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Abstract

This paper is concerned with the following second-order nonlinear differential
eqguation:

n+1

X0+ RO - g (4,x(0) = eld).

k=1

By applying Mawhin’s continuation theorem of coincidence degree theory, we
establish sufficient conditions for the existence and uniqueness of periodic solutions
for the above equation. Some recent results are known as the special cases of ours.
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1 Introduction

In applied science, some practical problems such as nonlinear oscillations [1, 2], fluid me-
chanical and nonlinear elastic mechanical phenomena [3-9] are associated with the peri-
odic solutions of nonlinear high-order differential equations. Recently, Bereanu [10], Zhao
et al. [11] and Fan et al. [12] investigated the existence of T-periodic solutions for the fol-

lowing fourth-order nonlinear differential equation:
X" (t) + ax" (t) — px" (£) + gx'(t) —g(t,x(t)) =e(t). (1.1)

Xu et al. [13] dealt with the existence of T-periodic solutions for the second-order non-

linear differential equation as follows:
£ (8) + h(x" ()" (8) — P(a (8)) 2" (8) + f (2()) %' () — g (£, %(2)) = e(t), 1.2)

where n > 2 is an even integer, 4, P,f,e: R — Rand g : R — R represent continuous func-
tions, e and g respectively denote the T-periodic and T-periodic in the first argument and
T > 0. However, to the best of our knowledge, most authors mentioned above have only
considered the existence of periodic solutions of Egs. (1.1) and (1.2). There are still few
studies on the uniqueness of periodic solutions for these equations. Thus, in this case, it
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is worth investigating both the existence and the uniqueness of periodic solutions for a
high-order nonlinear differential equation.
In this paper, we study the existence and uniqueness of T-periodic solutions for the

second-order nonlinear differential equation

n+l

() + Y fi(@ ¥V 0)aO(8) - g (£,5(8)) = e(2), 1.3)
k=1

where n > 2 is an even integer, fi, e : R — Rand g : R* — R represent continuous functions
and f (k=1,2,...,n + 1) are bounded, e and g respectively denote the T-periodic and
T-periodic in the first argument and 7 > 0.

Obviously, Eq. (1.1) is a special case of Eq. (1.3) with # = 2, fs(x) = a, fa(x) = —p and
fi(x) = q. Moreover, Eq. (1.2) is another special case of Eq. (1.3) with f3(x) = fa(x) = --- =
Jun(x) =0.

For ease of exposition, we will adopt the following notations throughout this paper:

X
Fk(x)=/fk(s)ds, k=1,2,...,n+1, forallx e R,
0

’

T ) 1/2
||x||2=< / x| dt) L lxlloe = max Jx(0)
0 te[0,T]

, k=12,...,n+1.

Ly = suplfi(s)

SER

Let
Ccr = {x|x € C"(R,R),x(t +T) =x(t) forallt e R,m € N}

be Banach spaces with the norms
m
1#llm = 3 [#7],  (xeCP).

k=0

To obtain our results, we also make the following assumptions:
(S1) There exists d > 0 such that, for any continuous T-periodic function x, we have

[g(t,x(t)) + e(t)]x(t) >0 forallteR,

x(t)| = d
or

[g(t,x(t)) + e(t)]x(t) <0 forallteR,

x(t)| >d.

(S2) For t,x1,%3 € R, x1 # %9,

T/ T 2(n-1) n+l T 2n-k
[(6m) — g6 22)| (31— 32) <0, 1>L1—<2—) +ZLk<g> .
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(S3) For t,x1,%; € R, x1 # x5, there exists a nonnegative constant B such that

Bx —x2)* = [g(t,21) — g(£,22) | (v — x2) > O,

and

ol T/ T 2(n-1) i’lz+1 L T 2n—k s T 2 T 2(n-1)
>Li—| — + — + — — .
! T\ 2w k 2 b 2

2 Preliminaries
The following lemmas will be useful to prove our main results in Section 3.

Let f : R**! — R be a continuous function, T-periodic with respect to the first variable,
and consider the second-order differential equation

(2;1—1))'

e =f(t, x,x x5, % (2.1)

Lemma 2.1 (See [14]) Assume that the following conditions hold.
(i) There exists p > 0 such that, for each A € (0,1], one has that any possible T-periodic
solution x of the problem
X2 =0 f (62,44, ,x(ZH))

satisfies the a priori estimation x| n-1) < p.
(i) The continuous function F : R — R defined by

T
F(x):/f(t,x,o,o,,..,O)dt, x€R
0

satisfies F(—p)F(p) < 0.
Then (2.1) has at least one T-periodic solution x such that ||x||(2,-1) < p.

From Lemma 2.2 in [15] and the proof of inequality (10) in [12, p.124], we obtain the

following.

Lemma 2.2 Let x(t) € C}.. Suppose that there exist two constants D > 0, ty € [0, T] such
that |x(ty)| < D, then

T 1
lellz < — |#'], + VID, ¥l <D+ §ﬁ||x’||2. (2.2)
Lemma 2.3 (See (16, 17]) Ifx € C%, then
! T ? /!
1= (57) 11 23)

Lemma 2.4 (See [13]) For any x € C%, one has that

(n-1)-(k-1) T
(B = T(”‘l)‘k(%) / |x"(6)|dt, k=1,2,...,n-1. (2.4)
0

Page 3 of 10


http://www.journalofinequalitiesandapplications.com/content/2013/1/115

Jia and Shao Journal of Inequalities and Applications 2013,2013:115
http://www.journalofinequalitiesandapplications.com/content/2013/1/115

Now, let

fltxa o, ,x(zn_l))

n+l

=g(tx®) +e®) - > _fi(x*0)a® @)
k=1

For X € (0,1], we consider the second-order differential equation

20ty = af (t, x4, %7, ...,x(ZH))

n+l

= 1[g(tx(0) +e(®)] - 2D filx* ()P @) (2.5)
k=1

Lemma 2.5 Suppose that (S1), (S2) (or (S3)) hold, then there exists a fixed constant C* > 0
independent of . and x such that any possible T-periodic solution x of (2.5) satisfies

||x(k)||oo = C*; k=0,1,2,...,”l—1' (2.6)

Proof Let A € (0,1] and let x be a possible T-periodic solution of (2.5). Integrating (2.5)
from 0 to T yields

T
f [g(t,x(2)) +e(t)] dt =0,
0
which together with (S1) implies that
3 €[0,T]: |x(&)| < d.

In view of (2.2) and (2.3), we get

1 / T\/T "
%lloo < d + Ex/ﬂ}x ”2 <d+ o Hx “2 (2.7)
Thus
T T ,
| elomtrae] < lelaliloT < Thellwd + =2 lellc ] 2.8)
0 T
! VT ,
’ [ sttomoat] < l0] o + T et 0] 2.9)
0

On the other hand, multiplying Eq. (2.5) by x and integrating it from 0 to T, we obtain

T
;= [ B0l a
0
n+l T
0

T T
:x; /o Ee(x* @)« () dt + 1 f gt x())x(t) dt + A /o e(t)x(t) dt.
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Combining (2.2), (2.3), (2.8) and (2.9), we obtain

T
+1; = [ 0l a
0

n+l

T
=1 / [Fe () - F(0) ] (1) dt
k=2 70

T
A /0 [g(t,%(8)) - g(t, 0)][x(t) — 0] dt

T

T
+A/0 g(t,O)x(t)dt+A/0 e(t)x(t) dt

n+l

’ (k-1) T
_ ld | )
st_;Lk/O K@) | ()] dt + /0 2(t, 0)x(t) t‘

T T
+ f e(t)x(t) dt| + A / [g(2,x(2)) - g(£,0)][%(¢) - 0] dt
0 0

n+l T 3 T :
L (k-1) 2d ) ( ’ 2d )
5%; k(/o |« %D (e)|" at /0 | ()| dt

™JT, ,
— |
%4

B

+ (el + |25 0)] )

T
+ (lello + |g(6,0)| ) 7d + 2 /0 [¢(t,%(9) - g(6,0)][x(6) — 0] dt

n+l 2n—k 2 n-2

T : T>°JT (T y
<3 u(s) R et s o0l ) T () e,
k=2

2
T
+ (llelloo + g6 0)| ) Td + 2 /0 [g(t:%(2)) - g(t,0)][x(2) - 0] dt.

Now suppose that (S2) (or (S3)) holds, we will consider two cases as follows.
Case (i). If (S2) holds, then

n+l

T 2n—k Tzﬁ T n-2
= (5r) B e s a0l ) T (5 )

+ (llelloo + | 0)| ) T4,

which implies that there exists a positive constant C,, satisfying
T ) T
/ x"@)|"dt < C, and / |x"(t)| dt </ TC,. (2.10)
0 0
Case (ii). If (S3) holds, (2.2) and (2.3) yield that

T
<13 = [ ol a
0

n+l T 2n—k : Tzﬁ T n-2 .,
<3 u(sr) R Gen sl ol )T () L
k=2
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T 2
+(||e||oo+||g(t,0)||oo)Td+B/O ()| dt

n+l

T 2n—-k ’ Tzﬁ T n-2 y
<3 u(s) R e+ el ) S () e,
k=2

n-1 2
+ (llelloo + ||g(t,0)||oo)Td+B[T< T ) [, + ﬁd]

7w \2m

n+l 2n-k 2 2(n-1) n-1
T T T VT (T
ZnlE) e(R) G e e ()
o 2 T 2 T 2

2 n-2
(et o600 YT (Z) o,

% 2w

+ (llelloo + [ £(2,0) ., + Bd)Td,

which implies (2.10) holds.
Thus, from (2.2), (2.3), (2.4) and (2.10), we can choose a constant C* independent of A
and x such that

|| <C* k=0,12,...,n-1
This completes the proof of Lemma 2.5. O
Lemma 2.6 Suppose that (S2) (or (S3)) hold, then (1.3) has at most one T -periodic solution.

Proof Suppose that x;(¢) and x;(t) are two T-periodic solutions of (1.3). Set Z(£) = x1(¢) —
x5(t). Then we obtain

n+l

ZO@) + 3 (@)@ £ (S @0)2 ()]
k=1
- [g(t 2 (0) — g(t,%2(8))] = 0. (2.11)

Integrating (2.11) from O to T yields

T
fo [g(t,x1(2)) — g(£:%2(2)) ] dt = 0.

Therefore, in view of the integral mean value theorem, it follows that there exists a con-
stant y € [0, T] such that

g(v,(») —g(y, %)) = 0.
From (S2) (or (S3)), we get
Z(y) =x(y) —x2(y) =0, (2.12)

which together with (2.2) implies

T
1Zll2 < =||Z (2.13)
T

-
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Multiplying (2.11) by Z(¢) and integrating it from O to T, we obtain

T
|20 = [ |20 a
0

n+l

T
-y /0 [E (50 0) - F (5 (0) ]2/ (0 e
k=1

T
+ fo [g(,x1(2)) — g(£:%2(8)) | [%1.(8) — %2(2)] .

Now suppose that (S2) (or (S3)) holds, we will consider two cases as follows.
Case (i). If (S2) holds, (2.3) and (2.13) yield that

T
|z01; = [z a
0

n+l

T
< ZLk/O |Z* D)z @t)| dt
k=1

n+l T ) % T ) %
<Y L (f |Z6D ()| dt) (/ |Z/(t)| dt)
P 0 0
T/ T 2(n-1) n+l T 2n—k
= - (n)
= |:L171(27[> +;Lk<2n) ”Z

which together with (2.3) and (2.12) implies that

2
97

ZH=z2"V)=-..=Z()=Z(t)=0 forallteR.

Hence, Eq. (1.3) has at most one T-periodic solution.
Case (ii). If (S3) holds, (2.3) and (2.13) yield that

T
|20 - [ 120 ar
0

n+l

T T
< ZLk/O |Z(k’1)(t)||Z/(t)|dt+BA |Z(0)|* dt
k=1

T 2 T 2(n-1) T

(2 (2) ot
T 2r 0
n+l

T ) 3/ T ) 3
+2Lk</ |Z&D ()| dt) </ 1Z/(t)| dt)
Py 0 0
T/ T 2(n-1)  n+l T 2n—k T 2 T 2(n-1)
= _ - - (n)
slnr() S ) E) e

which together with (2.3) and (2.12) implies that

2
27

2=z =---=Z()=Z(t) =0 forallteR.
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Therefore, Eq. (1.3) has at most one T-periodic solution. The proof of Lemma 2.6 is now
completed. O

3 Main results
Theorem 3.1 Let (S1), (S2) (or (S3)) hold and let either f,,1(x) = 0 or |f41(x)| > o > 0 for
all x € R, where a* is constant. Then Eq. (1.3) has a unique T-periodic solution.

Proof From Lemma 2.6, we have obtained that Eq. (1.3) has at most one T-periodic so-
lution. Thus, to prove Theorem 3.1, it suffices to show that Eq. (1.3) has at least one
T-periodic solution. To do this, we will use Lemma 2.1. Firstly, let us show that (i) in
Lemma 2.1 is satisfied, which means there exists p > 0 such that any possible 7-periodic
solution x of (2.5) satisfies

Il @n-1) < - (3.1)

By Lemma 2.5, there exists C* > 0 such that any possible T-periodic solution x of (2.5)
satisfies

”x(k)HOO <C* k=0,12,...,n-1

If f,11(x) = 0, from (2.5), (2.6) and (2.10), it follows that there exists a constant C** sat-
istying

T
/ 52 (0)| dt < C*, (3:2)
0

which together with (2.4) implies the existence of a constant p, p > d such that (3.1) holds.
If |f,.1(%)] > o > 0, multiplying Eq. (2.5) by *) and integrating it from 0 to T, we
obtain

T
a*Hx(”“)(t)”; _ Ol*/ ix(n+1)(t)|2dt
0

n T
<Y sup [fl® ()| /0 |x®@@)| [« ()| dt

k=1 te[0,T]

T T
+ sup |g(t,x(t))|/ ’x(”+1)(t)|dt+ sup |e(t)|/ ’x(”+1)(t)|dt
te[0,T] 0 te[0,T] 0

< i su lf(x(k—l)(t)’(/T‘x(k)(t)yzdt>% (/T’x(n+l)(t)’2dt)%
= P] k A .

PR [0,T

T 0o 3 T 0o 3
+||g||ooﬁ</o &) 9| dt) +||e||ooﬁ( /0 x4 9| dt)

< [Z sup [fie“ D@50, + Iglloov'T + ||e||ooﬁ} [« @)],.

k=1 telOo,

Therefore, there exists a positive constant C,,; satisfying

T T
/ V(@) > dt < Cpn, / 0@ dt < VTCpn,
0 0
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which together with (2.5), (2.6), (2.10) implies (3.2) holds. Thus, from (2.4) and (3.2), we
can also show that (3.1) holds.
Now, to show that (ii) in Lemma 2.1 is satisfied, it suffices to remark that

T
F(x) = / [g(t, x) + e(t)] dt, xeR.
0

Hence, from (S1) and p > d, it results that F(—p)F(p) < 0. Then, by Lemma 2.1, we obtain
that (1.3) has at least one T-periodic solution x satisfying ||x||(2.-1) < p. This completes the
proof. d

4 An example
Example 4.1 Let n = 4, T = 7, f5(x) = sinx, fi(x) = ek cosx, k =1,2,3,4, g(t,x(t)) =
—elsin4ly3(¢), e(t) = 1 sin2¢. Then
s 1 1
®e) + sin(x(£) 22 (0) + ek cosa®D()x®() — €45 (1) = 2 Sin2t (4.1)

k=1

has a unique 7 -periodic solution.

Proof By (4.1), wehaven=4,Ls =1, Ly = e% ,k=1,2,3,4, T = , then

T/ T 2(n-1) n+l T 2n—-k 5
Li—|— Ll — - <1
171(271) +Z=: k(Zn) <8<

It is obvious that the assumptions (S1), (S2) hold. Hence, by Theorem 3.1, (4.1) has a unique
7 -periodic solution. O
Example 4.2 Let n = 4, T = 7, f5(x) = sinx, fi(x) = ek cosx, k =1,2,3,4, g(t,x(t)) =
arctanx(z), e(t) = % sin2¢. Then

4
1
® () + s1n( @) t) )+ Z ¥ cos k- V()20 (¢) - arctan x(¢) = 1 sin 2t (4.2)
k=1

has a unique 7 -periodic solution.

Proof By (4.2),wehaven=4,Ls=1,L; = e%, k=1,2,3,4,B=1,T =x. Then

T/ T 2(n- n+l 2n—k T 2 T 2(n-1) 6
Li—| — L Bl — — — <1
ala) i) () )<

Itis obvious that the assumptions (S1), (S3) hold. Hence, by Theorem 3.1, (4.2) has a unique
7 -periodic solution. d

Remark 4.1 Obviously, the authors in [1-13] only considered the existence of periodic
solutions of a high-order nonlinear differential equation. Although the author in [18] con-
sidered the existence and uniqueness of periodic solutions of high-order nonlinear dif-
ferential equation, the coefficients of x¥)(£) are constants. Hence, the results obtained in
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[1-13, 18] and the references cited therein are not applicable to Examples 4.1-4.2. This
implies that the results of this paper are essentially new.
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