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Abstract

By using the coincidence degree theory of Mawhin, we study a kind of high-order neutral functional
differential equation with distributed delay as follows:

0
(x() = exte =)™ + f(x0)x' (1) + g( fx(r + s)doe(s)) =p(®).

—r

Some new results on the existence of periodic solutions are obtained.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There are many results on the existence of periodic solutions for second-order ordinary dif-
ferential equations. In recent years, by applying the coincidence degree theory of Mawhin, some
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people have studied second-order delay functional differential equations, see papers [1-7]. These
papers were devoted mainly to studying the following several types of equations:

x"(1)+g(x(t — 1)) = p@),
x"(t) +ax'(t) + bx(t) + g(x(t — 7)) = p(1),
2

d n
ﬁ(u(t) —ku(t — 1)) = f(u®)u'(t) + a(t)g(u(r) + Z,Bj(t)g(”(t) —yi(0) + p@),

j=1

and

d? -
pre) (u(t) — ZC]‘I/L([ — rj))

Jj=1

n
= f(u@®)u' () +a®)g(u®) + Zﬂj(t)g(u(l) — () + p@®).
j=l
The delays of these equations are discrete. It is well known that distributed delay has played
a very important role in the circle of biologies in nature. But the work to get the existence of
periodic solutions of neutral distributed delay functional differential equations—especially high-
order neutral distributed functional differential equations—rarely appeared.
In this paper, we discuss the existence of periodic solutions to a kind of high-order neutral
functional differential equation with distributed delay as follows:

0

() —ex(t — )™ + f(x)x'(0) + g( f x(t + s)da(s)) =p(), (1.1)
—r
where f, g: R — R are continuous functions, p is a continuous periodic function defined on R
with period 7 > 0, r > 0, n is a positive integer, |c| # 1, 0 € R, a:[—r,0] — R is a bounded
variation function.

By employing the coincidence degree theory of Mawhin, we obtain some new results on the
existence of periodic solutions of Eq. (1.1). The significance is that we generalize the results of
papers [1-7]. Even if for n = 2, the conditions imposed on function g(x) are weaker than the
corresponding ones of papers [6,7].

2. Main lemmas

We set the following notations: \/(l, (@) =1, where \/‘1, (@) is the total variation of «(s) over
[—r,0]. ZT is a set of positive integers, p = %fOT pt)dt. X ={x: xeC(R,R), x¢t+T) =
x(t)}, with the norm |x|p = max;c[o, 7] |x(#)|. ¥ ={x: x € CYR,R), x(t+T) = x(t)}, with the
norm || x| = max{|x|o, |x’|g}. Clearly, X and Y are two Banach spaces. We also define operators
A and L in the following form:

A:X—> X, (Ax)t)=x(t) —cx(t —o);
L:Dom(L)CY — X, [Lx]=(Ax)"™,
where Dom(L) ={x e C"(R,R): x(t + T) = x(1)}.
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Lemma 2.1. [7] If |c| # 1, then A has continuous bounded inverse on X, and

[Hil 1A~ ] < gl vx e X;

[Hal fo (A" ))@)lde < e Jo 1/ ()l ds, ¥ € X.

By Hale’s terminology [8], a solution x(f) of Eq. (1.1) is that x(t) € C!(R, R) such that
Ax € C"(R, R) and Eq. (1.1) is satisfied on R. In general, x(¢) does not belong to C"(R, R).
But under the condition |c| # 1, we can see easily from Lemma 2.1 that (Ax)'(r) = Ax'(¢),
(Ax)"(t) = Ax" (1), ..., (Ax)™ (r) = Ax"™(r). So a solution x(r) of Eq. (1.1) must belong to
C™ (R, R). According to the first part of Lemma 2.1, we can easily obtain that ker L = R,
ImL={x: xeX, fOT x(s)ds = 0}. So L is a Fredholm operator with index zero. Let project
operators P and Q as follows:

T
1
P:Y —>kerL, Px=(Ax)(0); 0:X— X/ImL, Qy:?/y(s)ds.
0

Then ImP =kerL, kerQ =ImL. Set L, = L|pomLnkerp :DomL Nker P — Im L and let
L;l :Im L — Dom L Nker P denote the inverse of L, then

n—1
1 . .
—1 -1 1
[L,'y]=A4 (Z E(Ax)(l)(O)t’ + . /(r — )" y(s)ds) 2.1)
i=1
where (Ax)®(0) (i =1,2,...,n — 1) are defined by the equation
AX =B,
where
1 0 0 0
cl 1 0 0
(6] C1l 1 s 0 0
A= .
€3 Cp—4 Cp—s5 --- 1 0
Ch—2 Cp-3 Cp—4 -+ (] 1 n—1)x(n—1)

= ((A0)"=D(0), ..., (Ax)"(0), (Ax) (0)),
= (bl» b27 ey bn—l)a

1 .
b; :—”—T/(T—s)ly(s)dS,
0

and
TJ

Ci=m—— ' j=1.2.....n—2.
=Gy

Lemma 2.2. [9] Let X and Y be two Banach spaces, L: Dom(L) CX — Y be a Fredholm
operator with index zero, 2 C X be an open bounded set, and N : 2 — Y be L-compact on £2.
If all the following conditions hold:
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[A1] Lx # ANx, Vx € 92 NDom(L), VX € (0, 1);
[A2] Nx¢ImL,Vx€0df2NKerL;
[Az] deg{JON, 2 NKerL, 0} #0, where J :Im Q — ker L is an isomorphism,

then equation Lx = Nx has at least one solution on §2 N Dom(L).
3. Main results

Theorem 3.1. Suppose n is an even integer and |c| < 1, if there exist constants a > 0 and M > 0
such that

[Bi] x(g(x) = p) >0, [x| > M; orx(g(x) — p) <0, x| > M;

[B2] Tim,— o0 sup B4l < g,

then Eq. (1.1) has at least one T -periodic solution, zf—%‘i‘T:l <1

Proof. It is easy to see that Eq. (1.1) has a T-periodic solution if and only if the following
operator equation

Lx = Nx, 3.1

has a T'-periodic solution, where
0

N:Y —> X, (Nx)(t) = —f(x(t))x/(t) — g( /x(t +5) dot(s)) + p(1).

—r

From (2.1), we see that N is L-compact on §2, where £2 is any open and bounded subset of Y.
Take

21 = {x: x eDom(L), Lx =ANx, A€ (0, 1)}

Vx € §21, then x must satisfy
0

(x(t) —cx(t — o))(n) + Af(x(t))x’(t) + Xg( /x(t +5) dot(s)) =Ap(1). (3.2)

—r

Without loss of generality, we may assume that x(g(x) — p) > 0, V¢ € R, |x| > M. By integrating
the two sides of Eq. (3.2) over [0, T'], we have

J(

By integral mean value theorem, there is a constant £ € (0, T') such that g( f?r x(&+s)da(s)) —

0

/x(t +5) dot(s)) — 13) dt =0. 3.3)

—r

p = 0. So from assumption [B;] we get |f8rx($ + s)da(s)| < M. By the properties of
Riemann-Stieltjes integral, there is a constant { € (—r,0) such that |x(§ 4+ ¢)| < M. Be-



K. Wang, S. Lu/J. Math. Anal. Appl. 326 (2007) 1161-1173 1165

cause & + ¢ € R, there must exist an integer ko such that & + ¢ = koT + t*, t* € [0, T), then
|x(r*)] < M. Hence we have

t T
x| <M+ /|x/(s)|ds <M+ /|x’(s)| ds, Vtel0,T],
t* 0
ie.,
T
Ix]o <M+f|x’(r)|dr, vt € [0, T]. (3.4)
0

On the other hand, because n is even, there is an integer k such that n = 2k, k € Z*, then
multiplying the two sides of Eq. (3.2) by x(#) and integrating them over [0, 7], we get

T T
(—l)k/\x(")(t)|2dr= (_1)kc/x<k>(z —o)x®@ydr
0

0
0

T
—Afx(t)(g( /x(t+s)da(s)) —[3) dt.
0

—r

By Holder inequality, we have

T T 12, T 1/2
f|x(k)(t)|2dt < |c|(/|x(k)(t)|2dt> </|x(k)(t —o)|2dt>
0 0 0
T 0
+/|x(t)| g< /x(t+s)da(s)> — pldt
0 ~r
T 1/2 , T—o 1/2
= |c|( |x(k)(t)|2dt> ( / |x(k)(t)|2dt)
0 —0
T 0
+/|x(t)| g( /x(t—l-s)doc(s)> — pldr
0 “r
T 0
< I%MMO/ g( /x(t +s)da(s)> — pldt. (3.5)
0 —r
In view of 247" ~ 1, so there exists a constant &£ > 0 such that % < 1. From condition

1=c| . L . .
[B2], and by the properties of bounded variation function, we get that there exists a constant

0 > M such that
0

g( /x(t—}-s)da(s)) —p

—r

0

/x(t + ) da(s)

—r

S(a+te) < (a +9)lxlo,




1166 K. Wang, S. Lu/J. Math. Anal. Appl. 326 (2007) 1161-1173

0
Vt € R, /x(t +8)da(s) > p. 3.6)

Let X (1) = [° x(t +5)da(s), we set
E={te€l0,T]: X() > p}, Ey={t€[0,T]: X0 < p}.
E3={rel0,T]: X(t) < —p}.

By (3.3) it is easy to see that

(/ E/ /)( </x(t+S)da(S)>—ﬁ>dt=O. o

Hence

/

E3

0

—-p dt:—/(g( fx(t-l—s)da(s)) —ﬁ)dt

—r

:</+bf)<g< fox<r+s>da<s>> —ﬁ)dt

| —r

</+ ) (/X(t+S)dOt(S)>

E, E, —r
Sa+e)Tlxlo+gpT. (3.8)

0

g( /x(t +5) dot(s))

—r

p|dt

Therefore by (3.6) and (3.8), we get

T 0 0
/g( /x(t—}-s)dot(s)) —p dt=</+/+/) g( /x(t—}-s)da(s)) — pldt
0 —r Eq E, E3 —r
<2(/ f) ( /x(t+s)dot(s)) — pldt
1
<2(a+ 8)T|x|0 +2g,T, (3.9)
where g, = max;cg, Ig(fi)rx(t +s)da(s)) — p|. From (3.5), (3.6) and (3.9), we have
T
2T (a + ¢€) 2T .
® )| dr < 2 . 3.10
/Ix (0| dt < — |x|0+1_|c|gp|x|o (3.10)
From x(0) = x(T), x’(0) = x'(T), ..., x®*~D(0) = x*=D(T), we know that there exist & €
(0,7),i=1,2,...,n,such that x’ (&) =x" (&) = - -- = x™(&,) = 0. Hence we get
T T T T

/|x/(t)|dt < T/|x”(t)|dt < T2/|x’”(t)|dt << T”_1/|x(")(t)|dt. (3.11)
0

0 0 0
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Following (3.4) and (3.11), we have

T
Ixlo <M + /|x/(t)|dt <M+ 15! /|x(k)(t)|dt (3.12)
0
and
T T T
Ix']o < f|x”(t)|dt < T/|x”’(z)|dz << Tk_2/|x(k)(t)|dt. (3.13)
0 0 0

So it follows from (3.10) and (3.12), we have the following inequality:
¢ 27 ) 2
T(a+e T
®)[*dr < 2 ;
ﬂx OF dr < = S+ 7508k
2T +e) ’
<ery M+T"—1/|x(k)(t)]dt
1 —|c|
0

T
2T . _
gl o)
0

T 5 T
2T2k71
< ﬂ(/h(k)(tﬂdt) +d1/|x(k)(t)|dt+d2

T

L —|cl

<Wﬂ O dt+d1/|x(k)(f)|df+d2’ (3.14)

where d| = %(2(a+8)+§p),dz = ‘Cl((a+8)M+gp) As % < 1, there is a constant

M3 > 0 such that
f|x(k)(t)|2dt < M. (3.15)

From (3.12), (3.13) and (3.15), there exist two constants My and M independent of A and x
such that

|xlo < Mo, Ixlo < M.
Let M = max{Mo, M1}, 2 = {x: |lx|| < M} and 2, = {x € 32: x € kerL}, then

T 0
QNx:—%f(g( /x(t—l—s)da(s)) —ﬁ) dt.
0 —-r

If x = M or —M, then |x] > M, we know g(fi)rx(t + s)da(s)) — p > 0, we have QNx #£0,
which yields a contradiction, i.e., Vx € §2, x ¢ Im L. So conditions [A] and [A;] of Lemma 2.2
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are both satisfied. Next we show that condition [A3] of Lemma 2.2 is also satisfied. Define the
isomorphism J :Im Q — ker L as follows: J(x) = —x.
Let

1_
H(x, ) = px + T’”‘JQNx, (x. ) € 2 x [0, 1].

Then we have

T

H _ I1—uf1
(LM)—W“FT ?/ 8
0

Y(x, w) € (82 Nker L) x [0, 1].

0

/x(t +5) da(s)) — ﬁ) dt),

—r

Similar to the above proof we can see that H (x, i) # 0. Hence
deg{JON, 2 Nker L, 0}
= deg{H(x, 0),2NkerL, 0} = deg{H(x, 1), 2NkerL, 0} #0.

So condition [A3] of Lemma 2.2 is satisfied. By applying Lemma 2.2, we conclude that Eq. (3.1)
has at least one solution x(¢) on £2 N D(L), i.e., Eq. (1.1) has at least one T -periodic solu-
tion x(r). O

Corollary. Suppose n is an even integer and |c| < 1. If there exist constants a > 0 and M > 0
such that

[B1] x(g(x) —p) >0, |x| > M;orx(g(x)—p) <0, |x| > M,

[Ba] limy oo sup EG-P < a,

< 1.

then Eq. (1.1) has at least one T -periodic solution, if %‘i‘T:l
Theorem 3.2. Suppose n is an odd integer and |c| < 1. If there exist constants a > 0 and M > 0
such that

[B1] x(g(x) = p) > 0, x| > M3 or x(g(x) = p) <0, |x| > M;
[Bo] limy . o0 sup “I-E < a

B3] f(y) =20, VyeR,

then Eq. (1.1) has at least one T -periodic solution, i %i\T:I <1

Proof. Without loss of generality, we assume that x(g(x) — p) > 0, Vr € R, |x| > M, and x(¢)
is an arbitrary T -periodic solution of Eq. (3.2). Notice that n is an odd number, so there is a
constant k such that n =2k — 1, k € ZT, multiplying the two sides of Eq. (3.2) by x’(¢) and
integrating them on the interval [0, T'], we have

T

T T
(—1)k_1/|x(k)(t)|2dt: (—l)k_lc/x(k)(t—U)X(k)(t)dt —A/f(x(t))[x’(t)]zdt
0 0

0
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T 0
—)»/)/(l)(g( /x(t—i—s)doe(s)) —]5) dt
0

—r

T
< (—1)k—1c/x<k>(z —0)x® (1) dr
0
T 0
- k/x/(l) (g( /x(t +s)doe(s)) - ﬁ) dt. (3.16)
0 —r
In view of |x|o < M + fo |x'(t)|dt < M + T|x’|o, by Holder inequality, we have

T T 12 ) T—o
f|x(k)(t)|2dt < |c|</|x(k)(t)|2dt> ( f |x<k>(z)|2dz>
0 0 —o

1/2

T 0

+/|xf(,)| g( /x(t—l—s)d(x(s)) — p|dt
0 —r
| T 0
< 1—||IX’|0/ g( /X(t+S)da(S)) — pldt
—lc
0 —r
2T (a + &) , 2 .
g - @z
=l |xlolx"lo + T |C|g,o|16|o
2T%(a+e), ,, o 5
<z =Y M T M
T Wloty _|C|( @+8)+T8)1¥lo+ 7 —1a
(3.17)
So from (3.13) and (3.17), we get
T T 2 T
o 2k—2
f|x<k>(t)|2dt ST _(|ac|+8) /|x<k>(t)|dt +d3/|x(")(t)\dt+d4
0 0
2T"( ) [
a—+e
< 7/! O drds [0 dr + ds (3.18)
0
where d; = 1 |L| (M(a +e)+Tgp),ds= 7 T‘ClgpM. From assumption %‘i‘T:l < 1, there exists a
constant & such that 2((itT5)|T < 1. Hence from (3.18), there is a constant M, independent of A

and x such that
/|x(")(t)|2dt < Ms. (3.19)

The remainder can be proved in the same way as that in Theorem 3.1. O
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Corollary. Suppose n is an odd integer and |c| < 1. If there exist constants a > 0 and M > 0
such that

[B1] x(g(x) = p) > 0, x| > M: or x(g(x) = p) <0, x| > M;
[Bo] lim,— oo sup $-P < a:

B3] f(y)=20,VyeR,

2aT"
1—]c|

then Eq. (1.1) has at least one T -periodic solution, if <1

Theorem 3.3. If there exist constants a > 0, b > 0 and M > 0 such that

[Bi] x(g(x) = p) >0, [x| > M;orx(g(x) — p) <0, |x| > M;

[B2] Tim,— oo sup K92 < a;

(B3] |f(WI<b VyeR,

then Eq. (1.1) has at least one T -periodic solution, zf% <1

Proof. Without loss of generality, we assume that x(g(x) — p) > 0, Vr € R, |x| > M, and x(¢)
is an arbitrary T'-periodic solution of Eq. (3.2). So we get

0

g< /x(t + ) dot(s))

—r

[AX D ()] < 2| F (x ()% )] + 2 +2[p@]. (3.20)

Integrating both sides of (3.20) on the interval [0, T'], then

T T T 0
/|Ax(”)(t)|dt<k/|f(x(t))x’(t)|dt+k/ g( /x(t—i—s)doz(s)) — pldt
0 0 0 —r
T T
+/\/|p(z)|dt+)\/|ﬁ|dr
0 0
<T(bx'lo +2(a+e)lxlo + 28, + Iplo +151), (3.21)

where |plo = max;¢[o,77|p(¢)|. From (3.21) and the second part of Lemma 2.1, we have

T T
/|x(n)(f)|dt=/|A_1Ax(”)(t)|dt
0 0
1 T
< Ax (@) dr
|1—ICII/| |
0
< 11— [c]| (b|x’|0 +2(a +€)lxlo + 28, + |plo + |13|) (3.22)

Hence from (3.13) and (3.22), we get
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T
Ix'|o < T"—Z/\x('”(t)ydt
0

Tn—l ) i

ST |C”(b|x/|o+2(a+s)|x|0+2g,,+ Iplo+15])

n—1
< TSR (b+2(a+T)x'lo+2(a+ )M +28, + |plo+ 1p). (3.23)
From assumption % < 1, there exists a small constant & > 0 such that
W < 1. So following (3.23), there must exist a constant M; independent of A
and x such that

¥lo < M1 (3.24)

The remainder is similar to that in Theorem 3.1. O

Corollary. If there exist constants a > 0, b > 0 and M > 0 such that

[B1] x(g(x) —p) >0, |x| > M;orx(g(x) —p) <0, |x| > M;

[B2] Tim,—, oo sup E5-P < a:

(B3] [f(DI<b VyeR,

n—1
then Eq. (1.1) has at least one T -periodic solution, if % <1

Remark 34. If f(x) =0, then Eq. (1.1) is a high-order Duffing equation. Furthermore, the
conditions in Theorems 3.1-3.3 are all satisfied. If ¢ = 0, then Eq. (1.1) is a high-order Liénard
equation, and all conditions in the above theorems are still satisfied.

4. Examples
As an application, we list the following examples.

Example 1.

1 ©) 2
(x(t) — Ex(z - z)) + 2xe* T O=D ()
; 1
0
+ / x(t+s)ds o~ mnxtt9ds? ) cost. 4.1)
—TT

By Theorem 3.1 we let

X

1
g(x) =xe” 2, p(t):—icost, r=-—m, T =2m, n==6.

Then we get



1172 K. Wang, S. Lu/J. Math. Anal. Appl. 326 (2007) 1161-1173

1 -
c=-. k=3, T=2r. a= lm M‘:o, and
2 x—>—+00 X
2aT"
=0<1.
I —c|

So by applying Theorem 3.1, Eq. (4.1) has at least one T -periodic solution.

Example 2.
! O ao-1 ( 0 asp _ 1
<x(t) - Ex(t - r)) + 24 O=D )y / x(t +5)ds e” U= ¥@H+9d9)” _ -3 sint.
- @2)
By Theorem 3.2 we let
46:2(1)—-1) —x2 1.
flx)=2e . g =xe™, pO=—gsint,  r=-m,
T =2m, n=>,.
Then we get
1 _ =
c=—, k=3’ T:27[’ a= lim M‘:O’
2 X—400 X

Fx) =24 O-D - g

and %Z—T:I =0 < 1. So by employing Theorem 3.2, Eq. (4.2) has at least one T -periodic solution.

Example 3.

1

674(x2(t)+1)x/(t)
1673 (1 + 27)

(x(t) —2x(t — 1) +
0
+ / X(t 4 5)ds e~ In ¥4 — ooy 4.3)
e
By Theorem 3.3 we let

1 —4G2(0)+1) —x?
f(x)zme > , glx)=xe ", p(t) =cost,

r=-—m, T =2m.

Then we get
c=2, n=>,, T =2m, a= lim ‘m'zo,
xX—400 X
) —— P
1673(1 + 27) 1673(1 + 27)

n—1
Obviously all conditions of Theorem 3.3 are satisfied, and (zalTl“jZﬁ =30 izn)

using Theorem 3.3, Eq. (4.3) has at least one T -periodic solution.

< 1. So by
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