.

E. Freire, A. Gasull, and A. Guillamon, “First derivative of the
period function with applications,” Journal of Differential Equa-
tions, vol. 204, no. 1, pp- 139-162, 2004.

R. Ortega, “The twist coefficient of periodic solutions of a time-
dependent Newton’s equation,” Journal of Dynamics and Differ-
ential Equations, vol. 4, no. 4, pp. 651-665, 1992.

J. Sotomayor, Licdes de Equacdes Diferenciais Ordinarias, Proy-
ecto Euclides No 11, Instituto de Matematica Pura e Aplicada
(IMPA-CNPq), Rio de Janerio, Brasil, 1979.

E. A. Coddington and N. Levinson, Theory of Ordinary Differ-
ential Equations, McGraw-Hill, New York, NY, USA, 1955.

J. Méser, “On the invariant curves of area preserving mappings
of an annulus,” Nachrichten der Akademie der Wissenschaften in
Gottingen. 1I. Mathematisch-Physikalische Klasse, vol. 2, pp. 1-
20, 1962.

R. Ortega, “Periodic solutions of a newtonian equation: stability
by the third approximation,” Journal of Differential Equations,
vol. 128, no. 2, pp. 491-518, 1996.

M. Zhang, “The best bound on the rotations in the stability
of periodic solutions of a Newtonian equation,” Journal of the
London Mathematical Society, vol. 67, no. 1, pp. 137-148, 2003.
D. Nuiiez and P. J. Torres, “On the motion of an oscillator with a
periodically time-varying mass,” Nonlinear Analysis: Real World
Applications, vol. 10, no. 4, pp. 1976-1983, 2009.

D. Nunez and P. J. Torres, “Stabilization by vertical vibrations,”
Mathematical Methods in the Applied Sciences, vol. 32, no. 9, pp.
1118-1128, 2009.

H. Hanfimann and C. Simd, “Dynamical stability of quasi-peri-
odic response solutions in planar conservative systems,” Inda-
gationes Mathematicae, vol. 23, no. 3, pp. 151-166, 2012.

Abstract and Applied Analysis



