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Abstract This paper is concerned with a nonlinear Duffing system with pseudo almost
periodic coefficients and delay. Under proper conditions, by using theory of exponen-
tial dichotomies and contraction mapping principle, some sufficient conditions are
established to ensure the existence and uniqueness of pseudo almost periodic solu-
tions, which improve and extend some known relevant results. Moreover, an example
is given to illustrate the theoretical results.
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1 Introduction

As we know, due to the promising potential in the areas of physics, mechanics and the
engineering technique fields, the study of the existence of almost periodic solutions for
Duffing equations has attracted many authors (see [1-5] and the references therein).
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Recently, Peng and Wang [6] considered the following model for nonlinear Duffing
equation with a deviating argument:

x"(t) +ex'(t) —ax(t) + bx"(t — t(t)) = p(2). (1.1
Define
d
y = d_/: +&x— Q1(1), Qa(t) = p)+ (£ —)Q1(r) — Q1 (1), (1.2)

where & > 1 is aconstant, then Peng and Wang [6] transformed (1.1) into the following
system:

dx (1)
=—&x(1) +y@) + Q10),
dy(r) (1.3)
Tl —(c=E)y) +(a—&EE —)x(t) —bx"(t — (1)) + Q2(1).

Consequently, the system (1.3) has been naturally extended by Xu [7] to the fol-
lowing Duffing system with time-varying coefficients and delay:

[ GO — 51 ()x (1) + () + Q1) (1.4)

DU = 55(1)y (1) + [e(t) — B (D)]x(1) — BOx™ (1 — T(1) + Q2(1),

where a(t), B(t), T(t), §1(t), 82(t), Q1(¢) and Q(¢) are almost periodic functions on
R, m > 11is an integer, a(¢) > 0, B(¢) # 0. In particular, some sufficient conditions
for the existence of almost periodic solutions of (1.3) and (1.4) were established in
[6,7].

On the other hand, the existence of pseudo almost periodic solutions is among
the most attractive topics in qualitative theory of differential equations due to its
wide applications, especially in the fields of biology, economics and physics(see [8]).
Furthermore, some criteria ensuring the existence of pseudo almost periodic solutions
on functional differential equations were established in [9—11] and the references cited
therein. Moreover, the properties of the almost periodic functions do not always hold
in the set of pseudo almost periodic functions. For example, if x (¢) and 7 (¢) are almost
periodic functions, we can show that x(f — 7(¢)) is an almost periodic function. But
when x(¢) and t(¢) are pseudo almost periodic functions, x(# — t(¢#)) may not be a
pseudo almost periodic function. For more details, readers may refer to [8]. Due to the
above reasons, to the best of our knowledge, there exist few results on the existence of
pseudo almost periodic solutions to the Duffing equation (1.1) and its generalizations,
(1.3) and (1.4).

Motivated by the above discussions, the main purpose of this paper is to give some
sufficient conditions for the existence of pseudo almost periodic solutions of (1.4).
The proof is based on the exponential dichotomy theory and fixed point theorem.
Particularly, our results not only generalize the results in the literature [6,7], but also
improve them. In fact, one can see the following Remark 4.1 for details.
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2 Preliminary results

In this section, we shall first recall some basic definitions, lemmas which are used in
what follows.

We denote by R"(R = R") the set of all n—dimensional real vectors (real numbers).
Let X = (x1,x2,...,x,)T € R” denote a column vector, in which the symbol (7)
denotes the transpose of a vector. Define |X| = (|x1], [x2], ..., [x,))T and | X| =

1malx |xi]. A vector X > 0 means that all x; are greater than or equal to zero. X > 0
<i<n

is defined similarly. For vectors X and Y, X > Y (resp. X > Y ) means that X — Y >
O(resp. X —Y > 0). BC(R, R") denotes the set of bounded and continuous functions
from R toR”, and BUC (R, R") denotes the set of bounded and uniformly continuous
functions from R to R". Note that (BC (R, R"), |- |lo0) is a Banach space, where || - ||

denotes the supremum norm || f || := sup || f(#)]|-
teR

Definition 2.1 (see [8,12]) Let u(t) € BC(R, R™). u(t) is said to be almost periodic
on R if, forany ¢ > 0,the set T (u, ) = {§ : lu(t +8) —u(t)|| < e forall t+ € R}is
relatively dense, i.e., for any ¢ > 0, it is possible to find a real number [ = I(¢) > 0
with the property that, for any interval with length /(¢), there exists a number § = §(¢)
in this interval such that ||u(t + §) — u(t)|| <&, forall reR.

We denote by AP (R, R") the set of the almost periodic functions from R to R”.
Besides, the concept of pseudo almost periodicity was introduced by C. Zhang in the

early nineties. Itis a natural generalization of the classical almost periodicity. Precisely,
define the class of functions P A Py(IR, R™) as follows:

n : 1 " _
{f € BCR,R )|r£r+noo5/_r | f(0)ldr = 0}.

A function f € BC(R, R") is called pseudo almost periodic if it can be expressed as

f=h+o,

where h € AP(R,R") and ¢ € PAPy(R, R"). The collection of such functions will
be denoted by PAP (R, R"). In particular, (PAP(R, R"), ||.|ls) is a Banach space
and AP (R, R") is a proper subspace of PAP (R, R")(see [8]).

Throughout this paper, it will be assumed that m > 1, and

81,0 € AP(R,R) «,B,7,01,02€ PAP(R,R), a() >0, B@) #0,
for all ¢+ € R. 2.1

Let 8, 8,, 8%, [, 6 and g be constants such that

8, = inf (5], 8, = inf [$(0)], 8% = min(3;. 8}, 2.2)
teR teR
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sup Q1 ()] sup |Q2(1)] sup[ o (1) =83 (1)|+1B(1)|]
] =max teR teR 0 = max l teR
§* ’ &* ’ 5*’ &* ’
(2.3)
sup[la(r) — 83(1)] + 1B() Im (251
g = max e reR 5 . 2.4
Set

0l
B* = an —0ollool = 75, 0 = (01,92 € PAPR,R) [ BUCR, R2>],

where

t . +o0 N T
90 = (/ e lhwdw o, (5)ds, —/ = I 2wrdw Qz(S)dS) -
—00 t

Lemma 2.1 B* is a closed subset of PAP (R, R?).

Proof Suppose that {xp};ﬁ C B* satisfies

—+00

plim Ixp — ¢lloc = 0. (2.5)

Obviously, ¢ € PAP(R, R?), and ||l — ¢o|loo < 125. We next show that
— T 2
¢ = (g1, 92)" € BUCR,R).

In fact, for any ¢ > 0, from (2.5), we can choose p > 0 such that

&
Ixp = ¢lloo < 3 (2.6)

Note that x, = (x; . xzp)T is uniformly continuous on R. Then, there exists
8 = 8(&) such that

3 &
lx1, (t1) —x1,(22)] < 3 [x2, (71) —x2,(22)| < 3 where 71, 1> € R and |t] —12] <34,
which, together with (2.6), implies that

lpi (1) — @i (12)]
= @i () — xi, t)| + |xi, (1) — xi, (22)] + |xi, (£2) — @i (12)]
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8+8+8
<_ p— p—
3 3 3
=¢ where t;,p €R and |tj — | <d,i=1, 2,

i.e., ¢ is uniformly continuous on R? and ¢ € B*. Hence, B* is a closed subset of
PAP(R,R?). This completes the proof of Lemma 2.1. m|

Definition 2.2 (see [8,12]) Let x € R" and Q(f) be an n X n continuous matrix
defined on R. The linear system

x'(1) = Q()x(1) (2.7)

is said to admit an exponential dichotomy on R if there exist positive constants k, o,
projection P and the fundamental solution matrix X (r) of (2.7) satisfying

IX(OPX ()| <ke @9 fort>s,
I1X()UT — P)YX '(s)|| < ke @™ fort <.

Lemma 2.2 (see [8]) Assume that Q(t) is an almost periodic matrix function and
g(t) € PAP(R, R"). If the linear system (2.7) admits an exponential dichotomy, then
pseudo almost periodic system

x'(1) = Qnx() +g(1) (2.8)

has a unique pseudo almost periodic solution x(t), and

t 400
x(1) =/ X PX (s)g(s)ds —/ X)) — P)X (s)g(s)ds. (2.9)
t

—00

Lemma 2.3 (see [8,12]) Let Q(t) = (gij)nxn be an almost periodic matrix defined
on R, and there exists a positive constant v such that

n
gi 1= > lgij@®=v, VieR, i=12_..n,
j=1j#i
Then the linear system (2.7) admits an exponential dichotomy on R.

3 Existence and uniqueness of pseudo almost periodic solutions

Theorem 3.1 Assume §;(t) > 0,i = 1,2, t € R, and let positive constants 1, 6 and
q satisfy

o<1, — <1, g=<1. 3.1)

Then there exists a unique pseudo almost periodic solution of system (1.4) in the
region B*.
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Proof Let ¢ = (¢1,92)" € B* and f(t,z) = ¢i(t — z). From Theorem 5.3 in
[8, p. 58] and Definition 5.7 in [8, p. 59], the uniform continuity of ¢> implies that
f € PAPR x ) and f is continuous in z € L and uniformly in t € R for all
compact subset L of Q2 C R. This, together with r € PAP (R, R) and Theorem 5.11
in [8, p. 60], yields

p1(t —t(t)) € PAP(R,R).

According to Corollary 5.4 in [8, p. 58] and the composition theorem of pseudo almost
periodic functions, we have

@2(1) + Q1(1), (@(t) — 85 (M)p1 (1) — B} (t — T(1) + Q2(t) € PAP(R, R).

We next consider an auxiliary two-dimensional system

dx(t) —61(1) 0 x(1) *) + 0,(0)
a. ) — 1 o '
(”"Z—i’))_ (0 82(t)) (y(t))-'_(@l(,) ) (3.2)

where

G1(1) = (@(t) — 85))e1(1) — BT (t — (1)) + Qa(1).

Then, from Lemma 2.3, we obtain that the linear system

o —81(1) 0 x(1)
& )= : 3.3)
20 J=\o s ) o
admits an exponential dichotomy on R. Define a projection P by setting
10
r=(o0)-

Thus, by Lemma 2.2, we obtain that the system (3.2) has exactly one pseudo almost
periodic solution:

(x%)) _ (f;o e B34 (g (5) 1+ 01 (5))ds )
¥4 () — [T e IR (g (5) — 52(5))g1(5) — B(s)@ (s — T(s)+ Qa(s))ds )

Define a mapping T : B* — PAP (R, R?) by setting

x¥(1)

Tow =l vees
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According to the definition of the norm in Banach space PAP (R, Rz) , we derive

13 S
golloo < supmax{ [’ e~ L 1w 0 (5)|ds, [T = I 204w 0, (5)|ds)
teR

sup [Q1 (1) sup|Q2()]
S max teR teR — l

§F ) S*

Therefore, for any ¢ € B*, we have

/

0l
lelloo = ll¢ = @olloo + ll@olloo = o Ti=1-5< (34

Now, we prove that the mapping 7 is a self-mapping from B* to B* . In fact, for any
¢ € B*, from (3.4), we obtain

1T¢ = golloo

1
= sup max H/ e ﬁ's'(w)dwwz(s)ds
teR —00

+00 s
/ e I 2@dwy 5y — §2(5))1 (5)
t

)

—B)e (s — f(S))]dSPgH

t . +00 s
< supmax [ / el gy sup (o) —63(0)]+|B0)|] / e ““w”'”ds] olloo
reR —00 teR t

su]IR3[|a(t)—8§(t)|+|ﬁ(t)|] 0l
<max {—, € 5 ||<ﬂ||oo:9||§0||oo§m, (3.5)

and

0l [
||T§0||oo§||T§0_¢O||oo+||§00||oo§m-}-l:m<1. 3.6)

which, together with (3.2), imply that ((T¢)(¢))’ is bounded on R. Thus, (T ¢)(t) is
uniformly continuous on R, and T ¢ € B*. So, the mapping T is a self-mapping from
B* to B*.

Next, we prove that the mapping 7 is a contraction mapping of the B*. In deed, in
view of (2.3), (2.4), (3.1), (3.4) and differential mean-value theorem, forall ¢, ¥ € B*,
we have

(Te)®) = (Ty)®)]
= ((Te)(®) = (TYIEN|, [(TP) @) = (TY) D)2

t " +00 X3
= (‘ / e [ A0 (5) — Y (5)1ds / e IR (o (5) — 53 () (@1 (s) = Y1 (s))
—o0 t

y

)

—B) (@' (s — T(s)) — Y (s —1(5)))]ds
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t t
_ (‘ [ e i) - yatas
—B)mri(s — () +h(s)(pi(s — T(s) — Yi(s — T(s))" !

)T
t t
_ (‘ / = K31aw ) () (s)1dis

—B)m((1 = h())Y1(s = 7(5) + h($)g1(s — T(5))"!
)T

where h(s) € (0, 1) is the mean point in Lagrange’s mean value theorem. Then,

—+00 s
/ e IR (o (5) — 53 () (@1 (s) — Y1 (s))
t

)

(p1(s = 7(8)) — 1 (s — () ]ds

)

+o00 5
/ e IR (o (5) — 53 () (@1 () = Y1 ()

t

(@1(s —T(s)) — Y1(s — T(s)))lds

(T)®) — T
4 ot
< ([ e mmtdssuploats) = vats)

SER

+0o0 "
, / o I} 200w 106y _ 821 -
t

sup ’901(8) —Yi(s)| + |ﬂ(s)|m[sup ‘1/,1 (s — r(s))’ + sup ‘(pl(s 3 r(s))qu -
seR R sup

T
sup 15 = 7(5)) — 15 — 7| }ds])
4 " +00 5
= / e ks — o, / e~ g sup [ja(s) - 8369)]
—00 t seR

21 T
+B@Im(—)"" llo = vlll) -

which yields
su _32 20 \m—1
plla(@) — 85 @)+ |B(0)Im(=5)" ']
R
IT¢ = Tlloc =< max § =, = = o — ¥ lloo
=qll¢ — Vlloo-

It follows from ¢ < 1 that the mapping 7T is a contraction. Therefore, accord-
ing to Lemma 2.1, we get that the mapping 7 possesses a unique fixed point
7 = (x*(@t), y*(1))T € B*, Tz* = z*. By (3.2), z* satisfies (1.4). So z* is a pseudo
almost periodic solution of system (1.4) in B* . The proof of Theorem 3.1 is now
completed. O

Similarly, we can obtain the following theorem:

Theorem 3.2 If §;(t) < 0, i = 1,2, t € R, and (2.1) holds, then, there exists a
unique pseudo almost periodic solution of system (1.4) in the region

ol
B**=v|<p‘||<p—<p5‘||oo| =15 ¢=ne)' € PAPR R () BUCR, R%],
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where

T

+00 8 t 1
9 = (— / e I g, (s)ds, / e~ Js oxtmndw Qz(S)dS)
t —0o0
4 Example

Example 4.1 The nonlinear Duffing equation with a deviating argument

x" (1) + (sint — cos £)x"(1)+ (626 + 27 cos ¢ + 25sint + cos> ¢ + cos ¢ sin £)x (f)

4 sin? t)

+ (1 +sin? x> (¢ — cos® V2t — cos®t —e™!
= cos /21 + cos /3t — 50 cost — 2 cos’ ¢, 4.1

has a pseudo almost periodic solution x*(¢) satisfying

N dx*(t) . N 1
max § sup |x ()|, sup + (25 +sint)x™(t) —2cost|t < —.
teR teR 11
Proof Set
. dx(t) .
81(t)=25+sint, 87(t)=254cost, y(t) = T + (25 + sint)x(t) — 2 cost.

4.2)

Then, we can transform (4.1) into the following system: hen, we can transform (4.1)
into the following system:
) — (25 4 sint)x () + y(t) + 2 cost,
D — (25 + cos )y (t) + (2 — sin? 1)x (1)
—(2 —cos?1)x3(r — cos? /2t — cos® t — et sin? )
+ cos v/2t + cos +/3t.

(4.3)

Since a(1) = 626 + 50cost + 2cos’t , B(t) = 2 —cos>t, Q(t) = —2cost,
02(t) = cos /2t +cosv/3t,m =3 ,8* =25, thenl = %, 0 = 5%, ¢ = 2. It
is straight forward to check that all assumptions needed in Theorem 3.1 are satisfied.
Hence, Eq. (4.1) has a pseudo almost periodic solution x*(¢) such that

x*(1)

7 + (25 +sint)x*(t) — 2 cost

d l 1
max Isup ‘x*(t)| , sup ] < T

teR teR

The proof of Example 4.1 is now completed.

Remark 4.1 For the nonlinear Duffing equation (4.1), the time-varying delay

40
T(t) = cos® V2t +cos?t + e " St
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is pseudo almost periodic, but not almost periodic. Thus, the results obtained in [6,7]
are invalid for the above example. Moreover, one can find that main theorem in [7] is
a special one of Theorem 3.1. This implies that the results of this paper substantially
extend and improve the main results of [6,7].
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