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Based on the exponential dichotomy of linear dynamic equations on time scales, we obtain some sufficient conditions for the
existence and global exponential stability of almost periodic solutions for a class of Duffing equations with time-varying delays on
time scales. We also present numerical examples to show the feasibility of obtained results. The results of this paper are completely
new even when the time scale T = R or Z and are complementary to the previously known results.

1. Introduction

As we know Duffing equations describe the motion of a
mechanical system in a twin-well potential field. Due to
their promising potential applications in areas of physics,
mechanics, and engineering technique fields, various kinds
of dynamic behaviors of Dufling equations have been studied
by many authors (see [1-4]). Among them, the existence of
almost periodic solutions is an important topic. For example,
authors of [5] investigated the following Duffing equation:
M -xt) X" t-1)=p(t), m>1, (1)
where p(t) is an almost periodic function on R, m > 1 is an
integer, and 7 > 0 is a constant. Under the assumption that

©)

1 1/(m-1) 1
splpo] < (=) (1--), @)
teR m m
by using the exponential dichotomy and some mathemati-
cal analysis technique; they obtained some criteria for the
existence of almost periodic solutions for (1); in [6], authors
investigated the following Dufling equation:

m > 1.

(3)

') +ex' () —ax () +bx" (t -1 (1) = p(t),

By using differential inequalities and some mathematical
analysis technique, they obtained some criteria for the exis-
tence of almost periodic solutions for (3) without assuming
condition (S). After that, authors of [7] considered the exis-
tence of almost periodic solutions for the following Duffing
equation:

') +ex’ ) —ax (@) +bx" (-1 () =p(t), m>1.
(4)
Taking
y=x+E&x-Q, (1),
(5)

QW =p®+E-9Q 1)-Q 1),
(4) is transformed into the following system:
X (1) ==Ex ) +y () +Q (1),

Yty =—(c-Eyt)+@a-EE-c)x@)  (6)
X" (t-T (1) +Q, (1)

Then, considering the coeflicients in (4) are usually
time-varying, authors of [8] gave conditions to guarantee
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the existence of almost periodic solutions of the following
equation:

X (t)=-8,O)x®)+y®)+Q (1),
Y () =8,(t) y(t) + [a(t) - & (1)] x (¢) )
B X"t =T () +Q,(t).

However, there have been few results about the discrete
analogue of the above systems. In fact, both continuous and
discrete systems are very important in implementation and
applications. But it is troublesome to study the dynamics for
continuous and discrete systems, respectively. Therefore, it is
significant to study that on time scales which can unify the
continuous and discrete situations.

Motivated by the above, in this paper, we study the almost
periodic solutions of the following Dufling equation on time
scale T:

(xA)A O+cOx>@®) —a®)x@) +b@E) X" (t - 1(t))
=p(),

wheret € T, ¢t — 7(t) € T, T is an almost periodic time scale,
and m > 1is a constant.

Remark 1. If T = R, c(t) = 0 and b(t) = b, then (8) reduces to
3).IfT = R, c(t) = ¢, a(t) = a,and b(t) = b, then (8) reduces
to (4), which can be transformed to (7). Hence, (3), (4), and
(7) are all special cases of (8).

Let §,(¢) be a continuous function with continuous A-
derivatives on T. Set

y(t) = x" () + & (1) x (t); (9)

then we transform (8) into the following system:

(1) =-8, () x () +y (),

Y )= =8,y O+ BOXE)-bB X" (t-T®) +p(®),
(10)

where 8,(t) = c(t) - 8,(a(t)), B(t) = a(t) + 8L (t) + 8, (£)8,(t).

To the best of our knowledge, up to now, there are no
results available on the existence and global exponential
stability of almost periodic solution for Duffing equations
on time scales. Our main aim of this paper is to study
the existence of almost periodic solutions for (10) with
the exponential dichotomy of linear dynamic equations on
time scales. Moreover, we also study the global exponential
stability of almost periodic solutions for (10), which was not
considered in [5-8]. Our results of this paper are new and
complementary to the previously known results.

For convenience, we denote [a,b]y = {t | t € [a,b] N
T}. For an almost periodic function f : T — R, denote
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f* = sup, gl f®)], f~ = infp|f(t)]. Set X = {p =
(@, (1), (pz(t))T) | @i(t) € C(T,R); ¢; is an almost peri-
odic function on T, i = 1,2}, with the norm [l¢]| =
max{sup, .|, ()], sup,cple, (£)[}; then X is a Banach space.
The initial condition of (10) is

Y =9,(5), se[-0], D

where ¢; € C([-77,0]¢, R).
Throughout this paper, we assume that the following
condition holds:

(H,) B®).b(1), pt) € C(T,R), §,(1,8,(t) € C(T,R")
with —8;, -8, € &#" are all almost periodic functions,
where %" denotes the set of positively regressive
functions from T to R, and t — 7(¢) € C(T, TN R*) is
almost periodic, where 7(t) € C(T,R").

x(s) =9, (s)>

This paper is organized as follows. In Section 2, we
introduce some notations and definitions and state some
preliminary results which are needed in later sections. In
Section 3, we establish some sufficient conditions for the
existence of almost periodic solutions of (10) and prove
that these conditions also guarantee the global exponential
stability of almost periodic solutions of (10). In Section 4,
we give examples to illustrate the feasibility of our results
obtained in previous sections. We draw a conclusion in
Section 5.

2. Preliminaries

In this section, we introduce some definitions and state some
preliminary results.

Definition 2 (see [9]). Let T be a nonempty closed subset
(time scale) of R. The forward and backward jump operators
o,p: T — T and the graininess 4 : T — R, are defined,
respectively, by

o(t)=inf{seT:s>t}, p(t)=sup{seT:s<t},

)=o) -t.
(12)

Lemma 3 (see [9]). Assume that p,q : T — R are two

regressive functions; then
(i) ey(t,s) = 1 and ep(t, ) =1;
(ii) e, (a(t), s) = (1 + u(t) p(t))e, (£, s);
(iii) ep(t, s) = 1/ep(s, t) = eep(s, t);
(iv) e,(t, s)e,(s,r) = e,(t,1);
(V) €,(t,9)" = (p)(D)e, (¢, 9).
Lemma 4 (see [9]). Let f, g be A-differentiable functions on
T; then
(1) (v f +v,9)" = v, f2 + v,9°, for any constants v, v,;

(i) (f9)° (1) = fA(O)g(t) + fla®)g™ () = f(Og W) +
fABgle®);
(iii) if f* > 0, then f is nondecreasing.
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Lemma 5 (see [9]). Assume that p(t) > 0 fort > s; then
ep(t, s)>1.

Definition 6 (see [9]). A function f : T — R is called
regressive if 1 + u(t) f(t)#0 for all t € T. The set of all
regressive functions f : T — R will be denoted by %. A
function f: T — Ris positively regressive if 1+ u(t) f(t) > 0
for all t € T. The set of all positively regressive functions
f:T — R will be denoted by %™.

Lemma 7 (see [9]). Suppose that p € R*; then

(@) ey(t,s) > 0, forallt,s € T;

(ii) if p(t) < q(¢) for all t >
eq(t, s) forallt > s.

s, t,s € T, then e,(t,s) <

Lemma 8 (see [9]). If p € R and a,b,c € T, then

[ep @] = =ple, @],
b (13)
J pt)e,(c,o(t) At =e,(c,a) e, (c, b).

Definition 9 (see [10]). A time scale T is called an almost
periodic time scale if

Mi={reR:t+x71€T, Vt €T} + {0}. (14)

Definition 10 (see [10]). Let T be an almost periodic time
scale. A function f: T — R" is said to be almost periodic
on T, if, for any € > 0, the set
E(e,f)={frell:|f(t+1)-f(t) <& VeeT} (15)
is relatively dense in T; that is, for any ¢ > 0, there exists
a constant I(¢) > 0 such that each interval of length I(¢)
contains at least one 7 € E(g, f) such that
|ft+1)— f(t)| <e VteT. (16)
The set E(e, f) is called the e-translation set of f(¢), T is

called the e-translation number of f(¢), and I(e) is called the
inclusion of E(e, f).

Lemma 11 (see [10]). If f € C(T,R") is an almost periodic
function, then f is bounded on T.

Lemma 12 (see [10]). If f,g € C(T,R") are almost periodic
functions, then f + g, fg are also almost periodic.

Lemma 13 (see [10]). If f € C(T,R") is almost periodic and
F(-) is uniformly continuous on the value field of f, then F o f
is almost periodic.

Definition 14 (see [11]). Let x € R" and A(t) be anxn matrix-
valued function on T; the linear system
teT (17)

L) =AM X)),

is said to admit an exponential dichotomy on T if there
exist positive constants k;, a;, i = 1,2, projection P and the
fundamental solution matrix X(¢) of (17) satistying

|X (1) X7} (5)] < kyegy, (15), siteT, tzs,

(18)

X () I-P) X' (5)] S kyey, (5:1), steT, t<s,

where | - | is a matrix norm on T; that is, if A = (aij)nxm’ then

(X, 2 lag )"

Lemmal5 (see [10]). If (17) admits an exponential dichotomy,
then the following almost periodic system

=AW xt)+g(0),

has an almost periodic solution as follows:

we can take |[A]| =

(1) teT (19)

x(t) = jt X () PX " (0(5)) g (s) As
- (20)

+00
[ xXwa-px e g
t
where X(t) is the fundamental solution matrix of (17).

Lemma 16 (see [11]). If A(t) is a uniformly bounded rd-
continuous n X n matrix-valued function on T and there is a
& > 0 such that

|a;; (t)] Z|alj t)]——y(t <Z|alj t)|> ~8%u(t) > 20,

teT, i=12,...,n

(1)

then (17) admits an exponential dichotomy on T.

Definition 17. Let z () = (x*(t),y*(t))T be an almost
periodic solution of (10) with initial value ¢,(s) =

(@.1(9), (p*z(s))T. If there exist positive constants A with —A €
A" and M > 1 such that for an arbitrary solution z(t) =

(x(t),y(t))T of (8) with initial value ¢(s) = (¢, (s),q)z(s))T
satisfies

20—z (O], < Mo -9.[ler (t:5),

tty € [-17,00)p 21,

where |z(£)], = max{|x(t) - x, (@), [y(®) - y.(Ol}, o -

.l = max{lg; — @, e 9, — @aaleh and g — ¢,
SuPse[_T+,0]T|§01 (s)—¢,1(s)l,i = 1,2. Then the solution z, (¢) is

said to be globally exponentially stable.

3. Main Results

In this section, we will state and prove the existence and global
exponential stability of almost periodic solutions of (10).
T
Let 9°(t) = (0,¢3(t)", where ¢3() = [ e, (t,
o(s))p(s)As. Then ||900|| < L, where L = p*/8,. We have the
following theorem.



Theorem 18. Let (H,) hold. Suppose further that

(H,) there exists a positive constant § such that

6i(t)—%y(t)6i2(t)—82y(t)228, feT, i=12 (23)

(H;) the following inequalities hold:

+ +
9=max{%,/j tb }<1,
0 %,

) = max {i’ B+ mb+(2L{ (1-0)™" } <1, (@4
6 5,

L <1
1-9

Then (10) has a unique almost periodic solution in X, = {p €
X | lp - ¢°ll < OL/(1 - )}

Proof. For any given ¢ € X, we consider the following almost
periodic system:

xB (1) = -8, (1) x (1) + ¢, (1),
YA (t) =8, () y (1) + B(t) 9y (1) (25)
—bM el t-T®)) +p(1).

Since (H,) holds, it follows from Lemma 16 that the linear
system

()= -8 (O x(t),
(26)
Y ) = -8, 1)y ()

admits an exponential dichotomy on T. Thus, by Lemma 15,

we obtain that (25) has an almost periodic solution, which is
expressed as follows:

X () = J, es, (t,0(5) s () As,

W= st

X (B(s)py () =b(s) ) (s =T(s)) + p(s)) As.
(27)

For every ¢ € X, we have |lo| < ¢ - (pOII + ||<p0|| <
(OL/(1-0))+L = L/(1-0) < 1. Define the following nonlinear
operator:

9= (prp) — 2% =(x% ")
(28)

DX, — X,

We will show that @ is a contraction.
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At first, we show that for any ¢ € X, we have ®¢ € X,,.
Note that

o0 - ¢
t
= max 1sup J e (to (5)) @, (s) As|,
telT |J—00
t
su%) e_s, (t,a () x [B(s) @y (s) = b(s) "
te —00

X (s—7(s)]As

}

t
< max 1sup Jl e_s, (t,0(s)) As lel»

teT

t
o[ eq o) (8 lol v ol |

teT J-oo
1 Br+b"
<max {5 E ol
0L
=0l < =5

(29)

that is, ¢ € X;. So the mapping ® is a self-mapping from
X to X. Next, we prove that the mapping ® is a contraction

mapping of X,. In fact, for any ¢ = (¢,,9,)", v = (v, y,)" €
X, we can get

|og - @y,

= max {su%) |Dg; () - Oy; (t)|]’

1<i<2 |4

t
< max {sup J_ e_s, (6,0 () |p, (s) = v, (s)] As,

teT

t
sup J e_s, (t,0(s))
teT J—oo

X |ﬁ () (@1 () =y (5)) = b(s)
x (¢ (s=7(s))

)" (s =1 (9)))] As}
1
< max {5 lo -,

t
sup ,[, e_s, (t,o(s))

teT
x[B(5) (g1 (5) =91 ()
—b(s)ym(y, (s—71(s)) +h(s)
X (p1 (s =7 (s))
Yy (s - T(S))))m_

XWM“*@D—%@—TQMM%

1
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- max | - vl
- 61— ¢ 1/’ 4

t
sup J- e_s, (t,o(s))
teT J—-oo

X [B(s) (1 () = w1 (9))
—b(s)m((1-h(s)y, (s—7(s))
+h(s)py (s =7 (s))""
x (¢, (s = 7(5))

-y (s—1(9))| As}

1 Br+mb* 2L/ (1-0))""
= {E’ 5;

Ho-vl

=vle-vl.
(30)

where 0 < h(s) < 1. Noticing that y < 1, it is clear that the
mapping © is a contraction mapping of X,. By the fixed point
theorem of Banach space, @ has a unique fixed point in X,
That is, (10) has a unique almost periodic solution in X,. This
completes the proof of Theorem 18. O

Theorem 19. Let (H,)-(H;) hold. Then the almost periodic
solution of (10) is globally exponentially stable.

Proof. By Theorem 18, (10) has an almost periodic solution
z,(t) = (x,(t), y. ()" € X, with the initial value ¢, (s) =
(@u1(9), (p*z(s))T. Suppose that z(t) = (x(t),y(t))T is an
arbitrary solution of (10) with the initial value @(s) =
(¢, (5), @,(s))". Denote w(t) = (u(t),v(t))", where u(t) =
x(t) — x, (), v(t) = y(t) — y,(t). Then it follows from (10)
that

ut (1) = =8, () u) +v(t),
V() = =8, 1) v (t) + B () u(t) (31
b)) (X" (-1 (1) - xT (t-7(1).

The initial condition of (31) is

¢ (s) = 9; (s) = @, ($)

se[-17,0]p, i=1,2.
(32)

Multiply both sides of the first equation of (31) by e_s (£,0(5))
and the second equation by e_(;z(t, o(s)), respectively. Then

integrating on [t,, ]y, where £, € [-7", 0], we get

t

u(t) = ¢, (tg) e_s, (t:ty) + L e_s, (5,0 () v(s)As,
v(t) = ¢, (ty) e_s, (t.to)
t
+ L e_s, (t,0(s))

X (B(s)u(s)-b(s) (x" (s—7(s)

X7 (s —1(s))) As.
(33)

For positive a constant a with —a € R, we have
ecu(t:tg) > 1, where t € [-0,t,];. Take M > 1/(1 — y); then
it is obvious that M > 1 and

[2@®) =z, @, =[O, < 9] < Meaw (1:50) ]

vt e [-17, 1]
We claim that

|z (t) — 2, (t)|, < Meg, (t:10) |||, V1 € (£g, +00);-

(35)

To prove this claim, we show that for any constant p > 1, the
following inequality holds:

|2 ~ 2. (), < pMecy (1) |9l V1 € (1, +00)y,

36)
which implies that
lu ()] = |x (t) - x. (t)] < pMeg, (o) @]
(37)
Vt € (tg, +00)
v (@) = [y (®) = y, (6)] < pMegy (t.15) [¢]»
(38)

Vt € (ty, +00);-
By way of contradiction, assume that (36) does not hold. We
will have the following three cases.
Case 1. Inequality (38) is true and (37) is not true. Then there
exist t; € (t;,+00); and ® > 1 such that
| (t,)] = ©@pMeg, (t1. 1) ¢l
lu ()] < @pMeg, (t.1o) [|B], ¢ € (to,11)y-



Note that, in view of (33), we have
|” (tl)l =
Se s (t.to) ¢l

¢, (to) s, (t1,t0) + Ll e_s (t,0(s))v(s)As

t
+ L e_@; (tl,(f (5)) ®pMee<x (S, tO) "¢“ As

Seg; (t1:t0) €oay (t1:10) ¢

+@pMeg, (t;,ty) ||¢“
t
X J e_5 (t1,0(9)) eaq (5:11) As
to
< gq (t15to) | + @pMeg, (t1,to) ¢

X rl e_s- (t1,0(s)) As
1
= eoq (11 1) [|¢]] + __6_®PMeeo¢ (t.to) ¢l
1

t
X J 8ies (t1,0(5)) As

to

= @pMeg, (t1,ty) 4]
1 1
G R CHOTED)
< @pMe,, (t f)||¢||<L+i>
ea \F1> 40 oM 6;

< @pMey (t1,t) 9] -
(40)

In the above proof we use the inequality e_s-(£,,£y) < 1. Thus
we get a contradiction.

Case 2. Inequality (37) is true and (38) is not true. Then there
exist t, € (ty, +00)y and ®, > 1 such that

v(t,)] = ©;pMeg, (t2. 1) 4]
[v(5)] < O, pMeg, (t:to) |6, £ € (t0r15)-

Note that, in view of (33), we have

v ()]
= b2 () s, (nt0) + | erg, (120 9)

X (B(s)u(s)—b(s)

x (x" (s =7 (5))

X" (s = 7(s)))) As
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<es (tto) |9
+ J: e_s (t,0(9)) [B(s)u(s) = b(s)
X (™ (s 7 (5))
-x7 (s—1(s))|As
= e_g. (o) 4]

t
+ L e_s; (t0(5))

0

x[B(s)u(s) =b(s)m(x, (s=7(s)) +{(s)

X (x(s=1(s))
—x,(s = 7(s)))""
X(x(s=7(s)) = x, (s—7(s)))| As
=eg; (tsto) "‘P”

+ Lz e_s: (ty, 0 (s))

0

X|B(s)u(s)=b(s)m((1 - () x, (s—1(5))

+(s)x(s — ()"
X(x(s=1(s) = x, (s—7(5))| As

< eg; (t2t0) 9]

ty
+ J; e_s; (tr,0(5)) [ﬁ+ |u ()| +mb"

x|((1=¢ () x, (s = 7(5))
+L(8)x(s — ()™
x (x (s —7(s))
—x, (s—7(s))| ] As
< eg; (tarto) ¢l

+ Lz es: (t,,0(5))

« [/3* 1 ()| +mb*(1ZTL0)m71 |u(s—‘r(s))|] As

<es; (tyto) o] + BT @1 pMegy (t2.10) 4]

x Jtz e_s; (t,0(s)) As

0

b+ 2L m—1
+ m m ®1PMeezx (tz’ tO) ||¢“

X Jtz e_s; (t2,0(5)) €y (s =T (5),1;) As
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e (trto) ean (2010 8]

1
+ —— B0, pMeq, (2. 1o) ||
2

X L ’ (=0;) e_s; (t,0(5)) As

1 2L ™!
+ _—ymb+<m) GIPMEG“ (tZ’tO)
2

<Ielexp-ar} | (-0)es; (0 (9) As
Lo+
< egq (ta 1) |¢]] - (Fﬁ @, pMeg, (t: o)
2

<6l (s (10) 1)

1 2L \"!
- _’”b+(m> ©, pMeg, (£, )

ol exp o e (1) 1)
< ©,pMeg, (£5,1)) ¢

( 1 B +mb*(2L/ (1 - 6))"" )
X +
©,pM 6,

< O, pMe, (ty:ty) “‘/5”

( 1 B +mb 2L/ (1-6)"" >
X +
oM 5

< O, pMe, (ty:ty) ”‘/5" >

(42)
where 0 < {(s) < 1. We also get a contradiction.

Case 3. Inequalities (37) and (38) are both untrue. By Case
1 and Case 2, we can obtain a contradiction. Therefore, (36)
holds. Let p — 1; then (35) holds. We can take —A = ew;
then A > 0 and -1 € #*. Hence, we have that

|z(0) - z. 0], < Mo —g.f ey (t.0),
(43)

te[-1",00), £t

which implies that the periodic solution z,(¢) of (10) is
globally exponentially stable. This completes the proof of
Theorem 19. O

Remark 20. 1t is easy to see that when T = R, Theorem 18
extends the results obtained in [5-8]. Moreover, when T = R,
c(t) = 0,a(t) = a, and b(t) = b, Theorem 18 improves the
results obtained in [6].

4. Numerical Examples

In this section, we present numerical examples to illustrate
the feasibility of our results obtained in Section 3.

Example 1. Consider the delay Duffing equation on an almost
periodic time scale T:

(xA)A (t) + (3.1 +0.01sin \/Et) x™ () + (2 +0.01 cos t) x (t)
+ (0.03 +0.02 cos \/Et) x (t — cos \/zt)

=0.03 — 0.01 sin V3t.
(44)

It is easy to see that c(t) = 3.1 + 0.01sinV2t, a(t) =
~2 — 0.01cost, b(t) = 0.03 + 0.02cos V2t, p(t) = 0.03 —
0.01 sin \/3t, 7(t) = cos V2t,and m = 3. If weset 8, (t) = 1.6+
0.01 sin ¢, then we have 6, (t) = 1.5+0.01 sin #—0.01 sin(a(#)),
B(t) = -2-0.01cost + 0.01(sin £)2 + (1.6 + 0.01 sin#)(1.5 +
0.01sint — 0.01sin(o(t))). If T = R, then u(¢) = 0, and if
T = Z, then u(t) = 1. We can verify for the above two cases;
0 ~043 <1,y = 04 < 1,L/(1 -0) = 0.081 < 1. That
is, all conditions of Theorem 18 are satisfied. Hence, (44) has
an almost periodic solution, which is globally exponentially
stable.

Example 2. Consider the delay Duffing equation on R:
() + (2 +0.01 cos \/§t) x' (t) + (1 +0.01sint) x ()
+(0.04+0.03 cos V2t) x* (t - sin V3t)

= 0.05 — 0.03 cos V2t.
(45)

It is easy to see that c(t) = 2 + 0.02cos V3t alt) =
~2 — 0.01sint, b(t) = 0.04 + 0.03 cos V2t, p(t) = 0.05 —
0.03 cos V2t, 7(t) = sin V3t,m = 2, o(t) = t, and p(t) = 0. If
we set §,(t) = 1+0.02 cos V/3t, then we have 8,(t) = 1, B(t) =
0.04 cos V3t — 0.01 sin t. Hence, we have that = 0.57 < 1,
y = 039 < I,and L/(1 - 8) = 0.261 < 1, which imply
that all conditions of Theorem 18 are satisfied. Hence, (45) has
an almost periodic solution, which is globally exponentially
stable.

5. Conclusion

Using the exponential dichotomy of linear dynamic equations
on time scales and the time scale calculus theory, some
sufficient conditions are derived to guarantee the existence
and exponential stability of almost periodic solutions for a
class of Duffing equation on time scales. To the best of our
knowledge, the results presented here have not appeared in
the related literature. Besides, the results obtained in this
paper possess feasibility. Moreover, the method in this paper
may be applied to some other differential equations on time
scales.
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