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This paper summarizes a series of results on the oscillation of impulsive ordinary differential
equations. We consider linear, half-linear, super-half-linear, and nonlinear equations. Several
oscillation criteria are given. The Sturmian comparison theory for linear and half linear equations
is also included.

1. Introduction

Impulsive differential equations, that is, differential equations involving impulse effect,
appear as a natural description of observed evolution phenomena of several real world
problems. There are many good monographs on the impulsive differential equations [1-
6]. It is known that many biological phenomena, involving thresholds, bursting rhythm
models in medicine and biology, optimal control models in economics, pharmacokinetics, and
frequency modulates systems, do exhibit impulse effects. Let us describe the Kruger-Thiemer
model [7] for drug distribution to show how impulses occur naturally. It is assumed that the
drug, which is administered orally, is first dissolved into the gastrointestinal tract. The drug
is then absorbed into the so-called apparent volume of distribution and finally eliminated
from the system by the kidneys. Let x(t) and y(t) denote the amounts of drug at time ¢ in
the gastrointestinal tract and apparent volume of distribution, respectively, and let k; and k»
be the relevant rate constants. For simplicity, assume that k; # k. The dynamic description of
this model is then given by
x'=—-kix,
(1.1)
Yy = -k + ki x.
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In [8], the authors postulate the following control problem. At discrete instants of time 0 =
to <ty <t < -+ < ty, the drug is ingested in amounts 6y, 61,6, ...,6N. This imposes the
following boundary conditions:

x(tf)=x(t;)+6;, i=0,1,2,...,N,
y(t) =y (&), (12)
x(07) =y(07) =0.

To achieve the desired therapeutic effect, it is required that the amount of drug in the apparent
volume of distribution never goes below a constant level or plateau m, say, during the time
interval [t1, tn41], where £n11 > tn. Thus, we have the constraint

y(t)2m, tel[t,tnal (1.3)

It is also assumed that only nonnegative amounts of the drug can be given. Then, a control
vector is a point u = (61,02,...,06N) in the nonnegative orthant of Euclidean space of
dimension N + 1. Hence, Q = {u € RN*! : 4 > 0}. Finally, the biological cost function
f(6) =(1/2) Zgo 61.2 minimizes both the side effects and the cost of the drug. The problem is
to find inf,5¢ f (1) subject to (1.1)—(1.3).

The first investigation on the oscillation theory of impulsive differential equations
was published in 1989 [9]. In that paper Gopalsamy and Zhang consider impulsive delay
differential equations of the form

X () +ax(t-1) = Zb]-x(t;)es(t —t)), t#t, (1.4)
j=1
x'(H) +pt)x(t-1) =0, t#t,
(1.5)
x(t) —x(t) =bix(t;), ieN={1,2,...},
where 0 < t; <t <--- <tj — owasj — oo, and 7 is a positive real number. Sufficient

conditions are obtained for the asymptotic stability of the zero solution of (1.4) and existence
of oscillatory solutions of (1.5). However, it seems that the problem of oscillation of ordinary
differential equations with impulses has received attention much later [10]. Although, the
theory of impulsive differential equations has been well established, the oscillation theory of
such equations has developed rather slowly. To the best of our knowledge, except one paper
[11], all of the investigations have been on differential equations subject to fixed moments of
impulse effect. In [11], second-order differential equations with random impulses were dealt
with, and there are no papers on the oscillation of differential equations with impulses at
variable times.

In this survey paper, our aim is to present the results (within our reach) obtained so far
on the oscillation theory of impulsive ordinary differential equations. The paper is organized
as follows. Section 2 includes notations, definitions, and some well-known oscillation
theorems needed in later sections. In Section 3, we are concerned with linear impulsive
differential equations. In Section 4, we deal with nonlinear impulsive differential equations.
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2. Preliminaries

In this section, we introduce notations, definitions, and some well-known results which will
be used in this survey paper.

Let J = [ty, o0) for some fixed to > 0 and {t};2, be a sequence in J such that fp <t <
by < +r <t <tpyp <--- and limy _, ot = 0.

By PLC(X, Y'), we denote the set of all functions ¢ : X — Y which are continuous for
t#t, and continuous from the left with discontinuities of the first kind at ¢ = t. Similarly,
PLC’(X,Y) is the set of functions ¢ : X — Y having derivative ¢? € PLC(X,Y).One has
XCJ,Y=R"'orY =R Incase Y = R, we simply write PLC(X) for PLC(X, R). As usual,
C(X,Y) denotes the set of continuous functions from X to Y.

Consider the system of first-order impulsive ordinary differential equations having
impulses at fixed moments of the form

x'=f(t,x), t#t,

(2.1)
Axlt:tk = fr(x), k€N,
where f(t,x) € C(J x R",R"), fi € C(R",R"), and
Axlyy, = x(t) = x(t;) (2.2)

with x(t) = lim; _, ;= x(t). The notation Ax(x) in place of Axl;-y, is also used. For simplicity, it
is usually assumed that x(tx) = x(t,).

The qualitative theory of impulsive ordinary differential equations of the form (2.1)
can be found in [1-6, 12].

Definition 2.1. A function ¢ € PLC!(J,R") is said to be a solution of (2.1) in an interval (a, [5)
if ¢(t) satisfies (2.1) for t € (a, §).

For ty € (a, ), we may impose the initial condition
x(tg) = Xq. (23)

Each solution ¢(t) of (2.1) which is defined in the interval (a, f) and satisfying the
condition ¢(t]) = x is said to be a solution of the initial value problem (2.1)-(2.3).

Note that if tg € (tx,tx+1), then the solution of the initial value problem (2.1)-(2.3)
coincides with the solution of

X = fltx),  x(to) = xo (2.4)

on (t, tks1)-

Definition 2.2. A real-valued function x(t), not necessarily a solution, is said to be oscillatory, if
it is neither eventually positive nor eventually negative. Otherwise, it is called nonoscillatory.
A differential equation is called oscillatory if all its solutions are oscillatory.
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For our purpose we now state some well-known results on oscillation of second-order
ordinary differential equations without impulses.

Theorem 2.3 (see [13]). Let p(t) > 0. Then, the equation

y' +pt)y =0 (2.5)
is oscillatory if
. “ 1
lim 1nftf p(s)ds > — (2.6)
t— oo t 4
and nonoscillatory if
” 1
tj p(s)ds < 1 for large t. (2.7)
t

Theorem 2.4 (see [14]). Let r and p be continuous functions and r(t), p(t) > 0. If

t ds t
i _— = i = 28
im [ (= dm ] peds=en @8
then the equation
(r®)y) +pBy =0 (29)

is oscillatory.

Theorem 2.5 (see [15]). Let f be a positive and continuously differentiable function for t > 0, and
let f'(t) <0.1If

ItMme<m (2.10)
0
then the equation

Y+ fty" =0 (2.11)

has nonoscillatory solutions, where n > 1 is an integer.

Theorem 2.6 (see [15]). Let f(t) be a positive and continuous function for t > 0, and n > 1 an
integer. Then every solution of (2.11) is oscillatory if and only if

qumm=m. (2.12)
0
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3. Linear Equations

In this section, we consider the oscillation problem for first-, second-, and higher-order linear
impulsive differential equations. Moreover, the Sturm type comparison theorems for second-
order linear impulsive differential equations are included.

3.1. Oscillation of First-Order Linear Equations
Let us consider the linear impulsive differential equation

X +alt)x=0, t#t,

(3.1)
Ax|iy, +axx =0, kEeN,
together with the corresponding inequalities:
X +at)x <0, t#t,
(3.2)
Ax|iy, +axx <0, k€N,
X' +a(t)x >0, t#t,
(3.3)

Ax|y, +axx >0, keN.
The following theorems are proved in [1].

Theorem 3.1. Let a € PLC(J) and 1 - ax #0, k € N. Then the following assertions are equivalent.

(1) The sequence {1 — ax} has infinitely many negative terms.
(2) The inequality (3.2) has no eventually positive solution.
(3) The inequality (3.3) has no eventually negative solution.

)

(4) Each nonzero solution of (3.1) is oscillatory.

Proof. (1)=(2). Let the sequence {1 - ax} have infinitely many negative terms. Let us suppose
that the assertion (2) is not true; that is, the inequality (3.2) has an eventually positive solution
x(t), t > Ty. Let tx > T\ be such that 1 — ax < 0. Then, it follows from (3.2) that

x(8) < (1 —ar)x(t) <O, (3.4)

which is a contradiction.

(2)&(3). The validity of this relation follows from the fact that if x(t) is a solution of
the inequality (3.2), then —x(t) is a solution of the inequality (3.3) and vice versa.

(2) and (3)=(4). In fact, if (3.1) has neither an eventually positive nor an eventually
negative solution, then each nonzero solution of (3.1) is oscillatory.

(4)=(1). If x(t) is an oscillatory solution of (3.3), then it follows from the equality

t
x(t) = x(tg) exp <—J a(s)ds> H (1-ag) (3.5)
fo

to<tr<t

that the sequence {1 — ai} has infinitely many negative terms. O
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The following theorem can be proved similarly.

Theorem 3.2. Let a € PLC(]), and 1 — ax #0, k € N. Then the following assertions are equivalent.

(1) The sequence {1 — ax} has finitely many negative terms.

(2) The inequality (3.2) has an eventually positive solution.

(3) The inequality (3.3) has an eventually negative solution.
)

(4) Each nonzero solution of (3.1) is nonoscillatory.

It is known that (3.1) without impulses has no oscillatory solutions. But (3.1) (with
impulses) can have oscillatory solutions. So, impulse actions determine the oscillatory
properties of first-order linear differential equations.

3.2. Sturmian Theory for Second-Order Linear Equations

It is well-known that Sturm comparison theory plays an important role in the study of
qualitative properties of the solutions of both linear and nonlinear equations. The first paper
on the Sturm theory of impulsive differential equations was published in 1996. In [10],
Bainov et al. derived a Sturmian type comparison theorem, a zeros-separation theorem,
and a dichotomy theorem for second-order linear impulsive differential equations. Recently,
the theory has been extended in various directions in [16-18], with emphasis on Picone’s
formulas, Wirtinger type inequalities, and Leighton type comparison theorems.

We begin with a series of results contained in [1, 10]. The second-order linear
impulsive differential equations considered are

X"+pt)x =0, t#t,

(3.6)
Ax(tx) =0, Ax'(tk) +prx(te) =0, k€N,

yl/ + q(t)y = 0, t}étk,
Ay(tx) =0, Ay'(t) +qry(t) =0, k€N,

(3.7)

where p and g are continuous for t € J, t#1, and they have a discontinuity of the first kind
at the points t; € J, where they are continuous from the left.

The main result is the following theorem, which is also valid for differential
inequalities.

Theorem 3.3 (see [1, 10]). Suppose the following.
(1) Equation (3.7) has a solution y(t) such that

y(t) >0, te(ab), y(a)=y()=0. (3.8)

(2) The following inequalities are valid:

P 2q(t), pe2ar te(ab), e (ab). (39)

(3) p(t) > g(t) in a subinterval of (a, b) or px > qx for some ty € (a,b).
Then (3.6) has no positive solution x(t) defined on (a,b).
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Proof. Assume that (3.6) has a solution x(t) such that x(t) > 0, t € (a,b). Then from the
relation

(' (Oy (1) - x(t)y () = x"(Oy(t) - x(B)Y"(t), tE(ab), tt, (3.10)
an integration yields

X (b7)y(b7) —x(b7)y'(b7) - ¥ (a")y(a’) + x(a)y'(a")

b (3.11)
= f [ (O () - x(Oy" O]t + 3 [Ax )y () — x(H)AY (1)].
a a<tr<b
From (3.6), (3.7), condition (1), and the above inequality, we conclude that
b
0< f (a@t) —p®)xtyy®Odt+ D (g —pr) x(te)y (k). (3.12)

a<tr<b

But, from conditions (2) and (3), it follows that the right side of the above inequality is
negative, which leads to a contradiction. This completes the proof. O

The following corollaries follow easily from Theorem 3.3.

Corollary 3.4 (Comparison Theorem). Suppose the following.
(1) Equation (3.7) has a solution y(t) such that

y(t)#0, te(ab), y(a)=y()=0. (3.13)

(2) The following inequalities are valid:

p(t) >2q(t), px>qx, te€(ab), tre(ab). (3.14)

(3) p(t) > q(t) in some subinterval of (a,b) or px > qx for some t; € (a,b).

Then, each solution x(t) of (3.6) has at least one zero in (a,b).

Corollary 3.5. If conditions (1) and (2) of Corollary 3.4 are satisfied, then one has the following.
(1) Each solution x(t) of (3.6) for which |x(a*)| + |x(b™)| > 0 has at least one zero in (a,b).
(2) Each solution x(t) of (3.6) has at least one zero in [a, b].

Corollary 3.6 (Oscillation Theorem). Suppose the following.

(1) There exists a solution y(t) of (3.7) and a sequence of disjoint intervals (a,,b,) C J such
that

nh—l:r(}oan =oo, y(ay)=y(b,) =0, andy(t)#0 (3.15)

fort e (ay, b,), nelN.
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(2) The following inequalities are valid for t € (a,, b,), tk € (an, by), and n € N;

p(t) 2 q(), Pk > gk. (3.16)

Then all solutions of (3.6) are oscillatory, and moreover, they change sign in each interval [a,, by].

Corollary 3.7 (Comparison Theorem). Let the inequalities p(t) > q(t), px > qi hold fort >T > a
and ti > T. Then, all solutions of (3.7) are nonoscillatory if (3.6) has a nonoscillatory solution.

Corollary 3.8 (Separation Theorem). The zeros of two linearly independent solutions of (3.6)
separate one another; that is, the two solutions have no common zeros, and if a,b (a < b) are two
consecutive zeros of one of the solutions, then the interval (a, b) contains exactly one zero of the other
solution.

Corollary 3.9 (Dichotomy Theorem). All solutions of (3.6) are oscillatory or nonoscillatory.

We can use Corollary 3.7, to deduce the following oscillation result for the equation:

2"+ f(t,z,2) =0, t#k,
(3.17)
Az, =0, AZ'|_, + fi(z,2) =0.

Theorem 3.10 (see [1, 10]). Suppose the following.

(1) The function f(t,u,v) is such that if z(t) is a continuous function for t > a having
a piecewise continuous derivative z'(t) for t > a, then the function f(t,z(t),z'(t)) is
piecewise continuous for t > a.

(2) The following inequalities are valid:

uf(t,u,v) > qt)u?, t>a, (u,v)€R?
(3.18)
ufe(u,v) > qeui?,  te >a, (u,v) € R%

Then every solution z(t) of (3.17) defined for t > T > a is oscillatory if (3.7) has an oscillatory
solution.

Recently, by establishing a Picone’s formula and a Wirtinger type inequality, Ozbekler
and Zafer [17] have obtained similar results for second-order linear impulsive differential
equations of the form

I[x] = (k()x) +r(t)x' +p(H)x =0, t#6;,
(3.19)
Ix] = A(k(H)x") +pix=0, t=6,

Lly] = (m(t)y)' +s()y +q()y =0, tz#6;,

Lo[y] = A(m(t)y') +qiy =0, t=6;

(3.20)
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where {p;} and {g;} are real sequences, k,m,r,s,p,q € PLC(I) with k(t) > 0 and m(t) > O for
alltelIcJ.

Let Iy be a nondegenerate subinterval of I. In what follows we shall make use of the
following condition:

k(t) #m(t) whenever r(t) #s(t) Vt € I. (H)

It is well-known that condition (H) is crucial in obtaining a Picone’s formula in the case when
impulses are absent. If (H) fails to hold, then Wirtinger, Leighton, and Sturm-Picone type
results require employing a so-called “device of Picard.” We will show how this is possible
for impulsive differential equations as well.

Let (H) be satisfied. Suppose that x, y € C(Iy) such that x', vy’ € PLC(Iy) and kx', my’' €
PLC! (Ip). These conditions simply mean that x and y are in the domain of [,ly and L, Ly,
respectively. If y(t) #0 for any ¢ € Iy, then we may define

w(t) = % [y(Hk)x'(t) — x(t)m(t)y'(t)] for t € . (3.21)

For clarity, we suppress the variable t. Clearly,

2 !
w' = (k-m)(x')* + (q-p)x> + m(x’ - 5y'> + xz% —rxx’

+ i{yl [x] -xL[y]}, t#6; (3.22)

x2

Aw =x{llx] -pir} = < {Loly] - aw}, t=0:

In view of (3.19) and (3.20) it is not difficult to see from (3.22) that

w' = (k- m)(x')2 +(q-p)x*+ m(x' - %/)2 - sx<x' - %)

+(s—r)xx" + ;{yl[x] -xL[y]}

_ )2 2 _ 2

m/ , S 2 x
+?<xy—xy—%xy> +;{yl[x]—xL[y]}, t#6;,

Aw = (qi —pi)x* + §{yzo[x1 ~xLo[y]}, t=6.
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Employing the identity

p
w(ﬂ)—ww):f Wi+ S Aw(®), (3.24)

a< 6i<ﬂ

the following Picone’s formula is easily obtained.

Theorem 3.11 (Picone’s formula [17]). Let (H) be satisfied. Suppose that x,y € C(ly) such that
x',y' € PLC(Iy) and kx',my’ € PLC'(Iy). If y(t) #0 for any t € I and [a, B] C Iy, then

B p (s—r) s2 . (s-71)
[L{[q P ak—m) 4m]x2+(k‘m){“2<k ) }

+ yﬂ<xy— xy —ixy) +y{yl xL[y]}} (3.25)

X
v (v

[(qz pi)x? +y{ylo[x] xLo[y]}]

a<9<ﬂ

In a similar manner one may derive a Wirtinger type inequality.

Theorem 3.12 (Wirtinger type inequality [17]). If there exists a solution x of (3.19) such that
x#0o0n (a,b), then

b
— 2 ! r
Win] = f {rﬂz k(n 2kn> }dt + aébzﬂln <0, 17€Qy (3.26)
where
Qi = {11 € Cla,b] : r1f € PLC[a,b], kn' € PLC'[a,b], n(a) = n(b) =0}. (3.27)

Corollary 3.13. If there exists an 1 € Q. such that W[n] > 0, then every solution x of (3.19) has a
zero in (a,b).

Corollary 3.14. Suppose that for a given t; > to there exists an interval (a,b) C [t;,00) and a
function 1 € Qq for which W{n] > 0. Then (3.19) is oscillatory.

Next, we give a Leighton type comparison theorem.

Theorem 3.15 (Leighton type comparison [17]). Suppose that there exists a solution x € Q. of
(3.19). If (H) is satisfied with (a,b) C Iy and
2
s—7
+ 2k—m) m)x] }dt

_ b (s—1r)* &2
b= [ o r -5 i

+ > (qi-pi)x* >0,

a< 0;<b

(3.28)

then every solution y of (3.20) must have at least one zero in (a, b).



Advances in Difference Equations 11

Proof. Let @« = a+ e and p = b — € € Ij. Since x and y are solutions of (3.19) and (3.20),
respectively, we have I[x] = [y[x] = L[y] = Lo[y] = 0. Employing Picone’s formula (3.25), we
see that

b—e

| ke —xmy)

b-e 2 2 2
_ (s-1)° s ), (s=71)
‘L[{"""«k—m) ‘E}"z“k‘m){x =R
2
+ %{x’y—xy'— %xy} ]dt

+ Z (9 —pi) **.

a+e< O;<b—e

(3.29)

The functions under integral sign are all integrable, and regardless of the values of
y(a) or y(b), the left-hand side of (3.29) tends to zero as e — 0*. Clearly, (3.29) results in

L[x] <0, (3.30)

which contradicts (3.28). O

Corollary 3.16 (Sturm-Picone type comparison). Let x be a solution of (3.19) having two
consecutive zeros a, b € Iy. Suppose that (H) holds, and

k>m, (3.31)

(s—1r)% &2
L2 3.32
V2P 3k—m) " am (3:32)

forallt € [a,b], and
qi > pi (3.33)

foralli € N for which 6; € [a,b].
If either (3.31) or (3.32) is strict in a subinterval of [a,b] or (3.33) is strict for some i € N,
then every solution y of (3.20) must have at least one zero on (a, b).

Corollary 3.17. Suppose that conditions (3.31)-(3.32) are satisfied for all t € [t., o) for some integer
t, > to, and that (3.33) is satisfied for all i € N for which 6; > t.. If one of the inequalities (3.31)—(3.33)
is strict, then (3.20) is oscillatory whenever any solution x of (3.19) is oscillatory.

As a consequence of Theorem 3.15 and Corollary 3.16, we have the following
oscillation result.

Corollary 3.18. Suppose for a given t; > ty there exists an interval (a,b) C [t1, 00) for which that
condition of either Theorem 3.15 or Corollary 3.16 are satisfied. Then (3.20) is oscillatory.
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If (H) does not hold, we introduce a setting, which is based on a device of Picard,
leading to different versions of Corollary 3.16.
Indeed, for any h € PLC!(I), we have

d )
E<x2h>=2xx’h+x2h, t+#0;. (3.34)
Let
v = ;(ykx' —xmy') +x*h, tel (3.35)
It follows that
o , (s-r+2w)? S ., { , s—-r+2h }2
v—{q p+h 1k —m) yp x“ + (k—m) x+2(k_m)x
+E{x' —xy - }2 t#06; (3.36)
% Y=xXy -5 %Y1~ #0i,
Av = (gi-p)x*+x*Ah, t=0;.
Assuming that 7, s e PLC!(I), the choice of h = (r — s) /2 yields
v'={q- _ger s x2+(k—m)(x’)2+ﬂ{x’ —xy - —x }2 t#6;
- q p 2 4m yz y y 2m 3/ ’ 71: i
(3.37)

Av:{ i — i—%(As—Ar)}xz, t=0;.

Then, we have the following result.

Theorem 3.19 (Device of Picard [17]). Let r,s € PLC'(I) and let x be a solution of (3.19) having
two consecutive zeros a and b in 1. Suppose that

k>m, (3.38)
grp+ieor)r (3.39)
- 2 4m
are satisfied for all t € [a,b], and that
1
qi 2 pi + E(AS —-Ar), t=6, (3.40)

foralli € N for which 6; € [a,b].
If either (3.38) or (3.39) is strict in a subinterval of [a, b] or (3.40) is strict for some i, then
any solution y of (3.20) must have at least one zero in (a, b).
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Corollary 3.20. Suppose that (3.38)-(3.39) are satisfied for all t € [t., o0) for some integer t, > t,
and that (3.40) is satisfied for all i € N for which 6; > t.. If r,s € PLC'[t., ) and one of the
inequalities (3.38)—(3.40) is strict, then (3.20) is oscillatory whenever any solution x of (3.19) is
oscillatory.

As a consequence of Theorem 3.19, we have the following Leighton type comparison
result which is analogous to Theorem 3.15.

Theorem 3.21 (Leighton type comparison [17]). Let r,s € PLC'[a,b]. If there exists a solution
x € Q of (3.19) such that

Llx] = fb{ [q -P- %(S’ =) - %]xzdt + (k- m)(x’)z}dt

a

(3.41)
1
+ Z {qi -pi— E(AS - Ar)}x2 >0,
a<0;<b
then every solution y of (3.20) must have at least one zero in (a,b).
As a consequence of Theorems 3.19 and 3.21, we have the following oscillation result.

Corollary 3.22. Suppose that for a given t1 > ty there exists an interval (a,b) C [t1, o) for which
conditions of either Theorem 3.19 or Theorem 3.21 are satisfied. Then (3.20) is oscillatory.

Moreover, it is possible to obtain results for (3.20) analogous to Theorem 3.12 and
Corollary 3.13.

Theorem 3.23 (Wirtinger type inequality [17]). If there exists a solution y of (3.20) such that
y#0on (a,b), then for s € PLC'[a,b] and for all € Qqp,

W[n| = fb{ <q - % - SE,>112 - m(q’)Z}dt + > (qi - %As)nz <0. (3.42)

a a<0;<b
Corollary 3.24. If there exists an 1 € Qq,, with s € PLC'[a,b] such that W[n] > 0, then every
solution y of (3.20) must have at least one zero in (a, b).

As an immediate consequence of Corollary 3.24, we have the following oscillation
result.

Corollary 3.25. Suppose that for a given t; > to there exists an interval (a,b) C [ti,00) and a
function 1 € Qg with s € PLC'(I) for which W0[#] > 0. Then (3.20) is oscillatory.

3.3. Oscillation of Second-Order Linear Equations

The oscillation theory of second-order impulsive differential equations has developed rapidly
in the last decade. For linear equations, we refer to the papers [11, 19-21].
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Let us consider the second-order linear differential equation with impulses

X"+pt)x =0, t#t,

(3.43)
x(t) =brx(ty), x'(tf) =cex'(t), keN,
where p € C(J,R), {bx} and {ck} are two known sequences of real numbers, and
/ T x(tk"'h)_x(tk) / lim x(tk+h x(t ) 3.44
x (ty) = hlirr()l_T, x'(t) = }H0+ . (3.44)

For (3.43), it is clear that if by < 0 for all large k, then (3.43) is oscillatory. So, we assume
that by > 0, k = 1,2,.... The following theorem gives the relation between the existence of
oscillatory solutions of (3.43) and the existence of oscillatory solutions of second-order linear
nonimpulsive differential equation:

y' +p(ty =0. (3.45)

Theorem 3.26 (see [19]). Assume that by = cx, k =1,2,.... Then the oscillation of all solutions of
(3.43) is equivalent to the oscillation of all solutions of (3.45).

Proof. Let x(t) be any solution of (3.43). Set y(t) = x(H)[ ;< <tb;1 for t > ty. Then, for all
n >1, we have

y(ty) = x(t)bs [ ] B =x(ta) [T b = y(ta). (3.46)

to<te<t, to<t<ty

Thus, y(t) is continuous on J. Furthermore, for t #t,, n € N, we have

y'(t) = < 1T > li M @ I b (3.47)

to<ti<t to<ti<t

For t = t,,, it can be shown that

y () =y't) =) [T b (3.48)

to<tr<t,

Thus, y'(t) is continuous if we define the value of y'(¢) at t = t, as

Y (ta) =x'(t) T b (3.49)
to<tx<ty
Now, we have for t #t,,
y'(t) = x"(t) H b, 1= p)y(t), (3.50)

to<tr<t
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and fort=t,,
y'(t) =y () = —p(t)y(tn). (3.51)
Thus, we obtain
y't) +pty(t) =0, t>t. (3.52)
This shows that y(t) is the solution of (3.45).
Conversely, if y(t) is the continuous solution of (3.45), we set x(t) = y(t)[ 1;,<;, bk for

t > to. Then, x(t,) = x(t,), and x(t;,) = y(t)[ L1y<t,<t, bk = bux(ty). Furthermore, for t #¢,, we
have

x'(t) =y'(t) H br, x"(t) =y"(t) H b, (3.53)
to<te<t to<te<t
and so
() = by (5) T b= end'(t),
to<tr<t,
(3.54)
x'(t) + p()x(t) = < H bk> [y'(®) +p(ty(t)] =0, t#t,.
to<tr<t
Thus, x(t) is the solution of (3.43). This completes the proof. O
By Theorems 3.26 and 2.3, one may easily get the following corollary.
Corollary 3.27. Assume that p(t) >0, by = cx, k € N. Then, (3.43) is oscillatory if
L « 1
h{n 1nftJ‘ p(s)ds > 1 (3.55)
and nonoscillatory if
* 1
tf p(s)ds < T for large t. (3.56)
t

When by # ck, and by, cx > 0, k € N, oscillation criteria for (3.43) can be obtained by
means of a Riccati technique as well. First, we need the following lemma.

Lemma 3.28. Assume that p(t) >0, p(t) #0 on any interval (ti, tis1], and let x(t) be an eventually
positive solution of (3.43). If

n=0 \ i=l

i< - Z—> (bast — ) = o0, (3.57)
0 1

where by = ¢y = 1, then, eventually x'(t) > 0.
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Now, let x(t) be an eventually positive solution of (3.43) such that x(¢) > 0 and x'(¢) > 0
fort > T > t5. Under conditions of Lemma 3.28, let u(t) = x'(t)/x(t), for t > T. Then, (3.43)
leads to an impulsive Riccati equation:

W)+ () +p(t) =0, t>T, t#t,
(3.58)
u(tf) = deu(te), t>T,

where dy = ¢ /bx, k € N.

Theorem 3.29 (see [19]). Equation (3.43) is oscillatory if the second-order self-adjoint differential
equation

[< 1T d;)y’(t)] +p(t)< IT d;1>y(t) =0, t>T >t (3.59)

T<tp<t T<t<t

is oscillatory, where di = ci /by, k € N.

Proof. Assume, for the sake of contradiction, that (3.43) has a nonoscillatory solution x(t),
such that x(t) >0, for t > T > ty. Now, define

o(t) = < 11 d;)u(t), t>T. (3.60)

T<ti<t

Then, it can be shown that v(t) is continuous and satisfies

V(1) + < 1T dk>v2(t) + < 11 d,;1>p(t) =0, t>T. (3.61)

T<ty<t T<ty<t

Next, we define

w(t) = exp Ut< 11 dk>v(s)ds], t>T. (3.62)

T \T<tc<s

Then w(t) > 0 is a solution of (3.59). This completes the proof. O
By Theorems 3.29 and 2.4, we have the following corollary.

Corollary 3.30. Assume that

Jm< 11 dk>dt = oo, F< 11 d;1>p(t)dt = oo, (3.63)
T \T<t<t T \T<t<t

where di. = ¢ /by, k € N. Then, (3.43) is oscillatory.
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Example 3.31 (see [19]). Consider the equation

X0+ X)) =0, 12, 12k,
. (3.64)
x(k%) = x(k), ¥'(k*) = —=x'(k), keN

If T € (m, m + 1] for some integer m > 0, then it is easy to see that

” * k ® m+1
dk>df 2 J‘ — |dt= f dt = oo, (3.65)
L <Tl:£t T <ng]+1k+1> r [t +1

where [-] denotes the greatest integer function, and

. - « k+1\ 1 1 * [t]
d 1 p(t)dt > j —dt = J‘ —dt = oo. (366)
I T <T£;[<t ‘ > T Tsl;][t] k ]at m+1 ) 42

Thus, by Corollary 3.30, (3.64) is oscillatory. We note that the corresponding differential
equation without impulses

" 1

is nonoscillatory by Theorem 2.3.

In [20], Luo and Shen used the above method to discuss the oscillation and
nonoscillation of the second-order differential equation:

(a®)x) +p(Hx =0, t#t,
x(tf) = brx(ty), x'(t) =cxx'(t), k€N,

(3.68)

where a € C(J,(0,00)), p € C(J,R).
In [21], the oscillatory and nonoscillatory properties of the second-order linear
impulsive differential equation

u'=-ptu, t>0 (3.69)

is investigated, where

p(t) = iané(t —tn), (3.70)
n=1
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a, > 0forall n € N, and 6(t) is the 6-function, that is,
o) £
f 5()p(t)dt = f 5(H)p(t)dt = p(0) (3.71)
- —£

for all ¢(t) being continuous at ¢ = 0. Before giving the main result, we need the following
lemmas. For each n € N, define the sequence {P}'},”, inductively by

Pln = Ape1 (b1 — tn),

n
Apvk+1 Pk
Pl = + Apik (bpake1 — taak) ),

k+1 Ak 1-— Pl:l

(3.72)

where P | = oo provided P} =1and P;,; = 0 provided P = oo. Let S, = sup{P} : k € N}.
Lemma 3.32. If S,,, <1 for some ng € N, then Sy <1,and S, <1 for all n > ny.

Proof. By induction and in view of the fact that the function f(x) = x/(1 — x) is increasing in
x € [0,1), it can be seen that

0<PP' <P <1, VkeN. (3.73)

Hence, S;p41 < Spy < 1. O
The next lemma can also be proved by induction.

Lemma 3.33. Suppose that 0 < ay < P and A, > 0 for all k € N. Define, by induction,

p1=aly, q1 = P11,

(k41 Pk
Pke1 = . <1 - + ka)tk+1>, (3.74)
qk+1 = ﬁk+1< A + Pk 1) k eN.
+ ﬂk 1 _ qk + 7
If0 < gk <1 forall k € N, then

ak
0<pr < ﬁ—l/]k <1, VkeN. (3.75)

k

The following theorem is the main result of [21]. The proof uses the above two lemmas
and the induction principle.

Theorem 3.34. The following statements are equivalent.

(i) There is ng € N such that S,, < 1.
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(ii) There is ny € N such that S,, <1 for all n > ny.
(iii) Equation (3.69) is nonoscillatory.
(iv) Equation (3.69) has a nonoscillatory solution.

Applying Theorem 3.34, the nonoscillation and oscillation of (3.69), in the case of t,, =
to+ AT, A>1, T>0,and t, = ty + nT, are investigated in [21].

In all the publications mentioned above, the authors have considered differential
equations with fixed moments of impulse actions. That is, it is assumed that the jumps happen
at fixed points. However, jumps can be at random points as well. The oscillation of impulsive
differential equations with random impulses was investigated in [11]. Below we give the
results obtained in this case.

Let 7x be a random variable defined in Dy = (0,dk), k €N, 0 < dx < oo, and let T € R
be a constant. Consider the second-order linear differential equation with random impulses:

y' +alt)y' +p(H)y =0, teR,, t#&,

(3.76)
Ay(&x) =bi(t)y (&), Ay (&) =bi(t)y' (&), keN,

where R; = [1,00), a,p : Ry — R are Lebesque measurable and locally essentially bounded
functions, & =ty € Ry, & = &1 + ¢ for all k € N, Ay(&) = v (&) — y(&), Ay (&) =
Y (&) —y' (&), and y (&) = limy g oy (£).

Definition 3.35. Let X be a real-valued random variable in the probability space (Q,F, P),
where Q is the sample space, F is the o-field, and P(-) is the probability measure. If
fQ |x|P(dx) < oo, then _[Q xP(dx) is called the expectation of X and is denoted by E(X), that is,

E(X) = LZ xP(dx). (3.77)

In particular, if X is a continuous random variable having probability density function f(x),
then

[c<]

E(X) = f xf(x)dx. (3.78)

—00

Definition 3.36. A stochastic process y(t) is said to be a sample path solution to (3.76) with the
initial condition y;, = yo if for any sample value t; < tp < --- <ty < --- of {&};>, then y(t)
satisfies

y' +alt)y +p(t)y=0, teR,, t#ty,
Ay(i’k) = bk(tk - tk_1)y(t;), Vk €N, (3.79)
Ay'(tk) = by (tx — tk_l)y’(t;), Vk € N.
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Definition 3.37. The exponential distribution is a continuous random variable with the
probability density function:

e, x>0,
fx) = { (3.80)

0, elsewhere,

where A > 0 is a parameter.

Definition 3.38. A solution y(t) of (3.76) is said to be nonoscillatory in mean if E[y(t)] is either
eventually positive or eventually negative. Otherwise, it is called oscillatory.

Consider the following auxiliary differential equation:
X"+a(t)x' +p()x =0, tER,. (3.81)

Lemma 3.39. The function y(t) is a solution of (3.76) if and only if

© k
y(t) = D] <H[1 + bi(m]mgm(t>>x(t>, (3.82)

k=0 \ i=1

where x(t) is a solution of (3.81) with the same initial conditions for (3.76), and y is the index
function, that is,

0, otherwise.

1’ lfék < t< §k+1/
Xgin) () = (3.83)

Proof. If x(t) is a solution of system (3.81), forany ty <t <:-- <t <---, we have

) k
y(t) = Z< [1+Dbi(ti - ti—l)]x[tk:tkﬂ)(t)>x(t)' (3.84)
1

k=0 \ i=

It can be seen that

YO +alt)y' ) +py(t) =0, t#k,
y(te) = [1+br(te — ti) ]y (£), y'(tk) = [1+br(te — ) 1y (£),

(3.85)

which imply that y(t) satisfies (3.76), that is, y(t) is a sample path solution of (3.76). If y(t) is
a sample path solution of (3.76), then it is easy to check that x(t) is a solution of (3.81). This
completes the proof. O

Theorem 3.40 (see [11]). Let the following condition hold.

(C) Let Ty be exponential distribution with parameter A > 0, k € N, and let 7; be independent

of 7y ifi#].
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If there exists T € Ry such that

o k
S j jﬂiﬂ [1+ bi(03)]dw, - - dvy (3.86)

V4 <t—tp

does not change sign for all t > T, then all solutions of (3.76) are oscillatory in mean if and only if all
solutions of (3.81) are oscillatory.

Proof. Let y(t) be any sample path solution of (3.76); then Lemma 3.39 implies

) k
y(t) =, <H[1 + bi(Ti)]X[gkrng)(t)>x(t)/ (3.87)
i1

k=0

where x(t) is a solution of (3.81). Hence,

y(t) = [i (H[l +bi(Ti)]x Xlékr) (t)>x(t)]
k=0 \i=1

(3.88)

o k
ZE<H[1 + bi (T2) 1 X (20 o) (t>>x(t>.

k=0 i=1

Further, it can be seen that

i=1

k
E (H[l +bi(Ti) ] X 12 2e) (t)>

k
= Akt f J‘ H[l +bi(v)]e - ek e gy, - dugy
—— i=1 (3.89)

k
Sk vist-to<I K vy

k
= Mg M f f [ 10 +bi(v)]dos - - duy.
i=1

—

V1 +-+Up<t—ty

So,

© k
E[y(t)] _ e—l(t—to)x(t)zj\k I f H [T+ b;(v;)]dvy - - - dok. (3.90)

k=0 i=1

Vy+- v <t—tp

By assumption, E[y(t)] has the same sign as x(t) for all t > T. That is, all solutions of (3.76)
are oscillatory in mean if and only if all solutions of (3.81) are oscillatory. This completes the
proof. O
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When by (k) = by is finite, k € N, then the following result can be proved.

Theorem 3.41 (see [11]). Let condition (C) hold, and let by (7y) = by be finite for all k € N. Further
assume that there are a finite number of by such that by < —1. Then all solutions of (3.76) are
oscillatory in mean if and only if all solutions of (3.81) are oscillatory.

3.4. Oscillation of Higher-Order Linear Equations

Unlike the second-order impulsive differential equations, there are only very few papers on
the oscillation of higher-order linear impulsive differential equations. Below we provide some
results for third-order equations given in [22]. For higher-order liner impulsive differential
equations we refer to the papers [23, 24].

Let us consider the third-order linear impulsive differential equation of the form

X" +pt)x =0, t#tk,
x(ty) = arx(te), x'(tf) =bex'(tx), x"(t;) = cxx"(t), k€N, (3.91)
x(t) =x0,  X(t5) =xp,  x"(t5) =xp,
where ar > 0, by > 0, ¢k > 0, tgr1 > t (k € N) and p € C(J,R*) is not always zero in

(tk,tk+1] (k € N) for sufficiently large k.
The following lemma is a generalization of Lemma 1 in [25].

Lemma 3.42 (see [22]). Assume that x(t) is a solution of (3.91) and there exists T > to such that
forany t > T, x(t) > 0(< 0). Let the following conditions be fulfilled.

(C1) One has

C ...Cn
1”—‘b(tn+1 —tp) + - = 0. (3.92)

(5]
(1‘1—t0)+b—l(fz—fl)+“'+b1

(C2) One has

by -

b - by,
(b= t0) + —(f = ha) + o b (g — by) + o = 0. (3.93)
1 Tt Un

Then for sufficiently large t either (A) or (B) holds, where
(A) one has

X'() >0(<0),  x(t)>0(<0); (3.94)

(B) one has

X'(t)>0(<0),  x(t) <0(>0). (3.95)
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Theorem 3.43 (see [22]). Assume that conditions of Lemma 3.42 are fulfilled and for any n €
N,a, >0,1>b, >0,and 1 > ¢, > 0. Moreover, assume that the sequence of numbers {I]i,a;}
has a positive lower bound, 35, |a, — 1| converges, and [* t*p(t)dt = co holds. Then every bounded
solution of (3.91) either oscillates or tends asymptotically to zero with fixed sign.

Proof. Suppose that x(t) is a bounded nonoscillatory solution of (3.91) and x(t) >0, t > T >
to. According to Lemma 3.42, either (A) or (B) is satisfied. We claim that (A) does not hold.
Otherwise, x'(t¢) > 0 for some t; > Tj. Since x"(t) > 0, it follows that x'(t) is monotonically
increasing for t € (txyi-1,tk+i], i € N. Forany t € (t, txi], x'(t) > x'(t{) = y > 0. By induction,
it can be seen that

x’(t) > brin-1- by >0, (3.96)
in particular,

xl(tk+n) > biyn-1 - bray >0,

(3.97)
x/(tzﬂl) = brinX(tkin) > bipn - bk+1Y > 0.
Integrating x'(t) > y from fx to tj41, We obtain
x(tes1) 2 x(Ef) +y (beer = te). (3.98)
By induction, for any natural number n > 2, we have
1+ bk+1
X(bin) = Aran- -+ At [ X' (8) + ¥ (ber — b)) + Ya(tku —te1)
+
(3.99)

brin-1 -+ brs
————————(tkn — tksn1) |-
Afeyn-1 " Ak+1

Considering the condition (C2) in Lemma 3.42 and the sequence of numbers {]]}.;a;} has a
positive lower bound, we conclude that the inequality above leads to a contradiction that the
right side tends to oo while x(f) is bounded. Therefore, case (B) holds. x'(t) < 0 implies
that x(t) is strictly monotonically decreasing. From the facts that the series X7, |a; — 1]
converges and x(t) is bounded, it follows that 3}, [x(¢]) — x(t;)] converges and there exists
limit lim; , . x(f) = I, where 0 < I < co. Now, we claim that [ = 0. Otherwise, [ > 0 and there
exists Ty > Ty such that x(t) > [/2 for t > T;. From (3.91) and the last inequality, we can
deduce

X" (1) = ~p(x(t) < ~5p (D),

Esin 1 tsin (3100)

f £2x" (t)dt < _EI Pp(t)dt.
ts

ts
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Integrating by parts of the above inequality and considering b, < 1, ¢, < 1 (n € N), and
x'(t) <0, x"(t) > 0, we have the following inequality:

tsin n-1
w5 | B0t 2x(ti) + 230 - ex(te - [ ) - 200 ) < 2xe)] . G0y
ts i=1

Since [*#*p(t)dt = oo and the series 37 (1 — a;)x(t;) converges, the above inequality
contradicts the fact that x(t) is bounded, hence I = 0, and the proof is complete. O

The proof of the following theorem is similar.

Theorem 3.44 (see [22]). Assume that conditions of Lemma 3.42 hold and for any n € N, a,, >
0,1>b,>0,12>c¢, >0, and a,/cy > tpa1/t,. Moreover, assume that the sequence of numbers

{TT ai} is bounded above, 35, |a, — 1| converges, and [* tp(t)dt = co holds. Then every solution
of (3.91) either oscillates or tends asymptotically to zero with fixed sign.

Some results similar to the above theorems have been obtained for fourth-order linear
impulsive differential equations; see [24].

4. Nonlinear Equations

In this section we present several oscillation theorems known for super-liner, half-linear,
super-half-linear, and fully nonlinear impulsive differential equations of second and higher-
orders. We begin with Sturmian and Leighton type comparison theorems for half-linear
equations.

4.1. Sturmian Theory for Half-Linear Equations

Consider the second-order half linear impulsive differential equations of the form:
(k(hp(x)) +p(p(x) =0, t#6;
Ax|,_g =0, A(k(t)p(x")) |t=e,» +pip(x) =0,
(mBpy)) +ay(y) =0, t#6;
Ayl =0, Alm®PY)) i, +4i0(y) =0,

(4.1)

(4.2)

where ¢(s) = |s|“_1s, a>0, 0; <01, {pi} and {g;} are real sequences, and k, m, p, g € PLC(J)
with k(t) > 0 and m(t) > 0.
The lemma below can be found in [26].

Lemma 4.1. Let A, B € Rand y > 0 be a constant; then
Agpy(A) +yBp(B) - (y +1) Agp(B) 20, (4.3)

where equality holds if and only if A = B.
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The results of this section are from [16].

Theorem 4.2 (Sturm-Picone type comparison). Let x(t) be a solution of (4.1) having two
consecutive zeros a and b in J. Suppose that p(t) < q(t) and m(t) < k(t) are satisfied forall t € [a, b],
and that p; < q; for all i € N for which 0; € [a, b]. If either p(t) #q(t) or k(t) #m(t) or p; # g, then
any solution y(t) of (4.2) must have at least one zero in (a,b).

Proof. Assume that y(t) never vanishes on (a, b). Define
u(t) := Q”mewMX)nWWQWWH (44)

where the dependence on ¢ of the solutions x and y is suppressed. It is not difficult to see that

/(1) = (k(t) = m(t)} x| + {q(t) — p(t) }x**" + m(t)

x [x'(p(x') +a<x7y’>()0<xyy> (a+1)xlp< yy,>], t#6;,

Auli_g = (qi — pi)|x(6:)|*". (4.6)

(4.5)

Clearly, the last term of (4.5) is integrable over (a, b) if y(a) # 0 and y(b) # 0. Moreover,
u(a*) = u(b™) = 0 in this case. Suppose that y(a*) = 0. The case y(b~) = 0 is similar. Since
y'(a*) #0 and

SONWEOD

Y RS BTI0) (4.7)
sl o (o) e oen()
S G R O P

hmu(t) = hmx[k(t p(x) - m(t)go( )(p(y)] =0. (4.10)



26 Advances in Difference Equations

Integrating (4.5) from a to b and using (4.6), we see that

b
0= f |Gk(t) = mO) ' 0" + (q(t) = p(e) (0" |t

+J§m(t) [XI(P(XI)+DC<X7}/>(/)<%/>—(tx+1)x'(p<x7y,>]dt+ ST (i - p) @),

a<0;<b
(4.11)

where we have used Lemma 4.1 with A = x/, B = xy'/y, v = a, and ¢a(s) = ¢(s). It is
clear that (4.11) is not possible under our assumptions, and hence y(t) must have a zero in
(a,b). O

Corollary 4.3 (Separation Theorem). The zeros of two linearly independent solutions x(t) and y(t)
of (4.1) separate each other.

Corollary 4.4 (Comparison Theorem). Suppose that p(t) < q(t) and m(t) < k(t) are satisfied for
all t € [t,, o0) for some t, > ty, and that p; < g; for all i € N for which 0; > t.. If either p(t) Zq(t) or
k(t) £m(t) or pi # qi, then every solution y(t) of (4.2) is oscillatory whenever a solution x(t) of (4.1)
is oscillatory.

Corollary 4.5 (Dichotomy Theorem). The solutions of (4.1) are either all oscillatory or all
nonoscillatory.

Theorem 4.6 (Leighton-type Comparison). Let x(t) be a solution of (4.1) having two consecutive
zeros a and b in J. Suppose that

b
Valx] :=f [{a(t) - p®)}x ()1 + k() - m(e)} X' )] |dt+ 3 (i - po)lx(@)“" > 0.
a a<0;<b

(4.12)

Then any nontrivial solution y(t) of (4.2) must have at least one zero in (a,b).

Proof. Assume that y(t) has no zero in (a, b). Define the function u(t) as in (4.4).
Clearly, (4.5) and (4.6) hold. It follows that

0=u(b") —u(a®)

b
= J‘ [(k(t) - m(t))|x1|a+1 + (q(t) _p(t)>|x|a+1]dt

!

o[ mo o) (L )o(L) - @ gL S e @)

y Y a<6;<b
= Vy[x] + J‘: m(t) [x’(p(x’) + a<x7y’>q)<x7y’> —(a+ 1)x'(p<x7y,>] dt >0,

which is a contradiction. Therefore, () must have a zero on (a, b). O

(4.13)



Advances in Difference Equations 27

If Vi[x] > 0, then we may conclude that either y(f) has a zero in (a,b) or y(t) is a
constant multiple of x(t).
As a consequence of Theorems 4.2 and 4.6, we have the following oscillation result.

Corollary 4.7. Suppose for a given T > t, there exists an interval (a,b) C [T, o) for which either
conditions of Theorem 4.2 or Theorem 4.6 are satisfied, then every solution y(t) of (4.2) is oscillatory.

4.2. Oscillation of Second-Order Superlinear and
Super-Half-Linear Equations

Let us consider the forced superlinear second-order differential equation of the following
form:

(r(Hx) + pt)|x|"'x = g(t), t#m,

x(17) = akx(tie), x'(77) =bex' (1), k€N, (4.14)
x(tg) =xo0,  X'(t5) = xq,
where {7} denotes the impulse moments sequence with 0 < f) = ) < 71 < -+ < T

<cee, hmk_)ooTk = C0.
Assume that the following conditions hold.

(Al)a > lisaconstant, v : ] — (0, 00) is a continuous function, p,q € C(J).
(A2) b > ay > 0 are constants, k € N.

(A3) [c1,d1] and [cy, dp] are two intervals such that ¢;, d; & {7} (j = 1,2) withc; < d; <
¢ < dy, p(t) 2 0fort € [c1,d1] U [c2,d2], and g(t) < 0 for t € [c1,d1],4(t) > O for
te [C2, dz]

Interval oscillation criteria for (4.14) are given in [27]. Denote k(s) = max{i : fop < 73 <
s}, and for j = 1,2, let ; = max{r(t) : t € [c;,d;]},

Quw(cj, dj) = {w € C'c;, dj], w(t) £0, w(cj) = w(d;) = 0}'
(4.15)
Qc(cj,d;) = {c € C'[cj,dj], G(t) 20, £0, G(c;) = G(d;) =0, G(t) = 2g(t)\/@}-

Theorem 4.8 (see [27]). Assume that conditions (A1)—(A3) hold, and that there exists w(t) €
Qu(cj, d;) such that

d; ,
f @1 0] ™ 0?0 - w0}t 2 Q(ew, ¢;,d)), (4.16)

]

where Q(w, cj, d;) = 0 for k(c;) = k(d;), and

k(d;)

bi—a;
Z wz(Ti)ai(Tii_l)} (4.17)

Ak (cj)+1 (Tk(c,)+1 - Cj> i=k(cj)+2

bk(cj)+1 — ak(cj+1

Q(w, Cj, d]-) = Tl]' {wz <Tk(cj)+1>

for k(cj) < k(d;), j=1,2. Then every solution of (4.14) has at least one zero in [c1,d1] U [c2, d2].
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Proof. Let x(t) be a solution of (4.14). Suppose that x(t) does not have any zero in [c1,d1] U
[¢c2, d2]. Without loss of generality, we may assume that x(t) > 0 for t € [c1, d1]. Define

_r(h)x'(t)

u(t) =~

te [Cl,dl]. (418)

Then, by Holder’s inequality, for t € [c1,d1] and t # Tk, we have

wm=pmmmr*—§%+ﬁ%ﬁm
) (4.19)
zmeMmFW+my%»tamm»#m
Fort = 7, k € N, we obtain
u(ty) = Z—iu(Tk). (4.20)

If k(c1) < k(dq), then all impulsive moments are in [c1,d1] © Ti(ce))+1, Th(e)+2s - - - » Th(dy)-
Multiplying both sides of (4.19) by w?(t) and integrating on [c1, d1] and using the hypotheses,
we get

dy

k(d1) )
b (myu() > J‘ {Ip®]" " |a®]" (@) - rByw®) }dt. (4.21)

>
a; o

i=k(c)+1
On the other hand, for t € (c1, Tk(c,)+1], it follows that
(r()x' (1)) = q(t) - p(®)|x(t)|* " x(t) <0, (4.22)

which implies that r(f)x'(t) is nonincreasing on (ci, Tk(c,)+1]. S0, for any t € (¢1, Tk(c,)+1], one
has

r(t)x'(t
x(t) —x(c1) 2 (Hx'( )(t —-c1), ¢€(c,t). (4.23)
r(é)
It follows from the above inequality that
r(6) m
u(T 2 - 2= . 4.24
( k(clm) Tk(c)+1 — €1 Tk(c))+1 — €1 ( )

Making a similar analysis on (7;_1, 7], i = k(c1) +2,...,k(d1), we obtain

wry = —TEX@ S M ey e k). (4.25)
x(;) Ti = Tl
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From (4.21)—(4.25) and (A2), we get
dy
j [lp®]"“la®)]™ () - r(yw? (1) |dt < Q(ew, c1, ), (4.26)

which contradicts (4.16). If k(c1) = k(di), then Q(w, c1,d1) = 0, and there are no impulse
moments in [c1,d;]. Similarly to the proof of (4.21), we get

dy
0> j {Ip®]"*|a®]"™ w2 - r(yw®) |at, (4.27)

C1

which again contradicts (4.16).
In the case x(t) < 0, one can repeat the above procedure on the subinterval [c;, d;] in
place of [c1,d1]. This completes the proof. O

Corollary 4.9. Assume that conditions (A1) and (A2) hold. If for any T > O there exist cj,d;
satisfying (A3) with T < ¢y < d1 < ¢ < do, and w(t) € Qu(cj, d;) satisfying (4.16), j = 1,2,
then (4.14) is oscillatory.

The proof of following theorem is similar to that of Theorem 4.8.

Theorem 4.10 (see [27]). Assume that conditions (A1)—~(A3) hold, and there exists a G € Qg(cj, d;)
such that

d;
f @110 "G -0 fdt > R(G,c;, d)), (4.28)

]

where R(G, ¢j, d;) = 0 for k(cj) = k(d;), and

k(d;) b - a:

> G(Ti)—ai —— (4.29)

Ak(cj)+1 <Tk(c,-)+1 - C;) i=k(cj)+2

bi(c))+1 = Ak(c))+1
R(G,cj,d;) =n; G<Tk(cj)+1> - o

for k(cj) < k(d;), j =1,2. Then every solution of (4.14) has at least one zero in [c1,d1] U [c2, d2].

Corollary 4.11. Assume that conditions (A1) and (A2) hold. If for any T > 0 there exist c;j,d;
satisfying (A3) with T < ¢1 < di < ¢ < dy, and G € Qq(cj, d;) satisfying (4.28), j = 1,2,
then (4.14) is oscillatory.

Example 4.12. Consider the following superlinear impulsive differential equation:

<(1 + sinzt)x'>/ + (Bcost)|x|*'x =sint, t#2kw+ %,
(4.30)

x(18) = arx(te), X'(7f) =bex'(7), 7k =2kor + %, k e N.
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It can be seen that if

I@G+1/l(4+1/a)  3r  2(bi—ax)

pl/e ) > — k€N, (4.31)

then, conditions of Corollary 4.9 are satisfied; here a > 1, I is the gamma function, and ay
and by satisfy (A2). So, every solution of (4.30) is oscillatory.

In [28-30], the authors have used an energy function approach to obtain conditions for
the existence of oscillatory or nonoscillatory solutions of the half-linear impulsive differential
equations of the following form:

(Pp(x) +pp(x) =0, t#t,,

(4.32)
x(t, +0) = x(t,), x'(t, +0) = byx'(tn),
where b, > 1 forn € N.
Define the energy functional
y x
V(xy) =yds(y) - f p(s)ds + f Pp(s)ds =: Dp(y) + Fy(x), (4.33)
0 0

where in explicit form ®s(y) = (B/ (B + 1)|y/P*! and Fs(x) = (1/(B+ 1))|x|P*!. The functions
®p and Fp are both even and positive definite.

The function V(t) = V(x(f), x'(t)) is constant along the solutions of the nonimpulsive
equation

(¢p(x))" + ¢p(x) = 0. (4.34)
The change in the energy along the solutions of (4.32) is given by

V(tm—l) - V(tn) = V(tn + 0) - V(tn)
= @p(x'(ty +0)) + Fp(x(ty +0)) — Dp(x'(tn)) — Fp(x(tn)) (4.35)

= 0L D (2 (1)) — Dy (¥ (1)) = (' () (b1 = 1),

We see that these impulsive perturbations increase the energy. If the energy increases slowly,
then we expect the solutions to oscillate. On the other hand, if the energy increases too fast,
the solutions become nonoscillatory. Let x(t) be a solution of (4.32), r,, = V (t,-1+0) = V (t,-0),
and Fg(x(t,)) = oury. Calculating Fg(x(t,)) in terms of 7,.1 = V (¢, + 0), we obtain

O,
Fs(x(ty)) = n Tl 4.
’ ¥ (1 - 0,) + 0n (4.36)
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To simplify the notation, we introduce the function

u

OO = o

(4.37)

The function © gives the jump in the quantity Fg(x(t))/V(t). Note that ©(0,b) = 0, 0 <
O(u,b) <ufor0 <u <landb >1; ©ismonotone increasing with respect to  and decreasing
with respect to b.

Theorem 4.13 (see [29]). Assume that there exist a constant N > 0 and a sequence {y,} with
O(Yn, bn) < yns1 <1 such that

t t < J‘Ynﬂ dv
n+l —ln > 4.38
O bn) Py (Fﬂ-l (v))@? 1-0) (4.38)

holds for every n > N. Then every solution of (4.32) is nonoscillatory.

Theorem 4.14 (see [29]). Assume that there exist a constant N > 0 and a sequence {1\, } with A, >0
and X571 Ay = oo such that for every y € [0,1]

r+h dou
the1 =t 2 J‘ 4.39
oum) gy (F; ) @51 - 0) 4

holds for every n > N. Then every solution of (4.32) is oscillatory.

Proof. Let x(t) be a nontrivial solution of (4.32). It suffices to show that x(#)x’(t) > 0 cannot
hold on any interval [T, o). Assume that to the contrary, x(t) > 0, x'(f) > 0 for t € [tn, o).
Let 0, be defined by Fp(x(t,)) = Oury, where r, = V(t, - 0). It follows from (4.39) that
Ons1 > Op + Ay, Hence,

One1 2 ON + D Ap. (4.40)
i=N

Since 0, = Fp(x(ty))/r» < 1, and the right side of the above inequality tends to infinity as

n — oo, we have a contradiction. O

Now, assume that b, > b > 1 for every n > N. It can be shown that the integral

JY do
o) gy (F5'(0))®;'(1-0) (4.41)

takes its maximum in [0, 1] at

bP(b-1)

4.42
atay (4.42)

7:
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In the special case b, = b, t,.1—t, = d (n € N), we have the following necessary and sufficient
condition.

Theorem 4.15 (see [29]). Assume that b, = b, t,.1—t, = d (n € N). Then every solution of (4.32)
is nonoscillatory if and only if

i d
J Sf ) v . (4.43)
oGb) ¢y (Fﬂl(v)>(bﬂ1(l ~v)

Remark 4.16. Equation (4.32) with 0 < b, < 1, was studied in [30].

Finally, we consider the second-order impulsive differential equation of the following
form:

(r(pa(x) +p(H)pa(x') + q(Dpp(x) = e(t), t#6;
(4.44)

A(r(ga(x')) + qipp(x) =ei, t=6;

where ¢, (s) = Is|" s, p > a > 0 are real constants, {0;} is a strictly increasing unbounded
sequence of real numbers, {g;} and {e;} are real sequences, r,p, q,e € PLC(J), and r(t) > 0.
All results given in the remainder of this section are from [31].

Theorem 4.17. Suppose that for any given t, > ty, there exist intervals I = [s1,t1], I» = [s,t2] C
[t«, o0), such that

(b) e(t) <0,telh \ {Qi},e(t) ZO,tEIz\{Qi},'Ei <0, 91' €l,e >0, 91' EszOT’ﬂll ieN.

(@) g(t) >0 forallt € {1 UL} \ {6} and g; > 0 for all i € N for which 6; € I; U I;

If there exists H € D (s, tx) such that

tr _ ~ p(t) a+1
f {q<t>|H<t>|“+1 —(a+1) " Vr)|(a+ 1)H'(t) - o H® }dt
" (4.45)
+ > GH®G) >0, (k=1,2),
Sk<0;<ty
where

q(t) = pa P (B - )" [q()] Ple(v) 7, (4.46)
Gi = pa /P (p— )" )] Pl ", (4.47)

then (4.44) is oscillatory.



Advances in Difference Equations 33

Proof. Suppose that there exists a nonoscillatory solution x(t) of (4.44) so that x(t) #0 for all
t > t, for some t,. Let

p(t) = T DPXD) (4.48)

Pa(x(t)) "

It follows that for t > t,,

1+1/a
Ly S

r rl/a (Pa(x)
(4.49)
Av=—<ixﬂ_“—i>, t=9i,
i - o
where t dependence is suppressed for clarity.
Define a function E(z) : (0,0) — (0,00) by
E(z) := A1zP "+ Ayz™%, A1 >0, A, >0. (4.50)
It is not difficult to see that if § > a, then

zg(})n;)E(Z) — ﬂa—a/ﬂ (ﬂ _ Ll) (“‘ﬁ)/ﬂAT/ﬂA;ﬂ_”)/ﬂ' (451)

Clearly, if p = a, then we have E(z) > A;. Thus, with our convention that 0% =1, (4.51) holds
for > a.

Suppose that x(t) > 0 for all t > t,. Choose s; > t, and consider the interval I; = [s1,1].
From (b), we see that e(t) <0on I; \ {6;} and e; < 0 for all i € N for which 6; € I;. Applying
(4.51) to the terms in the parenthesis in (4.49) we obtain

1+1/a
ﬁs—v’—Ev—zle/“ , tel;\{6;});
r r (4.52)
Av(0;)) +G; <0, 6;€l,
where g and g; are defined by (4.46) and (4.47), respectively.
Let H € 9(s1,t1). Multiplying (4.52) by |H|**! and integrating over I give

t t p t |V|1+1/a t
GIH!"'dt< - | Z|H/*'vdt- af S |H " dt - f |[H|*v'dt. (4.53)

S1 51 r 51 r “ S1
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In view of (4.52) and the assumption H(s1) = H(t;) = 0, employing the integration by parts
formula in the last integral we have

t
’[ §|H|a+ldt+ Z qi|H|Dl+1
S1

51<0;<t;
h ! h P a+1 h |V|1+1/a a+l
S(a+l)| @u(H)H'vdt-| =|H|" vdt-a - |H|*™dt (4.54)
S1 S1 r 51 r /IX
<" (a+ Vo (HH' - 2 1H| |v|dt—a£|v|”1/“ dt
- S1 Pa r rl/"‘ '
We use Lemma 4.1 with
4
_ = _ a/(a+l) |H|
r= a’ A=a 71/ (a+1) vl
(4.55)

(a+ 1) (H)H' - §|H|“+1

4

B= a(a+1)" @Dy /e
- |H|a(vl+1)

to obtain

a+1

t] tl
f JH™dt+ S GH™ < (a+1) @D f r dt, (4.56)

$1<0;<ty 51

(@+1)H' - EH

which obviously contradicts (4.45).
If x(t) is eventually negative then we can consider I, and reach a similar contradiction.
This completes the proof. O

Example 4.18. Consider

! .
(117°5) + (cos B> + (cos Blal /*x = sin3t, £ 2,
(4.57)
1T

A<|x’|72/3x’> +y(sec®2t)|x|/2x = cos’t sin3t, t= VL

where 7 is a positive real number.
Let H(t) = sin?3t, I = [(2n +5/3)a, 2n +2)xr], and I, = [(2n + 2)ar, 2n + 7/3)ar]. For
any given t, > 0 we may choose n € N sufficiently large so that 2nor > t,. Then conditions
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(a)-(b) are satisfied. It is also easy to see that, for j =2n +5/3 and j = 2n + 2,

(j+1/3)r 34/3
J 3.2—2/3cos2/3t|sin33t| —F|sin4/36t|(8—sin3t)4/3 dt

]

2/3
+3(2) S, |sin36)
jr<Oi<(j+1/3)
e
s (%)

j<i<12j+4

2/3 1

:A]+3<§> <1+7§>,

where Ajy,i5/3 = —2.17024 and Az, = —1.58213. It follows from Theorem 4.17 that (4.57) is
oscillatory if

(4.58)
A4 3<%>2/3

-

3/2
y>2 %(ﬁ - 2)A2n+5/3] ~ 0.55172. (4.59)

Note that if there is no impulse then the above integrals are negative, and therefore no
conclusion can be drawn.
When f = a, then (4.44) reduces to forced half-linear impulsive equation with dam-

ping

(rOpa(x)) +pt)pa(x') +q(t)pa(x) = e(t), t#6;,
(4.60)

A(r(D9a(x')) + Gipa(x) = €, t=06:.

Corollary 4.19. Suppose that for any given t, > tg, there exist intervals I = [s1,t1], I» = [s2,£2] C
[t,, 00) for which (a)-(b) hold.
If there exists H € D (s, tk) such that

f _ p(t)
f { aOH®™" = (a+ 1) Vr(t)|(a+ 1)H'() - B H®

a+l
}dt
(4.61)

+ > @lH@)" >0 (k=1,2),

SsE<O;i<ti

then (4.60) is oscillatory.

Taking a = 1 in (4.44), we have the forced superlinear impulsive equation with dam-
ping
(r®x) +px'+ qB)x"x = e(t), 176,
(4.62)
A(r(t)x) +qilxP'x =e;, t=6,
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Corollary 4.20. Let fy = p(p—1)"P7, p > 1. Suppose that for any given t, > t, there exist intervals
I = [s1,t1], Iy = [s2,t2] C [£4, 0), such that (a)-(b) hold for all i € N.
If there exists H € D(sy, ti) such that

ti
f {ﬂo [a®O] e PH(t) - ()| H'(5) - p(( )> }

N (4.63)

+ X pog lel T PH0) >0 (k=1,2),

SsE<0;<ty
then (4.62) is oscillatory.

Let f = 11in (4.62). Then we have the forced linear equation:

r(t)x) +p(t)x' +q(t)x =e(t), t#0;,
(r(Ox') +pH)x' +q(H)x =e(t), t# (864)

A(r()x') +qix =e;, t=0:.

Corollary 4.21. Suppose that for any given t, > tg, there exist intervals I; = [s1,t1], In = [s2,£2] C
[ty, 00), such that (a)-(b) hold for all i € N.
If there exists H € D (s, tx) such that

f{ a0 - r(0)| 1) - L p 0

Sk

2
}dt+ > qH*6)>0 (k=1,2), (4.65)

Sk<O;<ty

then (4.64) is oscillatory.

Example 4.22. Consider

x" — (sint)x’ — (cost)x = e"“Stsint, t+# E,
. 18 (4.66)
Ax' + (ocos3t)x = —tant, t=-—,
18
where 0 is a positive real number.

Let H = sin6t. For any T > 0, choose n € N sufficiently large so that nor > T and set
=[(2n-5/6)r, (2n-2/3)xr] and I, = [(2n+2/3)r, (2n+5/6)r]. Clearly, (a)-(b) are satisfied

for all n. It is easy to see that for j =2n-5/6and j =2n+2/3,

(j+1/6)r 1 2
’[ — cos tsin6t — <6 Ccos 6t + — sintsin 6t> dt
jr 2

+ Z 0 cos(36;)sin? (66;) (4.67)

jr<0;<(j+1/6)r

112_3(1 +V3) - 2896‘” 30(\f+1>
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Thus (4.65) holds if

> %(\@— 1) - %(2 - \@) (4.68)

which by Corollary 4.21 is sufficient for oscillation of (4.66).

Note that if the impulses are removed, then (4.66) becomes nonoscillatory with a
nonoscillatory solution x(t) = te™ !,

Finally we state a generalization of Theorem 4.17 for a class of more general type
impulsive equations. Let a, B, q(t), e(t), 6;, {e;}, and {gi} be as above, and consider

(rpa(x)) +p(Opa(x) + f(E,x) = e(t), t#6;,

(4.69)
A(r(t)pa(x)) + g(t,x) =e;, t=6,
where the functions f and g satisfy
sf(t,s) >q(t)|s|*! forte UL, s€R,
(4.70)

sg(0;,s) > ql'|s|ﬁ+1 for0; e Ul seR.

Theorem 4.23. In addition to conditions of Theorem 4.17, if (4.70) holds then (4.69) is oscillatory.

Example 4.24. Consider

| .
(IW12°x) + (cos 3O x + f(t,x) = sin3t,  t#2,

. (4.71)
n-2/3_1 _ 3 : _ E
A<|x| x>+g(t,x)—cost sin3t, t= 5
where
f(t,x) = cos® <£> [2 +sin(x + £)]|x|"%x,
(4.72)

g(t,x) = [y + 2cosz<xT+t>] (sec3/2t>|x|1/2x, (y >0).

Clearly if we take I = [(2n +5/3)ar, 2n + 2)or] and I, = [(2n + 2)ar, (2n +7/3)r], then (4.70)
holds with § = 1/2, q(t) = cost and q; = ysec®?t. Further, we see that all conditions of
Theorem 4.17 are satisfied if H (t) = sin’3t and y > 0.552; see Example 4.18. Therefore we may
deduce from Theorem 4.23 that (4.71) is oscillatory if y > 0.552.
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4.3. Oscillation of Second-Order Nonlinear Equations

In this section, we first consider the second-order nonlinear impulsive differential equations
of the following form:

X'+ f(t,x) =0, t#t,
x(tp) = ge(x(t)),  *'(t) = (¥ (t)), k€N, (4.73)

x(fg) =x0,  X(f5) = x

Assume that the following conditions hold.

(i) f(t,x) € C(J xR), xf(x) >0 (x#0), and f(t,x)/¢p(x) > p(t) (x#0), where p €
C(), pt) >0,and x¢(x) >0 (x#0), ¢'(x) >0.

(i) g, hx € C(R), and there exist positive numbers ay, ay, bi, by such that

8k (x)

<a,  bi< ) (4.74)

*
a, <
k X

In most of the investigations about oscillation of nonlinear impulsive differential equations,
the following lemma is an important tool.

Lemma 4.25 (see [25]). Let x(t) be a solution of (4.73). Suppose that there exists some T > tq such
that x(t) > 0 for t > T. If conditions (i) and (ii) are satisfied, and

(iii) (tl = to) + (b;/al)(tz - tl) + (b;‘b;/alaz)(h = tz) R (b;b; ce b;‘l/alaz ce an)(t,,+1 -
tn) + -+ = +oo holds, then x'(t;) > 0 and x'(t) > 0 for t € (tx, txs1], where ty > T.

Theorems 4.26-4.32 are obtained in [25]. For some improvements and/or generaliza-
tions, see [32-35].

Theorem 4.26. Assume that conditions (i), (ii), and (iii) of Lemma 4.25 hold, and there exists a
positive integer ko, such that a; > 1 for k > ko. If

t] tz t3 trH-l

1 1
p(t)dt+ R h p(t)dt+ 1 P(t)dt++ m N

Hdt+---=o0, 4.75
f by bibs )4, P * ( )

then every solution of (4.73) is oscillatory.

Proof. Without loss of generality, we can assume kg = 1. If (4.73) has a nonoscillatory solution
x(t), we might as well assume x(f) > 0, t > ty. From Lemma 4.25, x'(t) > 0 for t € (fx, txs1],
where k € N. Let

x'(t)
p(x(t)

u(t) = (4.76)
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Then, u(t;) >0 (k € N), u(t) >0 (t > tp). Using condition (i) in (4.73), we get for t # i,

N 2GR RSO _ 477
40 =Ly [ 160 <0, 7
Using condition (ii) and a; > 1, ¢'(x) > 0 yield
N x' ()
u(tk) = —(p(x(tZ)) <biu(ty), keN. (4.78)
From the above inequalities, we have
(s <u(s) - [ ptoa, (479)

where t) < s < 51 < t;. Taking s — tj and s; — t;, we get
t1 t‘l
u(ty) <bu(t) < b [u(tg) - p(t)dt] <bu(ty) —bi | pt)dt. (4.80)
to to

By induction, for any natural number n, we obtain

ty

t
u(ty) <biby--- by |u(ty) - | pt)dt- e p(t)dt
to bl 31

(4.81)

1 tn-1 1 tn
OO Bt - — Bt |.
bibs by f POt = s f p(t)

Since, u(t;) > 0 (k € N), above inequality and the hypothesis lead to a contradiction. So,
every solution of (4.73) oscillatory. O

From Theorem 4.26, the following corollary is immediate.

Corollary 4.27. Assume that conditions (i)—(iii) of Lemma 4.25 hold and there exists a positive
integer ko such that a; > 1, by <1 for k > ko. If

fw p(t)dt = oo, (4.82)

then every solution of (4.73) is oscillatory.

The proof of the following theorem is similar to that of Theorem 4.26.
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Theorem 4.28. Assume that conditions (i), (ii), and (iii) of Lemma 4.25 hold and ¢(ab) >
@p(a)p(b) for any ab > 0. If

t * t * * t3
p(tydi + q)(al)f ptydr + 2L09(3)
" A bib

p(H)dt +---
b .
(4.83)

L 2(a)e(a) - (ay)

tn+1
biby---b ,[ p(B)dt - =co,

t
then every solution of (4.73) is oscillatory.

Corollary 4.29. Assume that conditions (i), (ii), and (iii) of Lemma 4.25 hold and ¢(ab) >
@(a)p(b) for any ab > 0. Suppose that there exist a positive integer ko and a constant a > 0 such that

9(a) | (tk+1> for k> ko, (4.84)
b ti

If [* t*p(t)dt = co, then every solution of (4.73) is oscillatory.

Example 4.30. Consider the superlinear equation:

x(k*) = <%>x(k), X (k") =x'(k), keN, (4.85)

xl—x x'l—x’
2_0/ 2_0/

where n > 1 is a natural number. Since ay = a; =(k+1)/k, by = b;‘; =1,pt) = 1/8, t = k,
and ¢(x) = x*>"1. Tt is easy to see that conditions (i), (ii), and (iii) are satisfied. Moreover

¢(a) _ <k+1>2"‘1 . <tk+l>3
by - k - by !
o] o] 1
a _ 3 —
j t p(t)dt_f t <t—3>dt_ 0.

Hence, by Corollary 4.29, we find that every solution of (4.85) is oscillatory. On the other
hand, by Theorem 2.6, it follows that (4.85) without impulses is nonoscillatory.

(4.86)
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Theorem 4.31. Assume that conditions (i), (ii), and (iii) of Lemma 4.25 hold, and there exists a
positive integer ko such that a; > 1 for k > ko. If

+oo d
u
J oo, for some € >0,

— <
e 1)
0 et | Atk 1 trs2 1 tess
t)dt + t)dt + Hdt +---
éﬁk s ]9( ) bk+1 J;,M P( ) bk+1bk+2 tks2 p( ) (4'87)
1

Ekrns1
+ —_ Bdt +--- |ds = oo,
bk+1bk+2"'bk+n_[ p(t) ] s=o0

ten

then every solution of (4.73) is oscillatory.

Proof. Without loss of generality, let kg = 1. If (4.1) has a nonoscillatory solution x(t), assume
x(t) > 0 (t > tp). By Lemma 4.25, x'(t;) > 0 (k € N), x'(t) > 0 (t > to). Since a; > 1 (k € N),
we have

x(t5) < x(t) <x(H) <x(b) <x(H) <--- . (4.88)
It is easy to see that x(f) is monotonically nondecreasing in J. Now (4.73) yields
x'(t) = —f(t,x(t)) < -p()p(x(), t#t. (4.89)

Hence, from the above inequality and condition (ii), we find that

5] t s
¥ () 2 f p(OP(E)dt + X () > f P(OP(x(D)dt + %1) (4.90)

2

Generally, for any natural number 7, we have

Epi1

x'(t)) > p®)e(x(t))dt + x'(tne1)
tn

(4.91)
fr x, t;-#l)
> pBex())dt+ oo

n

By (4.89) and (4.91), noting x(t,) > 0 (k € N) and b; > 0 (i € N), for any natural number 7,
we obtain

98] 1 ten
X(s)2 | pBHex(t)dt+ | popeeear
’ + 7381
k (4.92)
1 Een+1 d
T beibea - bren t Nt + - .
bk+1bk+2' "bk+n Itk+n P( )(P(.X'( ))
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Note that x¢p(x) > 0 (x#0) and ¢(x) is nondecreasing. Dividing the above inequality by
((x(s)) and then integrating from f; to tx.1, we get

7981 i1 1 9%} 1 Ekrnl
Hdt+--+ —mm————— t)dt+--- |ds
Iik J‘S bk+1 trs1 P( ) bk+1bk+2 e bk+n thm p( )
(4.93)
ties1 X (te+1)
< I x (s) J‘ 1 du
te (p(x(s)) x() ¢(u)
Since (4.88) holds, the above inequality yields
0 {7981 tet 1 2
| pdt+p— | p(oat
k=0 tk s k1 J b
1 Ekns1
+o et — tdt+---|ds 4.94
brs1bksz bran J‘tkm p( ) ( )

oo Ax(tke1) 1 © 1

Z u< ——du

=0 () (P(u) x(t5) (1)
The above inequality and the hypotheses lead to a contradiction. So, every solution of (4.73)
is oscillatory. O

The proof of the following theorem is similar to that of Theorem 4.31.

Theorem 4.32. Assume that conditions (i), (ii), and (iii) of Lemma 4.25 hold, and there exists a
positive integer ko such that aj > 1 for k > ko. Suppose that ¢(ab) > ¢(a)¢(b) for any ab > 0 and

+oo d
u
f —— < oo, forsomee>0,

e (1)
ot [ pten tri2
Zf f p(t)dt+(P( k) p(b)dt
k=0 tk s b k+1 7981
(4.95)
* * tees
L)) (M
bis1bks Hean

(P(a;;+1)(P(a;;+2) o '(P(a;;+n) Fvns1
+
bk+1bk+1 o bk+n tksn

p(t)dt+-~]ds = 0.

Then, every solution of (4.73) is oscillatory.
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In [36], the author studied the second-order nonlinear impulsive differential equations
of the following form:

(r(Opx) () + p(Op(x)pa(x) +q(t) f(x) =0, t#6;;

A(rg(x)pa(x)) +qif (x) =0, t=0,

(4.96)

where @, (s) = [s|* s and Az(t) := z(t*) — z(t"), z(t*) = lim;_, = 2(T).

Sufficient conditions are obtained for oscillation of (4.96) by using integral averaging
technique. In particular the Philos type oscillation criteria are extended to impulsive
differential equations.

It is assumed that

(i) @ > 0 is a constant;

(ii) {6;} is a strictly increasing unbounded sequence of real numbers; {g;} is a real
sequence;

(iii) r,p,q € PLC(J), r(t) > 0;
(iv) ¢ € C(R), f € CY(R) with ¢s(s) > 0, sf(s) > 0 for s #0 and

Fe
(vlre )"

a (4.97)

is satisfied; K, > 0 is a constant.
In order to prove the results the following well-known inequality is needed [26].

Lemma 4.33. If A, B are nonnegative numbers, then

AT —-yAB" '+ (y-1)B" 20, y>1, (4.98)

and the equality holds if and only if A = B.
The following theorem is one of the main results of this study.

Theorem 4.34 (see [36]). Let Dy = {(t,s) : t >s > ty} and D = {(t,s) : t > 5 > ty}. Assume that
H(t,s) € CY(D, (0,0)), h(t,s) € C(Dy, R) satisfy the following conditions.
(i) H(t,t) =0 fort > tg and H(t,s) > 0 on Dy.

(ii) H has a continuous and nonpositive partial derivative on Dy with respect to the second
variable.

(iii) One has

o
_aa_I;I(t/S) + @H(tl s)=h(t,s)Ha + 1 (t,s), (t,s)€ Dy. (4.99)

r(s)
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If

limsup
t—oo

t
{ [ [Hes96) - rar@ e )]s + H<t19i>q1}=°°r (4.100)
to

to<O;<t

1
H(tl tO)

where Ty = (a + 1)_(”+1)a"‘K;"‘, then (4.96) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of (4.96). We assume that x(t) #0 on [T, o) for
some sufficiently large T > t,. Define

ry®ea) o (4.101)

vOE T w0

Differentiating (4.101) and making use of (4.96) and (4.97), we obtain

1+1/a
w'(F) < —%w(t) -q(t) - KQ%, t#0;; (4.102)
A‘IU(t) = —qi, t= 91‘. (4103)

Replacing t by s in (4.102) and multiplying the resulting equation by H (¢, s) and integrating
from T to t, we get

f H(t, s)q(s)ds < - t PO) 11, $)aw(s)ds
T T 1(8)
" (4.104)

t
ags) 4T L H(t,s)w'(s)ds.

t
- K:x J‘ H(t/ S)

T
Integrating by parts and using (4.103), we find

! ) ‘1o oH
L H(t,s)w'(s)ds = L [&{H(t, s)w(s)} - w(s)g(t, s)] ds
. S (4.105)
=-H(t, T)w(T)+ >, H(t6)g; - Lw(s)g(t, s)ds.

T<0;<t

Combining (4.104) and (4.105), we obtain

t
f H(t,s)q(s)ds+ >, H(t,0)q:
T T<0;<t
(4.106)

t |w(s)|1+1/a

<H(t, T)w(T) -f Crl/ags)

[KuH(t, s)
T

— |h(t, s)[H (¢, s)lw(S)I]dS-
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Using inequality (4.98) withy =1+1/a,

(KaH)u/(vc+1)|w| a a/ r a/(a+1) .
A== B=( )<—> Il

we find

| ( )|1+1/u

== |n(t, ) H @ (t,5)[w(s)| = ~Tar (s)|h(t, 5)|""".
ri/a(s)

KqH(t,s)
From (4.106) and (4.108), we obtain

f [H(t 5)q(s) - Tar(s)|h(t, s)|“+1]ds+ S H(t,6)q;

T<0;<t

<H(t, T)w(T) < H(t, T)|w(T)| < H(t, to)|w(T)]

forallt > T > ty. In the above inequality we choose T = Ty, to get

f [H(t $)q(s) - Tar(s)|h(t, s)|“+1]ds+ S H(t,6)4;

to to<O;<t

To
H(t,to){Jt lg(s)|ds+ > |qi|}+H(t,t0)|w(TO)|.

t0<0;<Ty

Thus, it follows that

limsupﬁ {f [H(t s)q(s) —T'ar(s)|h(t,s “+1]ds+ Z H(t, G)qz}

t— oo to<O;<t

To
SI la@)|ds+ >, |ai| +w(To)| < oo,
)

t0<0;<Ty

which contradicts (4.100). This completes the proof.
As a corollary to Theorem 4.34, we have the following result.

Corollary 4.35. Let condition (4.100) in Theorem 4.34 be replaced by

lim sup———— f H(t,5)q(s)ds + H(t,e»qi} - o,
t— oo H(t t) { t0<29i<t
' 1
limsup————— | r(s)|h(t,s)|* " ds < oo,
msup g || OIS s < oo

then (4.96) is oscillatory.

45

(4.107)

(4.108)

(4.109)

(4.110)

(4.111)

(4.112)
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Note that in the special case of half-linear equations, for ¢s(s) =1 and f(s) = ¢.(s), the
condition (4.97) is satisfied with K, = a.

The proof of the following theorem can be accomplished by using the method
developed for the nonimpulsive case and similar arguments employed in the proof of
Theorem 4.34.

Theorem 4.36 (see [36]). Let the functions H and h be defined as in Theorem 4.34. Moreover,
Suppose that

0< inf{limian(t’ ) } < oo,

s>ty t—oo H(t, to)
(4.113)
1 t
limsu —f r(s)|h(t,s)|*ds < oo.
t—>oopH(tft0) to ( )| |
If there exists a function A € C(J,R) such that
t 1+1/a

lim sup A+—(S)ds = oo, (4.114)

t— oo to rl/a(s)

and for every T > tg

t
; H(: D) {L [H(t,s)q(s) —Far(S)|h(t,s)|“”]ds + Z H(t,@i)qi} > A(T), (4.115)

lim sup
T<0;<t

where A, (s) = max{A(s),0}, then (4.96) is oscillatory.

4.4. Higher-Order Nonlinear Equations

There are only a very few works concerning the oscillation of higher-order nonlinear
impulsive differential equations [37—40].
In [37] authors considered even order impulsive differential equations of the following
form
x® 4 f(t,x) =0, t#t,
x0 () = gk (x(8)), i=0,1,...,2n-1, k€N, (4.116)

X (1) = %0,
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where

; D (e + h) — xED(ty)
(i) £) = i X k k
X0 (k) s h !
(4.117)
i e o X+ ) - X))
X (t) = hh—%H h ’

Let the following conditions hold.

(A) f(t,x) e C(J xR); xf(t,x) >0for x#0; f(t,x)/p(x) > p(t) for x #0, where p(t) is
positive and continuous on J; x¢(x) >0 for x#0; ¢'(x) > 0.

(B) gk € C(R), and there exist positive numbers a,(:), b,(:), i=0,1,...,2n -1 such that

8k(i) (%)
,(;) < Ix < by,
(@) @) () @ () (@)
a a,’ a a,’ a, - a,,
(h—to) + ——(bh—t) + ———2 (3 —bp) + -+ ———> —— (tys1 — ) + - = 00.
biz—l) bil—l)bg—l) biz—l)bg—l) . bﬁrzl—l)

(4.118)

A function x : [fo,fo +a) — R, tp > 0, @ > 0 is said to be a solution of (4.116), if
1) xD () = x(()i), i=0,1,...,2n-1; (ii) for t € [ty,to + a) and t#t;, x(t) satisfies x>" (t) +
f(t,x(t)) = 0; (iii) x@(t) is left continuous on t € [to, to + a), and xO () = gy xD (k), i =
0,1,...,2n-1.

The first two theorems can be considered as modifications of Theorems 3.43 and 4.26,
respectively.

Theorem 4.37 (see [37]). If conditions (A) and (B) hold, b’ < 1, a” > 1, b > 1(i =
1,2,....2n-1;, k=1,2,...), and if

f " p(t)dt = oo, (4.119)

then every bounded solution of (4.116) is oscillatory.

Theorem 4.38 (see [37]). If conditions (A) and (B) hold, a\’ > 1 and

t 1 ty 1 t3
f p(t)dt + W f1 p(t)dt + IJ(Zbe’H) . p(t)dt

to t N

(4.120)
1 Emt1

St pt)dt+--- = oo,
2n-1), (2n-1 2n-1
p® pr i )y,

then every solution of (4.116) is oscillatory.
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Theorem 4.39 (see [37]). If conditions (A) and (B) hold, [T 1a >b>0 (m=1,2,...),b%" " <
1, and for any 6 > 0,

T inf ftx)dt] = oo, (4.121)
[ s

5<|x|<o0

then every solution of (4.116) is oscillatory.

Corollary 4.40. Assume that conditions (A) and (B) hold, and that af{o) >1, b,(f"_l) <1 If
j p(t)dt = oo, (4.122)

then every solution of (4.116) is oscillatory.

Corollary 4.41. Assume that conditions (A) and (B) hold, and that there exists a positive number
a> 0, such that al” >1,1/6°" > (b1 /8™ If

Jw Fp(H)dt = oo, (4.123)

then every solution of (4.116) is oscillatory.

Example 4.42. Consider the impulsive differential equation:

1 1
@n) 4 — 3 = >t
X +4tx 0, > #k, keN,

k+1

x(k) = =

x(k), xD&)=xD(k), i=1,...,2n-1, (4.124)

1 YAl o)
x<§> = X0, x(l)<§) = xol 7

where al” = b = (k+1)/k > 1,40 =b =1,i=1,2,...,2n -1, p(t) = 1/4t, p(x) = %3,
ft,x) = (1/4t)x% tx =k, tg =1/2.
Itis easy to verify conditions of Theorem 4.38. So every solution of (4.124) is oscillatory.

Example 4.43. Consider the impulsive differential equation:

x® 4 tlle/3 =0, t= %, t#k, k€N,
W) =2, ) = e, 1= e, (4.125)

1 y (1 (i
x<§> = X0, x(1)<§) =xoll
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where al” =b” =1,a" = b = k/(k+1),i=1,2,...,2n-1,p(t) = 1/, t; = k, p(x) = x'/3
f(t,x(t) = (1/t2)x1/3(t) ty=1/2.

In this case, it can be show that conditions of Corollary 4.41 are satisfied. Thus, every
solution of (4.125) is oscillatory.

In [40], the authors considered the impulsive differential equations with piecewise
constant argument of the following form:

x™ () + a(t) <x(Y)([t])>2p +e(t)signx(t) =0, t#n, t>0, neZ",
x0)(n) = ﬂ,(qj)x(j) (n), (4.126)

x([t]) = x”

where Z* is the set of all positive integers, m > 1, y and p are given positive constants, [-]

) (J)

denotes the set of maximum integers, and x; ", ;" > 0 for all n, j. It is assumed that

(i) a,e € C(J,R*);

(ii) foranyn >0andalli=1,2,...,m

(m—i) (m—i) ,(m—i) '—l (m-—i)
[(;rrrlzj—l) + (in_?l)ﬁr;;ll ptot ‘[(Zrl:f n % j— (4.127)
ﬂn+1 :Bn+2 ﬁn+1 Hs 1Fn+s
(iii) there exists C > 0 such that
inf€® 5 (4.128)
£0 a(t)

Theorem 4.44 (see [40]). Assume that conditions (i), (ii), and (iii) hold. Moreover, suppose that for
any n > 0, there exists a j > 0 such that

[, aoas s () [T s ) [ G

n n+l 43,4 n+2 A

(4.129)
-1

- (™ a(s
+ < stl)> f —]El) ds — o, j— oo,
mil Ay

.

I
—

s

where AKX = n!/k!. Then every solution of (4.126) is oscillatory.
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Theorem 4.45 (see [40]). Assume that conditions (i) and (ii) hold. Moreover, suppose that for any
n > 0, there exists a j > 0 such that

n (m-1) _1 [n+l n+1 (m-1) 1 2
H( s ) L 3(S)d5+£1[< s > I e(s)ds +

s=1 n+l
(4.130)
n+]'—1 1 1 n+]’ 1
+]] < - )> I e(s)ds > x(()m_ ),
s=1 n+j-1
Then every solution of (4.126) is oscillatory.
Example 4.46. Consider the impulsive differential equation:
2
X 4 In(1 + t) <x<m-1>([t])) +elsignx(t) =0, t#n, t>0, nezt,
. 1 .
2 (1) = <§> 0 (), (4.131)

x(0) = 2.

It is easy to verify that conditions of Theorem 4.45 are all satisfied. Therefore every solution
of (4.131) is oscillatory.
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