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1. Introduction

Consider the following model for nonlinear Duffing equation with a deviating argument

2" (t) + e’ (t) — ax(t) + bz (t — 7(t)) = p(t), (1.1)
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where 7(t) and p(t) are almost periodic functions on R, m > 1, a, b and ¢ are constants.

In recent years, the dynamic behaviors of nonlinear Duffing equations have been widely
investigated in [1-4] due to the application in many fields such as physics, mechanics, engi-
neering, other scientific fields. In such applications, it is important to know the existence of
the almost periodic solutions for nonlinear Duffing equations. Some results on existence of
the almost periodic solutions were obtained in the literature. We refer the reader to [5—7]
and the references cited therein. Suppose that the following condition holds:

(Hy) a=b=1, ¢=0, 7: R— R is a constant function, m > 1 is an integer, and

1.1 1
Sup p@)] < (—)m=1(1 = —). (1.2)
The authors of [6] and [7] obtained some sufficient conditions ensuring the existence of almost
periodic solutions for Eq. (1.1). However, to the best of our knowledge, few authors have
considered the problem of almost periodic solutions for Eq. (1.1) without the assumption
(Hp). Thus, it is worthwhile to continue to investigate the existence of almost periodic
solutions Eq. (1.1) in this case.

A primary purpose of this paper is to study the problem of positive almost periodic
solutions of (1.1). Without assuming (Hy), we derive some sufficient conditions ensuring the
existence of positive almost periodic solutions for Eq. (1.1), which are new and complement to
previously known results. Moreover, an example is also provided to illustrate the effectiveness

of our results.

Let Q1(t) be a continuous and differentiable function on R. Define

y= 0= Qi) Q) = pl) + (€~ A (D)~ (1) (1.3

where £ > 1 is a constant, then we can transform (1.1) into the following system
d”;?) = —&a(t) + (D) + Qi) "

WO — (e~ (1) + (a — €€~ )(t) b (¢ — 7(0)) + Q).

Definition 1 [see 8, 9]. Let u(t) : R — R™ be continuous in ¢. u(t) is said to be almost
periodic on R if, for any € > 0, the set T'(u,e) = {J : ||u(t + ) —u(t)|| < e for all ¢t € R}
is relatively dense, i.e., for any € > 0, it is possible to find a real number [ = I(g) > 0,
for any interval with length [(g), there exists a number § = d(g) in this interval such that

lu(t+9) —u(t)|| <e forall te€ R.
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Throughout this paper, it will be assumed that 7,Q1,Q2 : R — [0, 400) are almost
periodic functions. From the theory of almost periodic functions in [8,9], it follows that for
any € > 0, it is possible to find a real number | = I(¢) > 0, for any interval with length I(e),

there exists a number 0 = d(€) in this interval such that

Qu(t+0) = Qi) <& [Qat +0) — Q)] < |7(t+0) —7(t)] <e, (1.5)

for all t € R. We suppose that there exist constants L, L* and 7 such that

L = min{inf Q1(t), inf Q2(t)} > 0, L™ > max{sup Q1 (t),sup Q2(t)},7 = sup7(t). (1.6)

teR teR teR teR teR

Let C(|—7,0],R) denote the space of continuous functions ¢ : [—7,0] — R with the
supremum norm ||-||. It is known in [1—4] that for 7, @; and Q2 continuous, given a continuous
initial function ¢ € C([-7,0], R) and a number yg, then there exists a solution of (1.4)
on an interval [0,T") satisfying the initial condition and satisfying (1.4) on [0,T"). If the
solution remains bounded, then T" = +o0o. We denote such a solution by (x(t),y(t)) =
(x(t,0,90),y(t,0,90)). Let y(s) = y(0) for all s € (—o0,0] and z(s) = z(—7) for all s €
(—o0, —7]. Then (z(t),y(t)) can be defined on R.

We also assume that the following conditions hold.

(C1) n=minfe—1, (c—&) — a— &€ — )| — b} > L* > 0.

(C2) a—¢(§—¢) =20, b<O.

(Cs) (c—8&) > la—&(E— o)l +mlpl 2Ly,

2. Preliminary Results

The following lemmas will be useful to prove our main results in Section 3.
Lemma 2.1. Let (C7) hold. Suppose that (Z(t),y(t)) is a solution of system (1.4) with

initial conditions

.
#(s) = 3(s), §(0) = o, max{|3(s)]. lyol} < % selr 0 (2.1)
Then
L+
max{|Z(t)], |7(t)|} < r for all ¢ > 0. (2.2)

Proof. Assume, by way of contradiction, that (2.2) does not hold. Then, one of the

following cases must occur.
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Case 1: There exists t; > 0 such that

Lt Lt
max{[F(t)], [FE)l} = [#(0)] = == and max{[Z(@)], [FOl} < == for all t € [=7,1).

(2.3)
Case 2: There exists t9 > 0 such that

man2)] (62} = 7062 = 5 and ma{7(0)] 70} < - for all t € (-7t
(2.4)
If Case 1 holds, calculating the upper right derivative of |Z(t)|, together with (C1), (1.4),
(1.6) and (2.3) imply that
LT
0 < DY (|(t)]) < =&l@(t)] + [F(t)] + Qu(tr) < —(€ - D=+ @ut) <0,
which is a contradiction and implies that (2.2) holds.
If Case 2 holds, calculating the upper right derivative of |y(¢)|, together with (C1), (1.4),
(1.6) and (2.4) imply that

0 < D(|5(t2)])
< —(e=Oyt2)| + la = &€ = o[z(t2)] + [bl[Z"™ (t2 — 7(t2))] + Qa(t2)
Lt LTt
< —[(c—g)—|a—5(g_c)|—|b|(7)m*1]7+Q2(t2)
LT
< —[(0—5)—!a—§(§—0)\—!bH?Jer(tz)
< 0,

which is a contradiction and implies that (2.2) holds. The proof of Lemma 2.1 is now com-
pleted.

Lemma 2.2. Suppose that (C7) and (C3) hold. Moreover, we choose a sufficiently large
constant # > 0 such that for all t > 0, = f}—; < %, and

—Q1(t) < =8¢+ ¢, and —Qa(t) < —(c =€)+ (a —&(€ —¢))C — (™. (2.5)
If (Z(t),y(t)) is a solution of system (1.4) with initial conditions
T(S) = @(8)7 y(O) = Yo, min{@(s)vyO} >(, s€ [_77—7 O]' (2'6)

Then
min{Z(t),y(t)} > ¢, for all t > 0. (2.7)
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Proof. Contrarily, one of the following cases must occur.

Case I: There exists t3 > 0 such that
min{Z(t3),y(t3)} = T(t3) = ¢, and min{Z(¢),75(¢t)} > ¢ for all ¢t e [T, t3). (2.8)
Case II: There exists t4 > 0 such that
min{Z(t4),Y(t4)} =7(t4) = ¢, and min{Z(¢),y(t)} > ¢ for all t € [—T,t4). (2.9)
If Case I holds, together with (C7), (1.4), (2.5) and (2.8) imply that
0> 7' (t3) = —€x(t3) + Y(ts) + Qu(ts) > —£C + ¢+ Qu(ts) > 0,

which is a contradiction and implies that (2.7) holds.
If Case II holds, together with (C2) , (1.4), (2.5) and (2.9) imply that

0 > ¥y(ta)
= —(c—=&8y(ta) + (a = &(€ — ))T(ta) — bT™ (tsa — 7(ta)) + Q2(t4)
> —(c=&C+ (a—&(E—0))¢—bC™ + Qa(ts)

> 0,

which is a contradiction and implies that (2.7) holds. The proof of Lemma 2.2 is now com-
pleted.
Lemma 2.3. Suppose that (C}), (C3) and (C3) hold. Moreover, assume that (x(t), y(t))

is a solution of system (1.4) with initial conditions
. Lt
2(5) = @(s): y(0) = wo, ¢ <minfe(s),po} < max{e(s),pot < == s €[=7, 0. (2.10)

Then for any € > 0, there exists | = () > 0, such that every interval [a, a + [] contains at

least one number ¢ for which there exists N > 0 satisfies
max{|z(t + 6) — z(t)|,|y(t +0) —y(t)|} <e for all t> N. (2.11)
Proof. Since
: Lt m—1
min{g ~ 1, (=€) - o~ €€~ o) = mpl(z= )" 1} >0,
it follows that there exist constants A > 0 and - such that

+ _
7 =min{(§—1) = A, (&) —|a— (€ — o) — m|b|<2%>m1e”> SN} >0 (212)
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Let

{q@anw+®—@mx 213
€2(0,t) = =b[z"™(t — 7(t +0) + 6) — 2™ (t — 7(t) + 0)] + Q2(t + 0) — Qa(t).
By Lemmas 2.1 and 2.2, the solution (z(t),y(t)) is bounded and

¢ <min{z(t),y(t)} <max{z(t),y(t)} < L—77+, for all ¢e]0, +00). (2.14)

Thus, the right side of (1.4) is also bounded, which implies that x(¢) and y(¢) are uniformly
continuous on [—7,4+00) . From (1.5 ), for any € > 0, there exists [ = [(e) > 0, such that

every interval [a, o + [], € R, contains a ¢ for which
1
le; (0,8)] < 7€ i=1,2, t > Ky, where Ky >0 is a sufficently large constant. (2.15)

Denote u(t) = z(t + 0) — z(t) and v(t) = y(t + ) — y(t). Let K1 > max{Ky, —d}. Then,
for t > K, we obtain

du(t)
dt

= =&zt +6) —z(t)] +y(t +0) —y(t) + e (6,1), (2.16)

and
du(t)
dt

= (e~ Oly(t +6) — y(t)] + la — &€ ~ ONlz(t +6) — (1)
SB[t — (1) + 8) — 2™ (t — 7(1)] + ea(d,1). (2.17)
Calculating the upper right derivative of e*|u(s)| and e**|v(s)|, in view of (2.16), (2.17),
(C1), (Cs) and (C3), for ¢ > K1, we have
D (A u(s)]) o=
= AMuD)] + & san(u(®){~Elr(t +6) — (0] +y(t +0) — (1) + r(5,1)}
= Oult)| + o)) + e, (218)

IN

and

D* (e [u(s)])]s=t
= AMo(t)] + e sgn(v(t){—(c = Oyt +8) — y(t)] + (a — &(€ — ))[x(t +8) — z(t)]
bt — () + 6) — ™ (t — 7(8)] + e2(5,8)}
AN = (e = o) +a— & — o)l[u(t)
(6~ 7(0) 4 6) — 2™t — ()]} + rec. (2.19)

IN
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Let
M(t)= max {e™ max{u(s)]. [o(s)]}}. (220)
It is obvious that e* max{|u(t), [v(t)|} < M(t), and M(t) is non-decreasing.
Now, we consider two cases.
Case (i):
M(t) > e max{|u(t)],|v(t)|} for all t> K. (2.21)

We claim that
M(t)= M(K;) is a constant for all ¢ > Kj. (2.22)

Assume, by way of contradiction, that (2.22) does not hold. Then, there exists t5 > 0 such
that M(t5) > M(Ky). Since

eM max{|u(t)|, [v(t)|} < M(K;) for all —7<t<Kj.
There must exist 5 € (K7, t5) such that

M max{[u(B)], [v(B)[} = M(ts) = M(5),

which contradicts (2.21). This contradiction implies that (2.22) holds. It follows that there
exists tg > K7 such that

max{|u(t)], [v(t)|} < e MM(t) = e MM(K|) <e for all t>tg. (2.23)

Case (ii): There is a point tq > K; such that M(ty) = e o max{|u(to)], |v(to)|}. Then,
if M(to) = eMo max{|u(to)|, [v(to)|} = eM°|u(ty)], in view of (2.18) and (2.19), we get

DH(EMfu(s))s=te < [ = Elfulto)|e™ + [v(to) | + %766”0
< P (€= DIM(to) + rece
< —yM(tg) + yeer, (2.24)
and

D ([0 (5)]) 5=t

< = (= Qllvlto)|eX +fa = (€ = o) lfuto) |
+bl[2™ (o — 7(t0) + 8) — &™ (to — T (to))|e (0T ATO) 4 %'yeem’
< P (e=Ollo(to)le™ +la = £ = o)lulto)le™ + [bm|(z(to — 7(t))

+h(to)(z(to — T(to) + 6) — 2(to — 7(£0))))™ (z(to — T(t0) + )

1
—x(to — T(to)))‘e)\((tO*T(to))e)\T(to) I g’yeeMO,
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where 0 < h(tp) < 1, it follows that

DF (X o(s)])ls=to

< = (e=Oloto)|eM + [a— £ = ¢)llulto)[e® + blm|(1 = h(to))a(to — 7(to))
-Hm@mm—T@@+®WFWMQ—Tu@mﬂ%4mmkhﬁw+%%&w
+
< = (e =Ou(to)|e™ + |a — (€ = ¢)||ulto)| ™ + Iblm(2%)mllu(to = 7(to))

M (t0=75(t0)) A7 (o) %%exto

+ _
< D= (e — o= §€ =] = Pim@ )" M (1) + 5rec

< —yM(tg) + yeeo. (2.25)

In addition, if M(tg) > eeMo, (2.24) and (2.25) imply that M (t) is strictly decreasing in a
small neighborhood (g, to + dp). This contradicts that M(t) is non-decreasing. Hence,

Mo max{|u(to)], [v(to)|} = M(to) < ee™, and max{|u(t)], |v(to)|} < e. (2.26)
For any t > tg, by the same approach used in the proof of (2.26), we have

M max{|u(t)], [v(t)]} < e, and max{|u(t)|, [v(t)|} <e if M(t) = M max{|u(t)], |v(t)[}.

(2.27)

On the other hand, if M (t) > e* max{|u(t)]|, |v(t)|} for all t > tg, we can choose tg < t7 < t
such that

M (t7) = e max{|u(t7)], |v(t7)|} < eMe and M(s) > ™ max{|u(s)|, |v(s)|} for all s € (tz, t].
Using a similar argument as in the proof of Case (i) , we can show that
M(s) = M(t7) is a constant for all s € (t7, t], (2.28)
which implies that
max{|u(t)], [v(t)|} < e NMM(t) =e MM(t7) < e

In summary, there must exist N > 0 such that max{|u(t),|v(t)|} < e holds for all t > N.

The proof of Lemma 2.3 is now completed.
3. Main Results
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In this section, we establish some results for the existence of the positive almost periodic
solution of system (1.4).

Theorem 3.1. Suppose that (C7), (C2) and (C3) are satisfied. Then system (1.4) has
at least one positive almost periodic solution Z*(t) = (x*(t), y*(¢)).

Proof.  Let (z(t),y(t)) be a solution of system (1.4) with initial conditions (2.10). Set

erk(t) = Qut +1tr) — Qu(t),
ea(t) = —bla™(t — T(t + ty) +tx) — 2™ (t — 7(t) + t)] (3.1)
+Qa2(t + 1) — Q2(t),
where ¢, is any sequence of real numbers. By Lemmas 2.1 and 2.2, the solution (x(t),y(t)) is

bounded and (2.14) holds. Again from (1.5), we can select a sequence {t;} — 400 such that

for all t>0. (3.2)

x| =

ez k()] <

x| =

e k()] <

Since {(z(t+tx), y(t+tx))} 123 is uniformly bounded and equiuniformly continuous, by Arzela-
Ascoli Lemma and diagonal selection principle, we can choose a subsequence {tx,} of {tx},
such that (z(t + tx;), y(t + tx;))(for convenience, we still denote by (z(t + tx), y(t + t))) uni-
formly converges to a continuous function Z*(t) = (z*(¢),y*(t)) on any compact set of R,

and
Jr

L
¢ <min{z*(t),y"(t)} < max{z*(t),y*(t)} < —, for all te€ R. (3.3)
n
Now, we prove that Z*(t) is a positive solution of (1.4). In fact, for any ¢ > 0 and At € R,

we have

¥ (t+ At) — 2" (t)

= lim [x(t + At +t;) —x(t +t)]

k——4o00
t+At

= Jim {=€x(p+tx) +y(pu +tr) + Qi(p + tg) ydp

t+AL

t+At
= [ )y 0+ Qi+ T [ el

t+At
= [ 0+ )+ Qulw)an, (3.4)

and

yr(t+ At) —y* (1)

= khrf [y(t + At + tx) — y(t + tx)]

EJQTDE, 2010 No. 6, p. 9



= lim t {=(c=&y(p+tr) + (a —&(& — c))w(p + tx)
—bx™ (pp — 7(p 4 tr) +tr) + Qo + ty) ydp
t+At
= /t {=(c =8y () + (a = &€ — e))x™(p) — b(a™ (u — 7(1)))™ + Q2(p) }dp

t+At

li d
+k—l>r-|r—loo t 62,]4:(#) H

N /tHAt{_(C =y () + (a = & = ))z™ () = o™ (n — 7(w)))™ + Qa() }dp, (3.5)

which imply that

dﬂf;_t(t) — (1) (1) + Qu(t), (3.6)
WD (e (1) + (0 — €6 — )a(8) — bla (¢ — 7)) + Qal).

Therefore, Z*(t) is a positive solution of (1.4).
Secondly, we prove that Z*(t) is a positive almost periodic solution of (1.4). From Lemma
2.3, for any € > 0, there exists [ = I(¢) > 0, such that every interval [o, « + ] contains at

least one number § for which there exists N > 0 satisfies
max{|z(t + 0) — z(t)|,|y(t +0) —y(t)|} <e for all t> N. (3.7)

Then, for any fixed s € R, we can find a sufficient large positive integer Ny > N such that
for any k > Ny

s+t >N, max{|z(s+tr+0) —x(s+tr)], |y(s +tr + ) —y(s +tp)|} <e (3.8)
Let kK — +o00, we obtain
[27(s5+6) —2*(s)] < en and Jy*(s +6) — 4" () <

which imply that Z*(t) is a positive almost periodic solution of (1.4). This completes the

proof.
4. An Example
Example 4.1. Nonlinear Duffing equation with a deviating argument
2" (t)+282 (t) — 1922(t) + 223 (t—sin?(t)) = 12(1+0.9sin )+ 1.8 cos t+140.01 sin V2, (4.1)
has at least one positive almost periodic solution z*(¢) .
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Proof. Set

d
Yy = d—i 4+ 16z — 1 — 0.9sint, (4.2)

we can transform (4.1) into the following system

dz(t
U0 _ _160(t) + y(t) + 1+ 09sint,

P ydft) (4.3)

= —12y(t) + 223 (t — sin®(t)) + 1 + 0.9 cos t 4 0.01 sin v/2t.

Since

a=192, b=-2, ¢=28, m=3, &=16,
Q1(t) =140.9sint, Qa(t) =1+0.9cost + 0.01sinv/2t.
Then
n=min{{ -1, (c—=& —|la—¢&E&—c)|—|b|]} =10>0,
LT=2 a—¢&E—-¢)=0, b=-2<0,
LT
(c—§&)>la—&E—c)|+ m|b|(27)m*1 =11.04 > 0.

It is straightforward to check that all assumptions needed in Theorem 3.1 are satisfied. Hence,
system (4.3) has at least one positive almost periodic solution. It follows that nonlinear
Duffing equation (4.1) has at least one positive almost periodic solution.

Remark 4.1. Since
7(t) = sint, p(t) = 12(1 + 0.9sint) + 1.8 cost + 1 4 0.01 sin v/2t,

it is clear that the condition (Hy) is not satisfied. Therefore, all the results in [1-7] and the
references therein can not be applicable to prove that the existence of positive almost periodic
solutions for nonlinear Duffing equation (4.1). Moreover, we propose a totally new approach
to proving the existence of positive almost periodic solutions of nonlinear Duffing equation,
which is different from [1-9] and the references therein. This implies that the results of this
paper are essentially new.
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