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On the boundedness of solutions to a nonlinear singular
oscillator *

Anna Capietto, Walter Dambrosio and Bin Liu

1 Introduction

In this paper we are concerned with a second order scalar equation of the form
2"+ V'(z) = p(t), (1.1)

where p is a m-periodic function and, for z > —1,

being ~ is a positive integer.

Our main result consists of proving that all solutions to (1.1) are bounded; moreover, we deal,
in the more general case when v > 2 is any real number, with the existence of Aubry-Mather
sets for (1.1).

These two problems have been considered by various authors in the last years.

The question of the boundedness of all solutions is the famous Littlewood problem. It has

been studied, among others, by D. Bonheure-C. Fabry [2], M. Levi [6], R. Ortega [12] and the

third author [7] in the case when, instead of (1.2), a regular potential is treated. In particular,
b

attention has been devoted to the asymmetric resonant potential W (zx) = gm’i + 5962,, being

1/v/a+1/vb = 2/n for some n € N. In this framework, we refer to the papers by R. Ortega

[11] and the third author [8],[9].

*Under the auspices of GNAMPA-I.N.d.A.M., Italy and NNSF of China. The work has been performed in
the frame of the M.I.U.R. Project 'Metodi Variazionali e Topologici nello Studio di Fenomeni Non Lineari’ and
by the GNAMPA-I.N.d.A.M. Project 'Equazioni Differenziali Ordinarie Non Lineari: Teoria ed Applicazioni’
and NNSF of China 10325103



In the above quoted results, the main tool for the proofs is Moser twist theorem, or its variant
given by R. Ortega in [12].

The question whether an equation of the form (1.1) has solutions of Mather type is interesting
as well, since Mather sets (and the knowledge of their rotation number) provide a rather
complete qualitative description of the dynamics of (1.1). In this framework, together with the
pioneering work of J. Moser [10], we refer in particular to the paper [13] by M.L. Pei, who gave
a sufficient condition for the existence of Aubry-Mather sets for some planar maps.

Our results may be considered of some interest since, to our knowledge, it is the first time
that the question of the boundedness of all solutions (as well as the existence of Aubry-Mather
sets) is treated in case of a singular potential. As far as the existence of periodic solutions (of
fixed period) is concerned, for the case of singular potentials we refer to the the work by P.J.
Torres [14]. It has to be pointed out that the singularites considered in [14] (and references
therein) are different from those we consider in this paper. Finally, it is worth mentioning that
in the framework of Moser twist theorem it is announced in the Introduction of the paper [6]
the possibility of treating singular potentials, which are different from (1.2).

Concerning the choice of the potential V', we point out that the crucial estimates in Lemma
2.1 and Lemma 2.2 are valid for a class of functions satisfying some regularity and growth
conditions that we state at the end of Section 4. In particular, we deal with the case when
limg 00 V(z)/2? = n?/2, for some n € N; this means we consider potentials which are
”asymptotically resonant” at +00. We decided to treat a potential of the form (1.2) since it
represents a typical example where these conditions are easily obtained.

We point out that our main results (Theorem 4.1 and Theorem 4.2) are proved under the
assumption that

1 ™
1+2/p(t0+9)sin9d6>0, Yt € R. (1.3)
0

This condition obviously holds in case p = 0, p “small” and also in case the function
(1/2) [y p (to + 0)sin @ df vanishes at some point. For comments on (1.3) in relation with the
Lazer-Leach condition, we refer to Remark 4.3.

In case hypothesis (1.3) fails, then the existence of unbounded solutions can be proved on the
lines of the work [1] by J.M. Alonso and R. Ortega. We refer to Remark 4.4 for more details
on this subject.

The proofs of our results consist of two main steps. First, equation (1.1) is written as an
equivalent planar hamiltonian system, using

1 1 1
H(x,y,t) = 7y2+*$i+m

2 2
Then, new variables of ”area-angle” type are introduced. The main task consists of developing
careful estimates on the Poincaré map in order to apply Ortega’s variant of Moser twist theorem

— 1 —xp(t).



and Pei’s theorem on the existence of Aubry-Mather sets. It is clear that the singularity of the
potential V' represents a very serious difficulty.

More precisely, we need to estimate (among others) the n-th derivative (n = 0,...,5) of the
time-map

Qp 1
T (h) = 2/0 W ds,

where, for a fixed h, the number o, € (—1,0) is such that V(—ap) = h (cf. Lemma 2.1).

Moreover, the map
ap
I (h) = 2/ VAR =V () ds,
0

together with its derivatives, has to be estimated as well. For these estimates, we have borrowed
some techniques from the Appendix of the paper by M. Levi [6].

2 Preliminary lemmata

Let us consider the second order equation
2"+ V'(z) = p(t), (2.1)

where p is a m-periodic function, 7 is a positive integer and

1

1 2

-1, Va>-1.

2.1. Definition of the time and area maps.

For every h > 0 we denote by Iy(h) the area enclosed by the (closed) curve

5y2 +V(z) = h.

Let —1 < —ap < 0 < By be such that
V(—an) =V(Bn) = h.

It is easy to see that

To(h) = Q/ﬂh VA=V (s))ds, ¥h>0. (2.2)

—ayp

By means of a simple computation we get

Bh 0 ap,
Iy(h) :2/0 \/Q(h—V(S))dS-i-Q/ \/2(h—V(S))d8:7Th+2/O V2(h—V(=s))ds.

—ayp,



For every h > 0 let

‘We then have

Moreover, let

and

0 2(h —V(—s))
Note also that T (h) = I+ (h), for all n > 0.

2.2. Estimates on the maps I_ and 7T_ and their derivatives.

The following lemma (whose proof is given in the Appendix) is crucial for the sequel.

Lemma 2.1 For everyn=20,1,2,...,5 we have
dT_ 1 V2 1
=(—1)" — — 1\
Thn (h) =(-1) o (2n — 1! @D +o (h(2"+1)/2) , h— +o0.

As a consequence of Lemma 2.1, we can obtain that

LdFI_(h)

h dh¥

‘ < Col_(h), fork>1.

Moreover, for h = hy(Ip) (the inverse function of Iy), it follows that

d*h(I1
" dl(k)’ < Coh(I), for k> 1,
d*Ty(h) d*T_(h)
k@10 k
h dhk’ < CoTo(h), |h —ank < CoT-(h), fork >1.
kTo(h(I kT (h(]
IkWI < CoTo(h(1)), Ikddgf()) < CoT-(h(I)), for k> 1.

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.10)

We observe that, in particular, there exist positive constants ¢, Co, cf, Cy), ¢y, C{j such that

coVh < I_(h) < CoVh,

(2.11)



S <7 ()< 2L, (2.12)
Vh Vh
// C/l
<T'(h v 2.13
ST < (213)
for h sufficiently large.
2.3. Some useful changes of variables.
Let us observe that (2.1) can be written as a Hamiltonian system of the form
x/ — 87H
=5y
(2.14)
y__9H
y - ax )
where
Hz,yt) = s + 222 4 — 1 ap()
'Y _Qy 92 + (1-%’%)7 P .
For every (z,y) € (—1,+00) x R, let us define (6,1) by
1= I(h(z,y)) (2.15)
and
( x
T‘(h + arcsin ———— ifx>0,y>0
2h(z,y)
x .
) 47— arcsin ———— ifx>0,y<0
2h(z,y)
0(x,y) =
/ ! d ifr<0,y>0
- S if x Y
—an V2(h(z,y) +1— (1 —s2)77)
(T w ! ds| ifx<0,y<0
0 1 y ’
\ *ah\/z (,y) +1—(1—s%)77)
(2.16)
where !



In the new variables (6, I) system (2.14) becomes

OH
0 =—
oI
(2.17)
0H
I'=——
06’
where
H(0,I,t)=mho(I)—mx(I,0)p(t). (2.18)
Before stating the next lemma, we observe (and refer to the Appendix for details) that we can
write
Viz)y 1 (1-(1-2?))(1+(2y+1)2?)
=1- = — .
(v (x)) b). Plw) =5 >

Lemma 2.2 For I sufficient large, the following estimates hold:

k02(1,9)
aI*

’Scﬁ for 0<k<6.

PROOF. For x > 0, by the definition of 6, we have

o B (T2, T,

It is a direct computation to prove that, for z > 0, the Lemma holds true. Hence, it is sufficient
to prove that, for x < 0,

ﬁ@§<cu+@ for 1<k<6 (2.19)
oIk | — ’ - = '
o k=1
From the definition of 6, we have
0 r 1

To(h) ds, forxz <0,y >0.

20 o, 2R V(5)

Take the derivative with respect to the action variable I in both sides of the above equality
(the angle variable € is independent on 1)

9_

8/11%
2 01 o, \2(h=V(s))

To(h)hr



As what was done in the paper of Levi [6], we may get

sz /_a ¢2(ZS V) 2 i V(@) <9” - % ‘Y((?)> i % /_a (i - ¢($)> Z(ZSV)

which yields that

xr =+/2(h—V(x))

w5t [, (3-00) T

By the definition of 6, we have

/ 0 hy [7 1 1 — @ ’ hTé(h) — 1 S ; S
w5 [ (3799) v = l/ah (T —2+%9) Vv )

Let F(a,I) = /_; <hTTO(’)((hh)) N % + )) 0 i V(S))ds (2.21)
o 1 = /20 = V(m))%F(m, D+ % ‘Z((”;)) (2.22)
Now, it is useful to observe that since

Vo) _1=0=a) oy g,

V'(x) 2yx

there is a constant ¢y such that

) <c¢o(1+2x), foraxze(-1,0).

Because |h;/h| < 17! and g, < 1, it is enough to prove that there is a constant ¢z such that

V2(h =V (2))|F(z,I)| < ca(ap + z). (2.23)

Let
ap +x

V2(h=V(x))

G(z,I) =
Then there is a large constant co such that
—coG(z,I) < F(x,I) < coG(x, I).

Indeed, note that since
F(—ap,I)=G(—ap,I) =0,



it is enough to prove that

oG OF oG
—02%(@[) < %(x,f) < 02%(37,1).

However, from (2.9) it follows that there is a constant ¢, such that

(hﬂﬂm<_1 1

, 1
To(h) 2+¢@0 2h— V(@)

= VA V@)

‘gng%:

By a direct computation, we obtain

oG o] = V'(x)(ap + x) ‘ 1
oz &) (1 - V() ) 2(h — V()

JFrom V”(x) > 0 and h = V(—qy,), it follows that

V'(z)(ap + x) < 1
2(h=V(z)) | — 2’
so for ¢y > 2¢),, we may get
oG oF oG
o < < o
2y (z,I) < o (x,I) < ¢y D (x,I).

Note that oy < 1 and if we choose
c1 = (CQ + Co)C,

then we get the estimate (2.19) for k£ = 1.
o k=2

First we introduce an operator £ as follows. For a function f(z,I), define

L(f)= % Kf“;,)m - ;f] + f1. (2.24)

Then

T (THh)h 1 hy V(x)
w:\@w—V@D/%<3MmI—MD>%h_wgﬂ&+;.w@y

The following equality (whose proof can be found in [6]) is crucial for the sequel:

d [* 1 - 1 . i @ )
df/—ahg<s’1) 2(h(I)—V(5))d3_ _ahﬁ(g) 2(h(1)—V(S))d + g( >I)hF( ).

(2.25)



We now state the important

CLAIM 1. Suppose that the function g(z, I') is continuous and there is a constant ¢y such that
lg(x, I)| < coI 7%, for some k € N. Then we can find a constant ¢; such that, for —a;, < 2 <0,

V2~ V(@) |/_ o(s, I)Mds < oI F(ap + 7). (2.26)
In particular,
a(h— V@) - Fz, )| < c(an + ). (2.27)

The proof of this claim is just like what we do in the proof of the estimate on xj.

We prove now (2.19) for k = 2. Let g1(z,1) = I*g(z,I). Then the above inequality (2.26) is
equivalent to the following

z 1
20— V(@) |/_a 1(0,1) s

From (2.22) it follows that

ddI 2(h—V(z (W > (2.28)

Hence, differentiation in both sides of (2.22) with respect to I gives

rn = 1 (VAR V@) - ViR ) B + M0 (Ve +

+% [ 20— V() - %F(I D+ <1 - W) m] .

JFrom (2.21), (2.25) and (2.26), it suffices to prove the following estimates for obtaining (2.19)
for k = 2:

< ci(ap + ).

\V'(x)F(z,1)| < c-\/2(h—V(z)), (2.29)
d
‘ 2(h — V(z)) - o7 F(z, I)‘ <c-I'Yap+2). (2.30)
Indeed, if the above inequalities hold, then we have
2l < d*|2w—vuwFMJn+d4(|2w—vumeJﬂ+m+x0

tel™! []\/ (h—=V(z —F (x,1) |+I_1(1+:c)] <ecl?(1+42).




Note that here the constant ¢ in the different lines has different quantities. However, these
constants are independent of I and x.

The proof of (2.29).

et TIh 1
ZQO(h) — 5+ o). (2.31)

It is enough to prove that there is a constant ¢ > 0 such that
2(h = V(x)) .. V2(h = V()

c.ng(mJ)S Vi)

f(.iL',I) =

Arguing as in the proof of the estimate of xy, it suffices to prove that

_V'@)* /9 V(2 (V=) )2 /7 VI (z
. ,/2(h V(z)) < f(z, 1) <o V2(h=V(z

(V’(x)) 2(h — V(x)) ~ (V'(x))?

(2.32)

Since Tj(h)h/Ty(h) is bounded, ¢ is continuous in the interval [—1,0] (cf. Appendix), there is

a constant ¢ > 0 such that |f(z,I)| < ¢. Choose ¢ = 2¢/. Then (2.32) holds, which yields
(2.29).

Indeed, we can prove the following fact (which contains (2.29) as a particular case) that will
be used later.

CLAIM 2. Suppose that there is a constant ¢y such that |g(z, I)| < coI =¥, then one may find
a constant ¢ > 0 such that, for —ap <z <0,

! * 1 —k .

V() /_ah 00,1 rsdo| < el 2T V@) (2.33)
The proof of (2.30).
By (2.25) and the definition of f(z,I), we have

d [T 1 hi
(2.34)
Note that
Of (=, 1) _
9y 0=

and

Of(x, 1) _ hr ToTygh* + ToTyh — (Tgh)* .

oI h 72 ’

10



by (2.8), (2.9), the definitions of £ and f(¢,x), there is a constant ¢ > 0 such that
IL(f) < T

An application of Claim 1 shows that

T 1 .
‘\/2(/1 V(@) N £(f)\/mds‘ < eI Y ap + ).

Moreover, using the fact that f is bounded, inequality |h;/h| < cI~!, and (2.27), we get

)\/2(h vy [ I)%F(m, I)ds) < eI Yap +2).

—ayp,

This proves (2.30).

o k=3
Let ) . , )
Ml = 50 (D) ==t he(D) =3
and
hz, 1) = <; 2(h—V(x))—V’(:E)F(x,I)> F(z,I)
fo(e, D) = VAR V(@) R D) + (1_W) o
Then

xrr = hi(I) fi(z, 1) + ho(I) fo(@, I) + h3(I) f3(w, I).
Moreover, from the discussions in the proof for the case k = 2, we have
lfi(z, D) <c(l+z), |foz, )] <c(l+az), |f3(z, )] <l M1+ 2). (2.35)
By the estimates (2.8) and (2.9), it is easy to verify that

dhy(I)
dl

dha(I)
dI

dhs(I
‘ <el 3, ‘;I()‘ <ecl 2 (2.36)

)

il [hol < eI™2,  |hs| < eI, '

Because of (2.35) and (2.36) and

Bz (dhy(I) d
M@f:g( S pe D) S D).

11



it suffices to prove the following results for obtaining the estimate on xjs:

%fl (z, )| < I 11 4 z), (2.37)
C%_fQ(x, D <el™'(1+2), (2.38)
%fg(a;, | <el2(1+2). (2.39)

The proof of (2.37).
From the definition of f; and (2.28), it follows that

hr (1 d 1 d
jlfl(x, I)= <2,§ <2 2(h=V) - V/F> —V"xF — V’dIF> F+<2 2(h—V) — V’F> - F

JFrom (2.8), (2.23), (2.29), (2.30), and the estimate on 7y, it follows that

c (1—1 2(h — V(@))|F| + I [V"(2)(1 + 2)F(z, )| F(z,1) + /2(h — V() CZF(WN)

< oI YA+ 2)+ YW (@)A + 2)F(x, I)|F(x, I).

IA

d
@, 1)

Now we estimate the last term in the above inequality.

From the definition of V', there is a constant ¢ > 0 such that
V(@)1 +2)| < c([V'(2)] + (1 +2)).

Indeed, if x € [—-1/2,0], we know that |V"(z)| < ¢, while for z € [-1,—-1/2], |[V"(2)(1 + z)| <

c|V'(x)].

From this inequality, it follows that
IV (@) (14 2)F(z, D)|F(x,I) <l 'WV'(2)F(z,1)|F(x,1)+cl (14 2)(F(x, 1))

< eI 'Wh—=V(z)F(z,I) +cI ' (1+2)

< oY1 +2),

where we have used (2.29), (2.26) and |F'(z,I)| < ¢. The proof of (2.37) is completed.

The proof of (2.38) follows from (2.26), (2.28), (2.29), (2.30) and a direct computation.

The proof of (2.39).

First note that

d hr (1 d
2

VA V@) -l D)+ (1 () — ¢/ () )

12



In order to get (2.39), it suffices to show the following estimate:
2

’ 2(h —V(x)) - %F(m I)' <cl?(1+x).

JFrom (2.34) and (2.25), we have
2

IR V1) e ——— LY

an 2(h =V (s)) h

By the definitions of £ and f(x,I), it is easy to verify that

Pz, 1)+d% ( f(g;,f)}ZF(x,I)> - (2.40)

[L(L(f (e, D) < el 2 |L(f(z, D) < el
Inequality (2.26) implies the following estimates
z 1 h]
‘\/201 V@) ( | B st £ e f))

for —1 < 2z < 0. Now we estimate the last term in (2.40). ;From the definition of f(x,I), we
have

<ecl2(1+2z),

d hi . R2TY KT} (RTH\?| hr\ b1
dI(f(:c,I)hF(x,I)> = (¢>(x):c1+ T +TO—<TO> 5| 5 F@. )
hirh — h2 hr d
+f (. )=y (1) + f (. D)7 2 F (D).

JFrom (2.23) and (2.30), it follows that, for —1 < z <0,

‘m. d% <f(a:,I)IZF(x,I)> ‘ <l (1 + ).

Then, (2.39) follows from the above discussions.
o 4<k<6.

For obtaining the estimates in the general case, we must prove the following:

mn

d
‘d[nfl x, 1) ‘ <ecl™™(1+ ), ‘d[”f (z, I)‘ <1+ 2), ‘fg x I)‘ <l Y1+ ),
(2.41)

for -1 <z <0.
In the proof of the above estimates, one may meet the terms V’(w)%F(x,I), V" (z)z LF,
VezxrF and so on. In order to estimate these terms, we have to use (2.33) and the fact:

k

(1+2)" V(@)

gc(\v'(x)\+(1+x)’f*1), for —1<az<0.

13



Moreover, we also need the following property of the operator L:
CLAIM 3. Suppose the function g : [-1,0] x RT — R, (z,I) — g(z, I) is smooth in z and
ok+i ,
et | < e lgte. 1),
then ‘ -

axkap“g("””)‘ < ol I g(a, ).

For the proof of Claim 3, it is sufficient to observe that from the definition of the operator L,
it follows that

ok+i okt o [h; (8’”1 V. o 10* >]

aeron 0@ D) = o e D+ o 50 | gt W) — 5 509

Because the proof of (2.41) is quite cumbersome, and contains no new difficulties, we omit it
here. The proof of Lemma 2.2 is complete. [ |

From Lemma 2.2 and (2.8), we know that H is invertible with respect to I for I large. Moreover,
H/I — 1 as I — +00. So we assume that I can be written, as a function of §, H and t, as

I=1, (Z + R(H, t, 9)> : (2.42)

where R satisfies |R| < H/m. Recalling that hg is the inverse function of Iy, from (2.18) we
deduce that

g +R(H,t,0) = ho(I) = H+aR(H,t0) =rho(I) = R(H,t0)=x(I,0)p).

As a consequence, R is implicitly defined by

R(H,,0) = o (Io (f +R(H 9)) ,9) o(0). (2.43)

Lemma 2.3 The function R(H,t,0) satisfies the following estimates:

LOFR(H, t,0)

< < k <6. 44
’H DEF ‘_C\/ﬁ, for 0<k<6 (2.44)

14



PROOF.

e k= 0. This follows from the expression of R in (2.43) and Lemma 2.2. Moreover, from now
on, we assume that

1 H 2
—H < —+4+R<—H. (2.45)
2 T T

e k= 1. Taking the derivative with respect to H in both sides of (2.43), we obtain
OR _ 1 5 I(5 + Rp()

OH 7 1-G; Ip(% + Rp(t)

Hence, the result follows from Lemma 2.2, (2.7) and (2.45).

In the case of & > 2, one may get

ox , H IR oz o H o H
(1= 5 B+ o) e = X W my o 2Ry,

v g g 0
where 1 <n <k, ji+ - +jn=Fk, 1 <j1,---,jn < k. It is easy to verify (2.44) for k > 2. =

Analogously, one can prove the following more general

Lemma 2.4 The function R(H,t,0) satisfies the following estimates:

LOFTR(H ¢, 0)

H < H, f < < 6. 2.4
‘ BIF oL '_C\ﬁ, or 0<k+1<6 (2.46)

We are now ready to rewrite (2.17) with new variables. To this end, observe that from (2.43)
and Lemma 2.3, it follows that

R(H,t,0) =x(H,0)p(t) + Ri1(H,t,0), (2.47)
where the function R; satisfies

k ale (H, t, 9)

’H SIF ‘ <e¢, for 0<Ek<6. (2.48)

From the above discussions, we obtain

H
I=H+rR(H,t0)+1_ ( + R(H,t, 9)> =
s

= H +nz(H,0)p(t) + I (H) + /O1 I <H + sR(H,t, 9)> R(H,t,0)ds + 7R (H,t,0)

™ ™

— H + na(H,O)p(t) + I (f) + /01 T (Z + SR(H, t, 0)> R(H,t,60)ds + 7Ry (H, ,0).
(2.49)

15



From this relation we infer that

ol 1

1
o i 1p <H> trOpa(H, 0)p(t)+0n < / T (H + sR(H,t,a)> R(H,t,0)ds + Ry (H, t, 9)) .
oH T T 0 7r

Assuming now 6 as a time variable, (2.17) is transformed in the system

dt 1 H ! H
0= 1+ —-T_ <> +mxg(H,0)p(t) + On (/ T ( + sR(H,t, 9)) R(H,t,0)ds +7TR1(H,t,9)>
T T 0 T

O = —rn(H, O (1) 0 ( /0 e (f L SR(H.t, 9)> R(H, t,6) ds + nR; (H. 1, 9)) .
(2.50)

Suppose (t(6, Ho, to), H(0, Hy,tp)) is the solution of (2.50) with the initial data (to, Hp). Then
Lemma 2.2 implies that there is a constant ¢ such that

IWVH() —+/Hy| <¢c, for 0<6<m. (2.51)
A final change of variables is needed. Indeed, for every H > 0 let us define
p
H= = (2.52)

with p € [1/n,n] and € > 0. The constant n > 1 will be conveniently chosen in Section 4.
System (2.50) is then transformed into

dt _ . g _ .
@ =1+ €F([),t,9,€), do EG(pvtyea 6)7 (253)
where
11 H ! H
F = - [FT_ <7r> +mxg(H,0)p(t) + On </ T_ (7’[’ + sR(H,t,@)) R(H,t,0)ds +7Ri(H,t, 0))] ,
0

G {_M(E )y () — 0, (/01 T (H + sR(H,t,9)> R(H,t,0)ds + mRy(H,t, 9)> }

s

with H = p/e?. This system is a m-periodic Hamiltonian system in the new time variable 6.

3 Estimates on the Poincaré map

In this section we deduce the asymptotic development of the Poincaré map of (2.53), as € — 0.
This will be the crucial step in applying Moser twist theorem and Aubry-Mather theory to
prove our main results for (2.1).
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Definition 3.1 We say a function g(p,t,0;¢) € Ok(1) if g is smooth in (p,t) and

<,

ak1+k2
‘ g(p,t,0;€)

Otk19pk2

for some constant C > 0 which is independent of the arguments p,t,0, e, where k1 + ko < k.

Similarly, we say a function g(p,t,0;€) € ox(1) if g is smooth in (p,t) and
) 3/€1+k’2
lgr(l) Otk19pk2

g(p,t,0;¢)| =0, uniformly in (p,t,0),

where k1 + ko < k.

JFrom the previous lemmas and the definitions of the functions F' and G, we have
F, Ge 06(1)-
Now, let us denote by P the Poincaré map associated to (2.53), i.e. for every (to, po) let

(t1, p1) = P(to, po) = (t(m;t0, po), p(m; to, po)),

where (t(-; 0, po), p(+; to, po)) denotes the solution of (2.53) satistying (¢(0; to, po), p(0;to, po)) =
(o, po)-

We will prove the following result:

Proposition 3.2 The map P satisfies
1 1 [" .
t1 =to + 7+ €\/27p, 1+§ p(to+ 0)sin@df | + eos(1)
0

p1=po— e\/27rp0/ p (to + 0)sin @ df + eo5(1),
0

(3.1)

for e — 0.

We will prove Proposition 3.2 by means of the estimates that we are going to deduce below.

First of all, from (2.53) we may assume that the solution of (2.53) with the initial data (¢g, po)
is of the form

t(e) =to+ 0+ €F1(97t07003 6)) 10(0) =po + 6F2(07t07,00; 6)'

Substitution into (2.53) yields that

0 0
Pl = / F(p0+6F2,t0+9+6F1,9;€)d9, FQ :/ G(po+6F2,t0+9+6f1,9;6)d9.
0 0

17



JFrom standard differential inequalities, it follows that

OFHIT9(0, po, to; €)
Doty

’ak+lrl(07 Lo, tO? 6) < CO fOI’ k’ + l < 6

Dty

that is, 'y, T2 € Og(1). It is easy to show that

0 0
Iy = / F(po,t0+9, 0; 6)d(9+€06(1), I :/ G(po,t0+9,9;e)d0+506(1).
0 0
By Lemmas 2.3 and 2.1, the definitions of ' and G, we have

1 1
Flpo,to+0,0;¢) = [ T ( A0 ) +7rxH(§,9)p(t0 +9)} + eO0g(1),

€ |7 me?

Glpo,to + 0, 65¢) = —mex(55.,0)p/(to + 0) + €05 (1).

Now we obtain that the Poincaré map of (2.53) is of the form
t1 =to +m + €eL1(po,to,€) +€o5(1), p1 = po+ eLa(po, to, €) + €05(1), (3.2)

where

1 ™ ™
L1(po to, €) = T_<p0>—|—/0 mH(g,H)p(to—l—G)dG, L2(p0,t0,e):—m/0 x(%,@)p’(to—i—@)dﬁ.

me2) €
(3.3)
In the following lemma, we give estimates of L and Lo.
Lemma 3.3 The following estimates hold true:
2 ™
Ll(po, to, 6) =4/ il + 4/ 7T/ p(to + 0) sin 0d6 + 605(1)
Po 2p0 Jo
(3.4)

La(po, to, €) \/27Tp0/ '(to + 0) sin 6dO + €O5(1),

for e — 0.

PROOF. The proof is based on the following estimates
meas {6 € [0, 7], z(Hp,0) >0} =7+ €Og(1), meas{f € [0, 7], z(Ho,0) <0} = eO0¢(1), (3.5)

where Hy = ¢ 2py. To prove them, let us first observe that from (2.16) it follows that

7.(.2

meas {0 € [0, 7], z(Ho, 0) > 0} = m;

(3.6)

18



where

h(a,y) = 5y (Ho, 0) + V(x(Ho, ).
Here Hy plays the role as the action variable I, that is (cf. (2.4)),
Ho=mh+1_(h).
Inequalities (2.11) and (2.7) imply that there is a unique function H such that

o

h + H(Hy).

Moreover, similar to the proof of Lemma 2.3, one may get, for k > 0,

< Co\/Ho.

OdH

k dk
HE——H(H)
0

In particular, we have

1 3
—Hy < h < —H,.
27 27

From these estimates, (2.12), (2.13) and (2.9), it follows that

d* H, _
’H[’deg (T_(h) - T_(WO))’ < Cy- Hy .
Hence,
T_(h) = T_(%) +206(1) = \/\/iiz e+ €206(1). (3.7)

The first conclusion in (3.5) follows from (3.6), (2.5) and the above estimate. The second
conclusion in (3.5) is obtained by

meas {0 € [0, 7], z(Hp,0) < 0} = To(h) — meas {6 € [0, 7], x(Ho,d) > 0}.
Now, let us complete the proof of the Lemma. We recall that, when x < 0, we have
|(Ho, 0)| = O6(1),  |xx(Ho,0)| = € O5(1).
When x > 0, from the definition of 4, it follows that

$(H0, 9) _ T()(h)
V2h T

T_(h)
-

=0+ 605(1),

arcsin

which yields that

sin 6 + €205(1).

x(Hy,0) = V2hsin(d + €05(1)) = \/@sinﬁ—i— O5(1), xp(Ho,0)=

Ti10
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Hence, we have

Lot = 2= (£25)+ 7 ["aou(%.0)p(t0 +0)as
0

2
_ ,/ ™ / 251 (Ho, 0)p(to + 0)d8 + 05 (1)
{0€[0,r]:x(Hop,0 >0}

ul / 2 (Ho, 0)p(to + 0)d6
(0e(07]:2(Ho.6)<0)

2r o7 / F :
_ 242 p(to + 0) sin0dO + eO5(1
Voo € Jioena(Ho0)>01 V 2mHo Go+6) W
[2m T 4 .
— % + \/g/o p(to + 6) sin0dh + €O5(1).

Recalling (2.52), we deduce that the first estimate in (3.4) holds true.

In an analogous way, we infer that

La(po, to, ) = —7TE/ x(Ho, 0)p' (to + 0)do
{6€[0,7]):x(Ho,0)>0}

7T€/ x(Ho, 0)p' (to + 0)do
{6€[0,7):x(Ho,0)<0}

= 7T€/ (Ho,e) (t0+0)d0+605(1)
{6€[0,7):x(Ho,0)>0}

2H,
= —me-y/ 0/ '(to + 6) sin 0d6 + €Os5(1).

Recalling (2.52) again, this concludes the proof. [ |

From Lemma 3.3 and the relations (3.2)-(3.3) we immediately deduce the validity of Proposition
3.2.

4 The main results

In the previous section we have proved that the Poincaré map associated to the initial equation
has the asymptotic development

1 s
t1 =t + 7T +ey/2mpy (1+2/ p(t0+¢9)sin9d0> + eo5(1)
0

p1 = po— e\/27rpo/ p (to + 0)sinfdf + eos(1),
0

(4.1)
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for e — 0.

This expression can be written in the form

ty = to + 7 + € l1(po, to) + €o1(po, to)

(4.2)
p1 = po + € la(po, to) + €d2(po, to),
with 1
ll(po, to) = 27rp61 <1 + 5 / P (to + 9) sin@d@)
0
2(po, to) = \/27Tp0/ (to + 0)sinf do
and

¢i:05(1>7 €—>0, i=1,2.
Moreover, it is easy to show that I; € C° and I, ¢1, o € C° when p € CS(R).

We are now in position to state and prove our result on boundedness of solutions of the initial
equation.

Theorem 4.1 Assume that v is a positive integer and that p € C(R) satisfies
1 K
1+§ / p(to+0)sinfdf >0, VityeR. (4.3)
0
Then, all the solutions of (2.1) are bounded.

PrOOF. We apply Ortega’s variant of Moser theorem as it is stated in Theorem 3.1 in [12].
Assumption (3.2) follows from (4.3); the regularity hypothesis (3.3) holds as well. In order to
check the validity of (3.5), it is sufficient to slightly modify the corresponding step in the proof
of Theorem 1 in [7]; indeed, one can prove the existence of Z(pg, tg) of the form ppa(tp), being
« a suitable function satisfying (3.4) — (3.5) — (3.6). This is the point where we suitably choose
the constant n introduced at the end of Section 2. [ |

Using the estimates developed in the previous sections, we can also obtain a result of Aubry-
Mather type.

Theorem 4.2 Assume that v is a positive integer and that p € C(R) satisfies (4.3); then, there
is an €g > 0 such that, for any w € (1/m,1/7+ €o), equation (2.1) has a solution (z.(t),z.,(t))
of Mather type with rotation number w. More precisely,

e if w=p/q is rational, the solutions (x,(t + 2ir), x! (t + 2i7)),1 <i < ¢ —1 are mutually
unlinked periodic solutions of period qmw; moreover, in this case,

lim min(|z., ()] + |2(,(£)]) = +00;

gq—0 teR
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/

',(t)) is either a usual quasi-periodic solution or a

e if w is irrational, the solution (x,(t),z
generalized one.

We recall that a solution is called generalized quasi-periodic if the closed set

[(wo(2im), o, (2im)),i € Z}

is a Denjoy’s minimal set.

PROOF. We apply Aubry-Mather theory. More precisely, according to [13], we first recall that
limp 4o To(h) = 7. For the applicability of Theorem B in [13], it is sufficient to check that
the Poincaré map P has the monotone twist property. To this aim, we need to show (cf. (4.2))

that
oty

Ipo
for € > 0 sufficiently small. It is straightforward to check that this is a consequence of assump-
tion (4.3).

> 0,

The above results are valid for any continuous potential V : (a,+o0) — R, a € R, which
satisfies the following assumptions:

(V1) there exists b > a s.t. V(b) =0=V'(b);

(Vo) V € C7((a,+00) \ {b}), lim, ., V(x) = +oo;

(V3) the function W (z) = V(x)/V'(z) is of class C®((a, +o0) \ {b}) and

lim ‘W(j)(:c)‘ < 400, j=0,....6 (4.4)

r—a~ ,x—b
(V4) there exists ¢ > 0 s.t.

dk
(z —a)k1 WV(.%) <c (|V’(x)| + (z — a)k_l) , for x>a and k=0,...6;

1
(V) V(x) = §n2m2 + r(x), where r is e.g. of the form

1 1
o ! o - k) _
r(x) = O(x), r(l‘)—c+0<x2>, r ($)—O<x1+k),]€22, x — +00.
. . 1, 1 :
It is easy to observe that the function V(z) = 2%% + (172)7 — 1 that we have treated is
—x°

an example of a singular ”asymptotically resonant” potential satisfying (V1) — (V5). Moreover,
we remark that, as far as Theorem 4.1 is concerned, the restriction v € N can be weakened;
indeed, it is sufficient to require v € R with v > 5.
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As for Theorem 4.2, we observe that in the proof it is sufficient to perform a C!'-development
of the Poincaré map. This means we just have to estimate I_,T_,T" ,T”; these estimates can
be obtained once, besides (V1) and (Vj), it is assumed

(12)" V€ C3((a, +00) \ {b});

(V3)" the function W (x) = V(z)/V'(x) is of class C%((a, +o0) \ {b}) and

lim
r—a~ ,x—bT

WO(@)| < 400, j=0,1,2 (4.5)
(V4)"  there exists ¢ > 0 s.t.

k1| d*
) V()

(x—a @

SC(!V/(.%)\—l-(:U—a)k_l), for >a and k=0,...2.

In particular, if we take V' as in (1.2), then Theorem 4.2 is valid in case v > 2 is any real
number.

Remark 4.3 Assumption (4.3) can be compared with the well-known Lazer-Leach condition

27
[ e ] < 2aeoc) ~ i(-o0) (46)

being h(+o00) = liminf,_, 1o h(x) and h(—oo) = limsup,_,_ . h(x). According to [5], condition
(4.6) guarantees (and in some cases characterizes) the existence of 2m-periodic solutions for
2" + n%x + h(z) = p(t). For improvements and comments on Lazer-Leach type conditions
in a more general context, and in relation with the question of coexistence of periodic and
unbounded solutions, we refer to the paper by C. Fabry-J. Mawhin [3]. In case of resonant
asymmetric (or isochronous) oscillators and h = 0, it is now known (cf. [8]) that Lazer-Leach
type conditions play a central role also when the question of boundedness is treated. On the other
hand, boundedness of all solutions is guaranteed by [11] assuming that p is "sufficiently small”
for an equation of the form x” +ax™ —bx~™ = 1+p(t). Theorem 4.1 provides a condition for the
boundedness of all solutions in case p is not necessarily small. Moreover, our condition (1.3)
obviously holds in case p =0, p "small” and also in case the function (1/2) f(;rp (to + 0)sind do
vanishes at some point. In other words, we are able to treat cases when a Lazer-Leach type
condition might fail.

In the framework of Lazer-Leach type conditions, an interesting contribution has been recently
given by A. Fonda-J. Mawhin [}]. More precisely, in the case of planar first order systems in
[4] it is examined the question of the coezistence of 2m-periodic and unbounded solutions.

Remark 4.4 An asymptotic development of the Poincaré map of the form (4.1) is treated by
J.M. Alonso and R. Ortega in [1]. From Proposition 2.1 in [1], it follows that if the function

|- . ) .
0 — <1 + 3 fo p(to+0) sm9d0> has simple zeros then there are unbounded solutions. In par-

ticular, we observe that we can study the existence of unbounded solutions in case our hypothesis
(4.3) fails.
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5 Appendix

Proof of Lemma 2.1.

We first develop some preliminaries; the proof of Lemma 2.1 can be found at the end of this
section.

Let

For every x € (—1,0), we have

—22)(1— (1 —2?)
Wi A=A )

— (1 — z2)7 22
W'(2) = 1 - é(a), ¢(w):217(1 (a >)g§21+(2’7+1) )

The function W is even; from now on, we will denote by V' the function V(—|z|). In this way,
we can consider the interval (0,1) instead of (—1,0). It is easy to see that

limx*)()"‘ W(.’L’) =0, lim, ,{- W(x) =0;

(5.1)
lim,_ o+ ‘W(j)(x)‘ < 400, lim, - ‘WU)(:L‘){ < 400.
For every u = u(h,x), let (u) be defined by
) ) = w(h.a) + o)+ (1) (1) (5.2
u)(h,z) = un(h, @) + ulh, @) + o ugs ,T), :

where ' means the derivative with respect to the z-variable.

For every positive integer n let K" =K o...0o K (n times). We will be interested in a formula
for KC™(1):

Proposition 5.1 For every n > 1 we have

1
K"(1)(h,z) = ﬁPn(x), (5.3)
where P, is recursively defined by
Paae) = (3 =) o) + OV P, nz1
(5.4)
Pi(x) = % + W' ()
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ProOF. 1. From (5.2) we immediately deduce

KA)(ho) = = + 2 W'(z) =

“on T h Pi(x),

1
h
which proves (5.3) for n = 1.

2. Assume now that (5.3) holds true for every integer from 1 to n; we show that it is fulfilled
also for n + 1. Indeed, we have

1
K 0) = K ()ha) = K (1 Pla) ) (o) =
n 1 1 1 1
= *an(x) + o ﬁPn(x) + eS| (WP, (x)= XS] Poyi(z),
where P,y is defined in (5.4). ]
Proposition 5.2 For every positive integer n = 0,1,...,5 we have
(W P,)(0) =0, (W P,)(1) =0;
5.5)
! 2n — 3)!! (
/ Po(z) dz = (_1)n—1M’
0 2n
where
1-3-5-...-(2k—1) k>1
(2k — D! =
1 k=0.

PROOF. The first formulas in (5.5) easily follow from (5.1). We prove the formula for the
integral of P,; let

1
en:/ P, (x) dx.
0

JFrom (5.4) we deduce that

6 = /01 { (Z _ n> Po_i(2) + (W Pnl)’(a:)} do =

- (g - n) en1+ (W P,1)(1) = (W P,1)(0) = (2 - ”) €n—1-

As a consequence, we get

() o) () (e
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Now, let us observe that

61:/01P1(x)d:r:/01 (W’(x)—i—;) dx W(l)—W(O)+%:1-

from this relation and (5.6) we deduce that

ne1(2n—=3)-2n—-1)-...-5-3
2n ’

en = (—1)

which completes the proof.

We recall now formula (A3.2) from [6]; for every function u = u(h, x), let

0 ap,
7(h) _/ u(h, ) /b= V(5) ds _/O w(h, —s)\/h = V(s ds,

—ayp,

where «y, is defined by V(—ay) = h, for every h > 0. Moreover, let @(h,z) = u(h, —x). Then

we have
d @
dhz(h):/o K(@)(h, s)/h — V(s) ds.

By iterating this formula, we get

dn Qy, "~
ST(h) = /0 K™ (@) (h, s)v/h =V (s) ds,

for every integer n > 1.

We recall that
I_(h) = 2/0% V2(h =V (s))ds = 2\/5/0% Vh =V (s)ds,

for every h > 0; moreover, we have

T_(h) =TI (h), ¥ h>0.

Proposition 5.3 For every integer n =0,1,...,5 we have
d” 1 ap
T (h) = 2v/2 ) /0 Poy1(s)\/h —V(s)ds.

PRrOOF. From (5.10) we infer that
4" dn+1

WT—(M = WI—(h);
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(5.8)

(5.9)

(5.10)

(5.11)



we then apply (5.8) with u =4 =1 and (5.3):

d?’b (e9% 1 (e7%
WT_ (h) = 2\/5 / ’Cn+1(1)(h7 S)\/ h — V(S) dS = 2\/5 W / Pn+1(8)\/ h — V(S) dS.
0 0
This completes the proof. ]

We are now in position to prove Lemma 2.1; for the reader’s convenience, we recall its statement
below.

Lemma 2.1. For everyn =0,1,2,...,5 we have
dT- 1 V2 1
=(—=1)" — —_1)n —
T (h) = (-1) o (2n — ! 1 @nt1)/2 +o (h(2”+1)/2> , h— +4oo. (5.12)

PrROOF. From (5.11) we deduce that

n 1 (24
p(2n+1)/2 dT‘(h):2\/§\/g 0 " Poii(s)/h =V (s) ds

n o
pentnz g gy o / " Pra(s)y/1 - V) g,
dhn 0 h

Recalling that a5 — 1, for h — +o00, an application of Lebesgue dominated convergence
Theorem gives

and then

dTL
i @2n+1)/2 &
pim dhn

Using (5.5) from this relation we get (5.12).

T_(h) = Qﬁ/olpnﬂ(s) ds.
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