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Abstract. A kind of second order impulses nonlinear FDE with forcing term is studied
in this paper. By means of Kartsatos technique, we reduce it to a second order nonlinear
impulsive homogeneous equation. Several criteria on the oscillations of solutions are given
under some suitable nonlinear impulse functions. At last, an example can be illustrated our

results.

1. INTRODUCTION

Based on the oscillatory behavior of the forcing term, Wong[1] obtained
oscillation criteria for the linear nonhomogeneous equation

/

(r(H)z' (1) +p()z(t) = q(t).
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Nsar[2] considered the forced super-linear differential equation

& (6) +p(t) | () |*7H 2(t) = q(1)
and established some oscillation criteria.
Yang[3] considered the forced nonlinear differential equation

(p(t)a' (1)) + (O ((0) = 9(0)
and established some oscillation criteria.

The first order impulsive delay differential equation with forcing term can
be seen [4], [5]. Forced oscillation of second order super linear differential
equation with impulses can be seen [6], [7], [8].

In the paper, by means of Kartsatos technique and Riccati technique, forced
oscillation of second order FDE with non-linear impulses is studied. Several
criteria on the oscillations of solutions are given. We find some suitable nonlin-
ear impulse functions such that all the solutions of the equation are oscillatory.
At last, we give an example to demonstrate our results.

2. MAIN RESULTS

We consider the following systems with forcing term:

{ (1) +p(t) f((t), x(t — 7)) = q(t), t>0,t 1, 2.1)
o(t)) = gr(@(te)), @ () = hi(@' (t)), k=1,2---,
D<ty<to< - <tp<--- ,klim tp =400,k =1,2+ Jtgr1 —tp > 7, fu,v)
—00

is continuous on (—o0, +00) X (—o00,+00) uf(u,v) > 0(uv > 0),| f(u,v) |>
lp(v)],7 > 0, p(t) > 0 is not always equal to 0, vp(v) > 0(v # 0), ¢ (v) > 0,
and ¢(t) is continuous in [0, +00). gi(z), hx(x) are continuous in (—oo, +00),
and there exist positive numbers ay, ax, by, by,

az<g’“f)<ak, b <

The initial condition
$(t) = gf)(t),t € [to - T, to], (;5 € PC([tO - T, to], R)

Definition 2.1. A function z : [tog — 7,tp + @) — R(a > 0) is said to be a
solution of (2.1) if

(i) x(t) is continuous on [to, to + ) \ {tx, k € N}.
(it) 2(t) = B(t),t € [to — T, to], 2(td) = 20,7 (tT) = ;.
(iii) z(t) satisfies the first equality of (2.1) on [to,to + @) \ {tx, k € N}.

t
(iv) z(t),z (t) has two-side limits and left continuous at points t, and
w(ty) = gr(x(tr)), = () = hi(z (t)-
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If z(t) € C?)0, +oo) ! (t) = q( ), there exists two constants pi, ps and two
sequences {t;}, {t; }, hm t; = lim t, = +oo such that 2(t;) = p; < 2(t) <

—+o0 1—>+00
p2 = 2(t;).
If the equation (2.1) has an eventually positive solution x(t). Without loss
of generality, x(t — 7) > 0,t > to + 7. Let y(t) = x(t) — z(t) + p1, by the
equation (2.1), we have

y'(t) +p)ey(t — 7)) <0, t>0,t#t,
" +Z/(tk) <b (2-2)

apy(ty) +c; < y(t;) < ary(te) + cx, by, < & ’;’)(tk) =k

where ¢ = (aj —1)(2(tk) — p1), e = (ar — 1) (2(tk) — p1).

If the equation (2.1) has an eventually negative solution z(¢). Without loss
of generality, xz(t — 7) < 0,t > to + 7. Let y(t) = z(t) — z(t) + p2, by the
equation (2.1), we have

{y%w+p®¢@@—7»zo,t2&t¢m, |
+2 (k)

di < ) < g* a5 bs < y/(tz)
apy(t) +di < y(t;7) < ajy(te) +dj, b, < =70

where dj = (aj, — 1)(2(tx) — p2), dr = (ar, — 1)(2(t) — p2).
Definition 2.2. A solution of (2.1) is said to be non-oscillatory if it is even-

tually positive or eventually negative.Otherwise,this solution is said to be os-
cillatory.

2.3
< bk7 ( )

Using the method of steps, one can show that the initial problem has a
solution for any 7 > 0. By the same method in [9], one can get sufficient
conditions that can guarantee the solution of (2.1) exists on [tg, +00). In the
following, we always assume the solutions of (2.1) exists on [tg, +00).

Lemma 2.3. Assume that
(Ag) m € PCY[Ry, R] and m(t) is left-continuous at ty, k =1,2,---,
(A1) Fork=1,2,--- t > to,

m' (t) < p()ym(t) +qlt),  t#t,
m(tf) < dgpm(ty) + by,

where q,p € PC[R,, R], d},

m(t) <m(tg) [] drexp ft

to<tp<t
+x (1 djexputkp(s)ds))bk
to<tp<t \tp<t;<t
—|—ftt0 II dkexp(fstp(a)da)q(s)ds, t > to.
s<tp<t

> 0 and by, are constants. Then

)
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The proof of the Lemma 2.3 can be seen in [10, Theorem 1.4.1].

Lemma 2.4. If x(t) is an eventually positive solution of the equation (2.1),
there exists a constant kg, such that z/(tk) =0, for k > ko, and

b3 bibs - - by,
Hq): (1 — & Ate — t ceep 72 oy —t R ,
(Hr) = (= to) &+ (b = t) oo 2P by — ) + +00
C C C C
(HQ);| 1|_|_| 2|+ | cs | +'--+A+-~-<+oo7
al a1ag ajasas airag - - - Ay

then for the equation (2.2), y (tx) > 0,y (t) > 0,t € (tg, tpr1], te > T > theo -
Proof. Without loss of generality, let (¢t — 7) > 0,t > ty + 7, by y(t) =
x(t) — z(t) + p1, then

y'(t) = —p(t) f(x(t), @(t—T7)) <0,

we have " (t) < 0 and is not always equal to 0.

At first, we claim y (t;) > 0,t > tr,. If it is not true, there exists a
tj > thy, y (t5) < 0,80 bjy (t5) <y () < bjy'(t;) < 0. By y'(t) <0 and is
not always equal to 0, we have 3 (t) < yl(tj) < 0,t € (tj,tj+1]. Especially,

we have y/(t]+1) <yt < y,(t;r) < 0. Let y (tj+1) = —a, (@ > 0), then
y,(t]—‘,-l) < bj+ly ( J+1) = —b*+10[,
Y (1) < =bia, tE (Lt (2.4)

Especially, we have y' (t;r+2) < bﬁzy (tj+2) < —bj, b}, 9. By induction, for
t € (jyms tjrmri]

Y () < =05 4big - bl o (2.5)
Especially, we have

tt

Yy ( +m+1) b%+m+ly (tj-‘rm—l-l) < —b;+1b;+2 T b;+mb*+m+1a

Integrating the inequality (2.4), from t;41 to t;yo, we have
y(tjr2) < y(t], ) —bjaltjve —tjpa).
Let

y(tj—f—m) N
< aj2aj43 aj+m—1[y(tj+1) bioltjve —tj1)

b* b, ---b*

_p* 42 Tjtm—1 . .
24-210‘,1 +26(7533—1-3 t]+2) ij-qu1 @jra g rme 1(t3+m tj-i-m—l)
Si+2 4 943 4 .. Jtm

+aj+2 Qj+20;5+3 t Aj+20543jpm—1-"

(2.6)
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Integrating the inequality (2.5), from ¢y, to tj4m41, we have

y(tj+$+1)
< y(tj+m) - b;‘-i-l ;-1-2 T b;-',-ma(tj—&-m-i-l — tj4m)

*

< Gj12a543 - Qjrm—10em[y () — Uipaltive — tj1)
* * *

, £ _b*

_b* Z3E2 (+. _t. I 5 _gt2 Tjdm (4. 4t
bcji;aajﬂc(ig;a tiv2) o 105 e (Bitmt1 = tjtm)

+ Jro + .- Jrm

ajyz | aj+20543 Q5120543 Q5 4m i’

(2.7)

By induction, for all m € N, we have the the inequality (2.7) holds. By the

conditions (Hi), (H2), when m — 400, we have y(tj4m+1) — —oo. On the

other hand, y(t) = x(t) — 2(t) + p1, when t — 400, x(t) — —o0, it contradicts
z(t) > 0.

So, there exists a T' > ty,, for all t;, > T, we have y (tp) > 0, and by ¥/ (t)

is monotone function, we have y'(t) > 0,¢ > T. The proof of the Lemma 2.4

is completed. ]

Lemma 2.5. If x(t) is an eventually positive solution of the equation (2.1),
the conditions (Hy), (Ha) hold, and there exists a ko, such that a} > 1,2 (t},) =
0,k > ko, then for the equation (2.2), y(t) > 0,t > T > t,.
Proof. Without loss of generality, let z(t —7) > 0,¢t > tg+ 7.

I) If there exists a t; > to + 7, such that y(tj) > 0. By the conditions
(Hy), (Hz) and the Lemma 2.4, we have y (t) > 0,t € (tj,t;11], s0

y(tj+1) > y(t;_) > Ovy(t;"—+1) > @;+1y(tj+1) + c;+1 > a;+1y(tj+1)-
By induction, there exists a T' > t,, we have y(t) > 0, for ¢t > T.

+ *
y(tj )*Cj

II) If all ¢t; > tx,, we have y(tj) <0, ie y(t;) <

monotonically increasing in ¢ € (t;,;41],
y(t) < y(tjﬂ) <0, te (tj,t]url]. (2.8)

On the other hand, in (ty, t11], tx > t;, we take a sequence {t',,}, then z(t,,) =
y(t) + z(t,) —pr = y(t,) < 0, it contradicts x(t) > 0. So y(t) > 0,¢t > T.
Summing up the above consideration, we have y(t) > 0, for ¢ > T'. The proof
of the Lemma 2.5 is completed. U

< 0. By y(t) is

Lemma 2.6. If z(t) is an eventually negative solution of the equation (2.1),
there exists an constant ko, such that 2’ (tx) =0, for k > ko, and

bl bEbE - - - b
(Hy): (81 —to) + L(tg —ty) + -4 L2

(tnr1 — tn) + -+ = +o0,
a a1a2 - an
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| d d d d

il fde  dds] L ldn
al ai1an aijasasg ajag - - - Qp

then for the equation (2.3), y (tx) < 0,y (t) < 0,t € (s togn] s tie > T >ty -

(H2)

+ o < oo,

Lemma 2.7. If z(t) is an eventually negative solution of the equation (2.1),
the conditions (Hy), (Hs)" hold, and there exists a ko, such that af, > 1,z (t},) =
0,k > ko, then for the equation (2.3), y(t) < 0,t > T > t,.

Remark 2.8. If z(t) is an eventually negative solution of (2.1), by the con-
ditions (H;), (Hz)', the proof of the Lemma 2.6 and Lemma 2.7 are similar to
Lemma 2.4 and Lemma 2.5, so it is omitted here.

Theorem 2.9. Suppose the conditions (Hy),(Hz) hold, if there exists a con-
stant ko, such that af > 1,2 (t) = 0,k > ko, (v) > ¢ > 0 and F(t) > 0 is
continuous on [0, 00),

(Hs): lim exp ( / t(—cF(s))ds) < +o0,

li
t——+o0 t

my:im [T 1ea;p< /:(—cF(T))dT> [p(s)—CF z(s>] ds = +oo,

t——+o00
t1 t1<to,x<s 0.k

where

0o — b, tok = tk;
0 1, tog =tk + T;

then every solution of (2.1) is oscillatory.

Proof. Let x(t) be a non-oscillatory solution of (2.1). Without loss of gener-
ality, let x(t — 7) > 0(t > top + 7). By (2.2) and the Lemma 2.4, Lemma 2.5,
we have

y(t) >0,y (1) > 0,y (£) <0, t>T >t >to+T. (2.9)

Without loss of generality, T' = tg + 7,
u(t) =

y (t)
eyt =)’
by (2.9), we have u(t) > 0,t > tg+ 7,t # tg,t # ti, + 7.

' _ Y0 0 =)y (t-7)
w(t) = sua—m P2 ))

IN
|
!
=
!
o
<
=
no

IN
|
=)
=
|
o
%jw;
|
Q
£
-~
T
=
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y ()
u(ty) = —— " < bu(ty), (2.10)
eyt — 1))
y(t+7) vt +7)
eyty) — elary(te))

y (tp + 1)
e(y(tk))

u(ti +71) = < <u(tp+7), (2.11)

so, we have

() < =[p(t) — O] — cu(t) F(t),t £ top k= 1,2, -+,
{ ultgy) < HO,W(to,k)A‘- (2.12)

Wheretlzto,l<t0,2:t1+7'<---<t0,2m,1:tm<t0,2m:tm—|—r<---,

lim t07m = +OO,
m——+00

0 b, tok = ti;
0.k 1, t()’k =t + 7.

By (2.12) and the Lemma 2.3, we have

ut) < 11 9o,k[u<tf>exp<f;<cF(s))ds)

- t1<t0,k<t

, (2.13)
—ft’i( H e:,,cew<f§<—cF<T>>dT>[p<s>—0F4<s>])ds].

t1<to,x<s

when ¢ — +o00, by the condition of the Theorem 2.9, we have u(t) — —oo,
this contradicts u(t) > 0.

If x(t —7) < 0(t > to + 7), similar to the above method, and the condition
(Hy), (Hy)', (Hs3), (Hy) hold, we can get a contradiction. So every solution of
(2.1) is oscillatory. The proof of Theorem 2.9 is completed. O

Corollary 2.10. Suppose the conditions (Hy),(Hz) hold, if there exists a
constant ko, such that aj, > 1,2 (t) = 0,k > ko, F(t) = 0 and
t H 1
lim —p(s)ds = 400,
t=oeo to+T tU+T<t07k <s 0.k

then every solution of (2.1) is oscillatory.

Theorem 2.11. Suppose the conditions (Hy),(Hza) hold, if there exists a con-
stant ko, such that af > 1,2 (tg) = 0,k > ko, (v) > ¢ > 0,p(ab) = p(a)p(b)
and F(t) > 0 is continuous on [0, 00),

(H3) : lim exp </t(—cF(s))ds) < o0,

t—-+o0 t
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(Hy)': lim t I1 1ea:p< /St(—cF(T))dT> [p(s)—CF z<8)] ds = +00,

t—
o Jn t1<to,k<s o,k
where
" { bki tor = ti;
0,k = _ .
o(ag)’ to,k iy + T3

then every solution of (2.1) is oscillatory.

Proof. Similar to the proof of the Theorem 2.9, let y(t) = x(t) — z(¢t) + p1,

u(t) = (p(;/(t(?ﬂ), we also obtain u(t) > 0, > ti,. So, we have
’ cF2(t) -
u(t) < —[p(t) — =] — cu(®)F(t), T # top b =1,2,---, (2.14)
’U,(ta:k) S wO,ku(tU,k)7

Wheretlzto,l<t0,2:t1+7'<"-<t072m_1:tm<t0,2m:tm+7<-",

lim g, = +o00,
m—-+00

o — { bk,l to ke = ti;
0.k = _
Par)” foje =tk 7.

By (2.14) and the Lemma 2.3, we have

u(t) < I wo,k{uar)exp(f;(—cF@))ds)

n t1<to,p <t

(2.15)
(| T el ermanipls) - L as),
t1<t0,k<5 ’

when ¢t — +o00, by the condition of the Theorem 2.11, we have u(t) — —oo,
this contradicts u(t) > 0.

If x(t —7) < 0(t > to + 7), similar to the above method, and the condition
(Hy), (Hs)', (Hs3)', (H,)" hold, we can get a contradiction. So every solution of
(2.1) is oscillatory. The proof of Theorem 2.11 is completed. O

Corollary 2.12. Suppose the conditions (Hi),(H2) hold, if there exists a
constant ko, such that aj, > 1,2 (t) = 0,k > ko, F(t) = 0 and

¢ 1
tl}ﬁn H —p(s)ds = 400,
o0
to+1 t0+7'<t07k<s wo’k

then every solution of (2.1) is oscillatory.



Forced oscillations of second order nonlinear FDE with impulses 107

3. EXAMPLE

Example 3.1. Consider
{x%w+ﬁu+z(» p(t—1) =sint, t>0t#kmk=12
((km+3)7) = Hla(kr + §),2 ((kn + 5)%) = Bta (kr + )

In fact, p(t) = 2, q(t) = sint,a} = a; = k“ > 1,b; = by k;gl to =13,

L fz(t),z(t—1)) = (1+22(t))z(t—1),¢(x (t 1) =2(t-1),¢ (x (t—l))=§=

ety = km+ Tty —tp =7 > 1. Let F(t) = 1 2(t) = —sint, 2 (kr + ) =
—COS(k?7T+ Tr) =0 pl = —Lp =1 ¢ = (L—]L_l - 1)(0 - (_]‘)) = %adk =
(%—1)(0—1) -1
(th—to) + Bty —t1) + -+ Al p g ) 4o
1 0 ag \“2 1 a1ag-an \nt1 n
le1] |ca] |es] len]
711+a1t2112+al1aza31—’_'”+a1a2~~fn+”' )
—T+ﬁ+ﬂ+---+m:1—m<+oo,
|da | |d2] |ds] |dn|
Ti_{—aébz+%1a2a31+'”+a1a2~~1an+'” )
=T+2%+3%+---+m:1—n—+1<+oo.

2 3 1
So the condition (H;), (Hy), (Hs)" hold. For the condition (H3), (Hy) we have

t
1 t
lim exp / —ds) = lim i:O,
t—+oo t S t—+oo

t Lﬁ(SQ—i)ds—l ¢ 4(53_L)ds
t1 t1<tox<s 90,1@ t 452 t Jty t1<to < 0.k 4s
t t t2
Z%ftl 11 eoﬁszdsz%ftl sds = $(t — 1) = 400, (t — 400).
t1<top<s

Therefore, the conditions of Theorem 2.9 hold. So every solution of (3.1) is
oscillatory.
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