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ABSTRACT. We provide sufficient conditions that ensure oscillations and nonoscil-
lations for nonautonomous impulsive differential equations with piecewise con-
stant arguments of a generalized type. We cover several cases of differential
equations with deviated arguments investigated before as particular cases.

1. INTRODUCTION

In many cases, the functions used for modeling the natural phenomena with
differential equations may have to be discontinuous, such as a piecewise constant,
or have the impulsive effect present to reflect the phenomena’s characteristics to be
modeled. The reader can find examples of this kind of phenomenon in the works
of S. Busenberg and K. Cooke ([7]) and L. Dai and M.C. Singh ([§]). In the first
one, the authors modeled diseases of vertical transmission. In the second one, the
authors studied the oscillatory motion of spring-mass systems subject to piecewise
constant forces of the form Axz([t]) or Acos([t]). Indeed, one such system is the
famous Geneva wheel, widely used in watches and instruments. The motion of this
mechanism is piecewise continuous, and it can be modeled by

t
ma” (t) + kz1 = Asin <w [T]) ,
where [-] is the greatest integer function. (See [9]).

As a generalization of the work done by A. Myshkis in [I3] (1977) concerning
differential equations with deviating arguments, M. Akhmet introduced a very in-
teresting class of differential equations of the form

(1.1) 2(t) = f(t,2(t), 2(v(1))),

where (t) is a piecewise constant argument of generalized type. Such ~ is defined

as follows: let (t,),c; and ((n),,cz Such that t, < t,,1,Yn € Z with nhHH;O t, = 00,
Em tn, = —o0 and (, € [tn, tny1], then () = ¢y, if t € I, = [tn, tnt1) . Le, ¥(t)

n — 0o

is a locally constant function. An elementary example of such functions is vy(t) = [t],

where [] is the greatest integer function, which is constant in every interval [n,n—+1]

with n € Z.
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If a piecewise constant argument is used, the interval I, is decomposed into an
advanced and delayed subintervals I, = ¥ J I, where I} = [t,,(,] and I, =
[Cn,trnt1]. This class of differential equations is known as Differential Equations
with Piecewise Constant Argument of Generalized Type (DEPCAG). They have
remarkable properties, as the solutions are continuous functions, even when -y is
discontinuous. If we assume continuity of the solutions of (1.1)), integrating from
tn to tn+1, we define a difference equation, so this type of differential equation has
hybrid dynamics (see [2], 14} [21]).

For example, in [I§], the author introduced the piecewise constant argument () =
[ﬂ h+ ah with h > 0 and 0 < a < 1. Then, we can see that

Ul] h+ah = (n+ a)h, when t € I, = [nh, (n+ 1) h).

Its delayed and advanced intervals can be concluded easily: y(t) —t >0 < ¢t <
(n+a)hand v(t) —t <0 < t> (n+ a)h. Hence, we have
I = [nh,(n+a)h), Iy = [(n+a)h, (n+1)h).

This piecewise constant argument has been used (case o« = 0) in the approximation
of solutions of ordinary and delayed differential equations (see also [19, 20] ).

If an impulsive condition is considered at instants {¢,}ncz, we define the Im-
pulsive differential equations with piecewise constant argument of generalized type
(IDEPCAG),

() = [t 2(t), 2(v (1)), t # tn,
(1.2) Az(ty) = 2(t,) — 2(t,)) = Po(2(t,,)), t=t, mneN,

~—

where z(t;;) = lim 2(t), and P, is the impulsive operator (see [I} [15]).
t—t,
If the differential equation explicitly shows the piecewise constant argument used,

we will call it DEPCA (IDEPCA if it has impulses).

Definition 1. A function xz(t) defined on [1,00) is said to be oscillatory if there
exist two real-valued sequences (ay), (by) C [1,00) such that a, — oo, b, —
asn — oo and x(a,) < 0 < x(by), VYn > M, where M s sufficiently large. Le.,
if it is neither eventually positive nor eventually negative. Otherwise, it is called
nonoscillatory.

In the piecewise continuous frame, a function x(t) can be oscillatory even if
x(t) # 0,Vt € [r,00). This is the context of this work, so all the definition of
oscillation for the continuous frame are no longer valid (see [12] ).

Definition 2. A nonzero solution y(n) of a difference equation will be oscillatory
if for every positive integer M > 0, there exists n > M such that

y(n)y(n+1) <0.

Otherwise, y(n) will be called nonoscillatory (see [10] ).
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FIGURE 1. f(t) =t — [t]: an example of an oscillatory piecewise
continuous function with infinite zeros (f(n) =0, Vn € Z).
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FIGURE 2. f(t) = (—D)M(t +1 — [t]). An oscillatory piecewise
continuous function with f(t) # 0, V¢t € R.

2. AIM OF THE WORK
In [22], J. Wiener and A.R. Aftabizadeh studied the following DEPCA
(2.1) ' (t) = a(t)x(t) + ao(t)x (m [%]) , z(0) = Cy,

where a(t),ag(t) are continuous functions on [0,00). They conclude the following
oscillatory criterion:

Theorem 1. if either of the conditions

mn mn
lim sup/ ap(t) exp (/ a(s)ds) dt > 1,
t

n— oo mn—k
m(n+1)—k mn
lim inf/ ao(t) exp (/ a(s)ds) dt < —1,
n— o0 mn t

holds true, then every solution of is oscillatory.

Inspired by the last work, we will get sufficient conditions for the oscillation of
the solutions of the scalar linear nonautonomous IDEPCAG

2(t) = a(O)z(t) + b(O(v(), t# t

2.2 _
(2.2) Azli—y, = cra(ty), t =t
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where a(t), b(t) are continuous real-valued locally integrable functions, ¢, # —1, Vk €
Z and + is a piecewise constant argument of generalized type.

We will improve the results given in [22] considering any piecewise constant ar-
gument (t) such that v(t) = (i if t € [tg,trt1) With ¢ < (& < tr41. and the
impulsive effect.

Our work is organized as follows: First, we provide some preliminary information
necessary to understand the IDEPCAG frame better. Next, we study oscillations
for the scalar linear IDEPCAG and provide some criteria for oscillatory solutions
(extending the classical ones) for the autonomous and nonautonomous cases. Fi-
nally, we give some examples showing the effectiveness of our results.

3. SOME RECENT RESULTS OF OSCILLATIONS ON IDEPCAG
In [6] (2013), K-S. Chiu and M. Pinto studied the scalar DEPCAG

y'(t) = a®)y(t) +b()y(v(¥), ¥(7) = o,
where a(t),b(t) are real continuous functions defined on R. The authors investi-
gated oscillation and periodic solutions. This excellent work seems to be the first
to consider oscillations and periodic solutions with a generalized piecewise constant

argument. One of the main hypotheses used by the authors is the continuity of the
solutions. Still, it has no results for the IDEPCA or IDEPCAG cases.

In [12] (2018), F. Karakoc, A. Unal, and H. Bereketoglu studied the following
nonlinear IDEPCA:
2'(t) = —a(t)x(t) —x([t — ) fy([t]) + ha(a[t]), t#neZ®
y'(t) = =b(t)z(t) — y([t — 1)g(y([t]) + ha(y[t]),
z(n)=(1+cy)z(n), t=neZt
y(n) = (1 +dn)y(n™),
with initial conditions z(—1) = z_1, 2(0) = xo,y(—1) = y_1, y(0) = yo, where
a,b : [0,00) — R are continuous functions, f,g,h1,he € C(R,R), ¢, and d,, are
sequences of real numbers such that ¢, # 1, d,, # 1, Yn > 1. The authors studied the
existence and uniqueness of solutions, and they obtained some sufficient conditions

for the oscillation of the solution. They stated the following sufficient conditions of
oscillation of the solutions:

Theorem 2. Assume that there exist My > 0 and My > 0 such that f(t) > M,
and g(t) > Ms NVt € R, thy(t),t he(t) <0 fort #0 and ¢y, d, <1 for alln € Z*.
If the following conditions hold,

n+1 S 1
lim sup(1 — cn)/ exp (/ a(u)du) ds > )
n—o0o n n—1 Ml

n+1 S 1
lim sup(1 — dn)/ exp (/ b(u)du) ds > —.
n—oo n n—1 M2

then all solutions of - are oscillatory.
In [0] (2013), K-S. Chiu and M. Pinto studied the scalar DEPCAG
y'(t) = a)y(t) + b(t)y(v(#),  y(7) = vo,
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where a(t),b(t) are real continuous functions defined on R. The authors investi-
gated oscillation and periodic solutions. This excellent work seems to be the first
to consider oscillations and periodic solutions with a generalized piecewise constant
argument. One of the main hypotheses used by the authors is the continuity of the
solutions. Still, it has no results for the IDEPCA or IDEPCAG cases.

In [5] (2023), K-S. Chiu and I. Berna considered the following impulsive differ-
ential equation with a piecewise constant argument

v = a0 +30w (5[]}, v = 1t
(3.1)  Aylkp—1) =drylkp —17), t=kp—1, kez,

where a(t) # 0 and b(t) are real-valued continuous functions, p < [ and dy # —1,
Vk € Z. The authors obtained an oscillation criterion for solutions of (3.1)).

Finally, in [23] (2023), Z. Yan and J. Gao studied oscillation and non-oscillation
of Runge-Kutta methods for the following linear mixed-type impulsive differential
equations with piecewise constant arguments

y'(t) = ay(t) +by([t — 1)) + cy([t]) + dy([t +1]), t#Fk,
(3.2) Ay(k) = qy(k™), t=k, keN,
y(0) = yo,y(1) = y1,

where a, b, ¢, d, q,y0,y1 € R and g # 1. They obtained conditions for oscillation and
non-oscillation of the numerical solutions. Also, the authors obtained conditions
under which Runge-Kutta methods can preserve the oscillation and non-oscillation.

3.1. Why study oscillations on IDEPCAG?.
Example 1. Let the following scalar linear DEPCA

(3.3) 2'(t) = a(t)(z(t) —z([t +1]), z(r) = =0,
and the scalar linear IDEPCA
(3.4) Z(t) = a(t) (2() = 2(E +1])), t#k
z(k) = cpz(k™), t=k keZ,
where a(t) is a continuous locally integrable function. As ~v(t) = [t + 1], we have

th=Fk CG=k—+1iftelkk+1], keZ.

It is very easy to see, by Theorem@ (considering ¢, = 0, Vk € Z), that the solution
of is x(t) = xo, Yt > 7. Le., all the solutions are constant. Hence, has
no nontrivial oscillatory solutions.

On the other hand, the solution of 18

k(t)
)= II o]z, t=7,
j=k(m)+1

where k(t) = k is the only integer such that t € [k, k + 1] (see Example 4). Hence,
if e, < 0,Vk € Z all the solutions are oscillatory. This example shows the role of

the presence of the impulsive effect. In fact, our main result applies to DEPCAG
and IDEPCAG cases.
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FIGURE 3. Solution of (3.4) with ¢, = —=% and z(0) = —19.

4. SOME PRELIMINARY ON IDEPCAG THEORY

Let PC(X,Y) be the set of all functions r : X — Y which are continuous for
t # tx and continuous from the left with discontinuities of the first kind at ¢ = ¢.
Similarly, let PC*(X,Y) the set of functions s : X — Y such that s’ € PC(X,Y).

Definition 3 (DEPCAG solution). A continuous function xz(t) is a solution of
1) if:

(i) 2'(t) ewxists at each point t € R with the possible exception at the times ty,
k € Z, where the one side derivative exists.

(ii) x(t) satisfies (1.1) on the intervals of the form (ty,tg+1), and it holds for
the right derivative of x(t) at ty.

Definition 4 (IDEPCAG solution). A piecewise continuous function y(t) is a so-
lution of if:
(i) y(t) is continuous on I, = [tx, txy1) with first kind discontinuities at ty, k €
Z, where y'(t) exists at each t € R with the possible exception at the times
t, where lateral derivatives exist (i.e. y(t) € PC([tx,trs1),R)).
(ii) The ordinary differential equation

y'(t) = [t y(t), y(Ck))
holds on every interval Iy, where ~(t) = (.
(iii) Fort = ty, the impulsive condition
Ay(te) = y(te) — y(ty ) = Pe(y(ty))
holds. ILe., y(tx) = y(t, ) + Pr(y(ty )), where y(t, ) denotes the left-hand
limit of the function y at t-
Let the following IDEPCAG:

(t) = f(t,a(t),z(v()), tF
(4.1) a(te) —x (t;) = Pula(ty,)), t=tx,

z(1) = xo,
where f € O([r,00) x R x R,R), P, € C({tx},R) and (7, z¢) € R%.
Also, let the following hypothesis hold:
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(H1) Let n1,m2 : R — [0,00) locally integrable functions and wy, € R*, Vk € Z;
such that

|f(ta$1’y1) - f(t7$2’y2)|
|Pr(z1 () — Prlz2(ty)]

(H2) Assume that

M (t) |z1 — w2| +n2(t) [y1 — 2l ,

<
< wrler (17) — 22 ()]

tr41
U = sup (/ (n1(s) +n2(s)) ds> < 1.
kEZ tr
In the following, we mention some valuable results for the rest of the work:

4.1. IDEPCAG Gronwall-Bellman type inequality.

Lemma 1. ([17,[3] Lemma 4.3) Let I an interval and w,n1,m2 : I — [0,00) such
that u is continuous (with possible exception at {tx}ren), M1,m2 are continuous
and locally integrable functions, n : {tp} — [0,00) and v(t) a piecewise constant
argument of generalized type such that y(t) = Cx, YVt € Iy = [tk, tgy1) with t <
Cr < tr41 Yk € N. Assume that ¥Vt > T

u(t) < ulr) + / (m(s)u(s) + m(sutr(s)) ds+ 3 nit)ulty),

T<tp<t

~ Cr ~ ~
Y = / (m(s) +m2(s))ds <9 :=supvy <1
tr keN

hold. Then, for t > T, we have

w < TT et Jow ([ (mer+ 22) as)utr)

T<tp<t

w(G) <(1 - Duty)
ur@) <@ -0 [ T (4 ms(ty)) | exp ( / (n1(8)+1172(81)§> ds)um.

Tt <t

4.2. Existence and uniqueness for (4.1).

Theorem 3. (Uniqueness) ([3], Theorem 4.5) Consider Lemma 1| and the
LV.P for (2.2)) with y(t,7,y(7)). Let (H1)-(H2) hold. Then, there exists a unique
solution y for (2.2) on [1,00). Moreover, every solution is stable.

Lemma 2. (Existence of solutions in [r,%;)) ([3], Lemma 4.6) Consider
Lemma/[d] and the I.V.P for with y(t,7,y(7)). Let (H1)-(H2). Then, for each
Yo € R™ and (i € [tk—1,tx) there exists a solution y(t) = y(t, 7, y(T)) of on
[1,t,) such that y(T) = yo.

Theorem 4. (Existence of solutions in [r,00) ([3], Theorem 4.7) Consider
and let (H1)-(H2) hold. Then, for each (T,y0) € Ry x R, there exists y(t) =
y(t, 7,y0) for t > 7, a unique solution for (2.2)) such that y(7) = yo.
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5. THE NONAUTONOMOUS HOMOGENEOUS LINEAR IDEPCAG

In this section, we will present the nonautonomous homogeneous linear IDE-
PCAG
(5.1) (1) = a(t)=(t) + b(t)=(v(t)), ¢ # b
Azli—y, = cr2(ty), t =t

where z € R, t € R, a(t), b(¢) are real-valued continuous locally integrable functions,
(ck)ren is a real sequence such that 14 ¢ # 0 Vk € N and ~(¢) is a generalized
piecewise constant argument.

As the oscillatory definition has an asymptotic component, we will only be in-
terested in the forward continuation of solutions. So, during the rest of the work,
we will assume y(7) 1= 7 if ;) < Y(7) < T < ty(r)41, where k(1) is the only
k € Z such that {37y < 7 < tg(7)41, and we will adopt the following notation for
the matricial products and sums:

- Ay Apq--- Ay, ifn>1, " A+ ...+ A4, ifn>1,
HAj:{ 1 1, Un2> and ZAj:{ 1+ + itn >
j=1

=1 I ifn<1. 0 ifn<1.

Let x(t) = o(t,7)x(r) = exp (/t a(u)du)x(T) the solution of the ordinary
differential equation ’
a'(t) = a(t)x(t),
o = x(7), t, T € |r,00).
We will assume the following hypothesis:

(H3) Let g (a) = eap ( / * Jatu) du) . oy (@) = eap ( / " atw) du) ,

tr Ck
pi(a) = pi (a)py (a) and v (b) = pic (a) In pic (b),
and assume that

p(a) = sup pi(a) < oo, vE(b) = supvif (b) < oo,
kez keZ
where
(5.2) vi(b) <vt(b) <1, v, (b)<v (b) <1

Consider the following definitions

it6) =1+ [ exp ( / ; a(u)du> b(s)ds,

e(t,Ck) = ot Crr))i(t, Crr))

= |ex a(u)du
< p/C (u) )
t Cr(s)
5.3 1+ ex a(u)du | b(s)ds | .
(53) ( /C p</ ())())
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Remark 1. As a consequence of (H3), it is important to notice the following facts:
(i) Due to condition (5.2), j7(tk, k) and 57 (tkt1, (k) are well defined Vk €
Z, and

77 (s )| < Z [V+(b)]k = ﬁ’ 17 (tk+1,Ce)| < 1+ 07 (b),
k=0

‘j_l(tk+17Ck)| < Z [V_(b)]k = ﬁ7 17tk Ce)| < 1+ 07 (b).
k=0

Also, if we set to = 7, we are considering that j~(7,~v(7)) ewists.
(ii) On the other hand, if we want a nonzero solution of a linear IDEPCAG,
we need j(t,(,) # 0,k € Z and Vt € [1,00) (See Remark[3 and [6]).

5.1. The fundamental solution of the homogeneous linear IDEPCAG.
The following results can be found in [I7] and [I6] in a more general matricial
context. They are the IDEPCAG extension of [14]. We will use the next scalar
version of them:

Theorem 5. Let the following linear IDEPCAG system

2() = a(t)=(t) + b(0)z(4(1), €+t
(5.4) () - ()1 o) 2(ty), =ty
z0 = z(7).

If (H3) holds, then the unique solution of (b.4) is
z(t) = w(t,7)z(1), te€|[r,00),

where w(t, T) is given by

(5.5)
k(1)
w(t, ) = w(t, tk(t)) H (1+¢r) w(ty, tr—1) (1 + Ck(7)+1> w(tk(7)+1, T)
r=k(7)+2

fort € Iy and T € Ijy(r), where w(t, s) is defined as

w(t,s) = e(t,v(s))e ™ (s,9(5)),  ift,s € Iy = [te, trs].
In a more explicit form, the unique solution of (5.4]) can be written as

k(t)
2t) = wittry) | [ Q+e)wteter)
r=k(7)+2
(5.6) (14 erirys1) wltpry+1,7)2(1),  fort € Inwy, T € In(ry,

and the discrete solution of (5.4) can be also written by
k(t)

(5.7)  z(tpw) = H (L4 cp) w(tr, tr—1) | (1+ crirys1) wltherys1, 7)2(7).
r=k(7)+2

The expression given by (5.5) is called the fundamental solution for (5.4)).

Proof. Let t,7 € I, = [tg,tg+1) for some k € Z. In this interval, we are in the
presence of the ordinary system

2'(t) = a(t)z(t) + b(t)2(Cr)-
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So, the unique solution can be written as

(5.8) 2(t) = $(t,7)2(r) + / o(t, 5)b(s)=(Cr)ds.

Keeping in mind I,j, evaluating the last expression at ¢t = (; we have

Ck
2(C) = &(Ce, T)2(7) + | &(C, $)b(s)z(Cr)ds,

T

Hence, we get
(14 [ oG sperts) (0o = ot n=o)

Ie

2(Ck) = 5 (7, ) D (Cr, )2 (7).
Then, by the definition of e(t,7) = ¢(t,7)j(t, ), we have
(5.9) 2(Ge) = 71 (7,Gi)2(7).
Now, from (5.8]) working on I, , considering 7 = (j, we have

2(t) = &t Ck)2(Ck) + : o(t, )b(s)z(Ck)ds

= (6, (1+ C ¢<<k,s>b<s>ds) 2(Gh).

Le., z(t) = e(t, (k)z(Ck)- So, by (5.9), we can rewrite the last equation as
(5.10) 2(t) = e(t, Ge)e (T, G)2(7).
Then, setting

w(t,s) = e(t,v(s))e (s,7(s)), ift,s € I, = [tk, tkt1),
we have the solution for for t € Iy, = [tx, tkt1),
(5.11) 2(t) = w(t, 7)z(7).

Next, if we consider 7 = t, and, assuming left side continuity of at t = tg41,
we have

2(thp1) = w(tes1, te) 2 (tk)
Then, applying the impulsive condition to the last equation, we get
(512) Z(tk+1) = (1 + Ck+1) w(tk+1, tk>Z(tk).
The last expression defines a finite-difference equation whose solution is (5.7]). Now,
by (5.11]) and the impulsive condition, we have
2(te(ry+1) = (1 + Cp(ryr1)w(ti(ry+1, 7)2(7).

Hence, considering 7 = t; in and applying (5.7)), we get (5.6). In this way, we
have solved (5.4]) on [, ). O
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Remark 2.
(i) We used the decomposition of I, = I,j U I, to define W.
In fact, we can rewrite (5.5)) in terms of the advanced and delayed parts

using :
k(t)
w(t, ) = e(t,Cewy)e” (treeys Crer) [T +e)eltr,Gor)e (tro, Gmn)
r=k(T)+2
(L ch(ry+1) eltury+1,7(T)e (T, (7), G =(tr),
fort € Iy and 7 € Ij(r.

(ii) From (5.6 and (5.7), we can write
(5.13) Z(t) = w(t,tk(t))z(tk(t)),
fort € I, = [tg,tg1), where

Wt try) = Gt tre) )i Coy))d ™ (e Cecry)s

and z(ty)) is the unique solution of the difference equation

(5.14) 2(thy+1) = (L4 cry+)wtr) +15 tre)) 2 (k) )
with 20 = 2Zj(7)-
(ili) It is important to notice that a (5.4) has a zero on the interval I; = [t;,t;41)
at t = o if and only if

1+ /C%' exp (/:j a(u)du) b(s)ds =0

J

holds, for some o € I;.

Remark 3.
(i) Considering b(t) = 0, we recover the classical fundamental solution of the
impulsive linear differential equation (see [15]).
(ii) If cx, = 0,Vk € Z, we recover the DEPCAG case studied by M. Pinto in
[14].

t+1
(iii) If we consider y(t) = p {+] with p < I, we recover the IDEPCA case
p
studied by K-S. Chiu in [5].

6. OscILLATIONS IN LINEAR IDEPCAG

In this section, we will present sufficient conditions to ensure the oscillatory
character of solutions for the scalar version of IDEPCAG ([5.4).

6.1. Oscillations in scalar Linear IDEPCAG. Following the ideas given in
[], we will provide useful results concerning oscillatory and nonoscillatory condi-
tions for linear IDEPCAG systems, knowing the oscillatory properties of either the
discrete or the continuous solution of a linear IDEPCAG.

Theorem 6. Let the scalar IDEPCAG:

2(8) = at)=(t) + b(B)z(4(1)), t#tn
(6.1) 2(tn) = (14 ¢n) 2(L;), t=t,
2o = 2(T),
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with 1+ ¢, # 0 for alln € N. Then:

a) If the discrete solution of (6.1) (i.e., the solution of the difference equation

(5.12) ) is oscillatory, then the solution z(t) of (6.1]) is oscillatory.
b) z(t) will be oscillatory if the sequence

1+ f;”“ exp (fc a(r dr) b(u)du
1+ an exp (fg" dr) b(u)du

s not eventually positive nor eventually negative.

c) Suppose that the discrete solution of (6.1) 2(tn)n>n(r) is nonoscillatory.
Then, z(t) is nonoscillatory if and only if

t Cr(t)
1 +/ exp / a(u)du | b(s)ds > 0,
Cr(t) s

(6.2) or

t Cr(t)
1 —|—/ exp / a(u)du | b(s)ds < 0
Cr(t) s

hold for t € [ty tet)+1), YVt tx > M, where k = k(t) and M € N suffi-
ciently large.

{wn} =4 (1 +cn)

n>n(T)+1

Remark 4. Condition (6.2)) is necessary, because w(t,tk(t)) involves
1+ fitkm exp (fc"'“) a r)dr) b(s)ds
1+ fc’“(” exp (fc’“(” )dr) b(s)ds

K(t)
t, Gy € I = [tr, try1), b > k(7), k€ N.

3 Coe))d ™ Eieys Crgry) =

Proof.

We will proceed as in 4] and [6] with slight changes due to the impulsive
effect:

a) If the discrete solution z(ty(;)) of is oscillatory, then it will be
because the discrete solution is part of the whole solution.
Formally, by with t =ty for t € [tyu),trw41), We have z(t) =
Z(tr)). Le., (5.7). Then, for the classical definition of difference equa-
tions, we have that z(t) is oscillatory because z(ty)) is oscillatory.

b) By (5.3) and (5.7)), the solution of (6.1) can be rewritten, in terms of w,
and w(ty41,t,) as

thet) k(t)
2(tr)) = exp (/ a(u)du) H Wy | 2(t(r)+1),
to(r)+1 r=k(7)+1

where w, = (1 + ¢, )w(ty41,t,) and

w(tyi1,tr) = e(trit, G e Htr ¢)
~ oxp ( /tu a(u)du) L [2 exp ([ alr)dr ) blu)du

1+ [."exp (fCT dr) b(u)du
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It is clear that z(t()) is oscillatory if {w,} is not eventually positive or
negative. Hence, by part a), z(t) is oscillatory if {wy, }n>n(r)41 is N0t even-
tually positive nor eventually negative.

First, we do not have to forget that the impulsive effect is already consid-
ered in 2(tn)n>n(r), because we defined the discrete solution in that way.

(=) If 2(tn)n>n(r) is nonoscillatory, we can suppose z(t,,) > 0 and z(t) >
0 for all t,n > M with M € N sufficiently large. Also, by (5.11) with 7 = ¢,,
for t € [tn(), tnt)+1) and t > M, we have

2(t) = w(t, tn)z(tn),

where

B ; L+ f! exp ( I a(u)du) b(s)ds
w(t,t,) =exp ( /t ) a(u)du> 1+ ["exp ( 5 a(u) du) b(s)ds

for t € [tn, tnt1)-
Then, we have w(t,t,) > 0, i.e. (6.2). The case z(¢,) < 0 and z(¢) < 0 is
analog.

(<) Suppose that z(t,) > 0, for all n > M sufficiently large and
holds. We have to prove that z(t) is nonoscillatory. We will proceed by
contradiction: assume that z(¢) is oscillatory. Then, according to the def-
inition of oscillatory solutions, there must exist (ay), (b,) sequences such
that (ay,), (b,) = 0o as t — oo and 2(a,) <0 < z(b,). Let t, < ap < tpi1.
From with 7 = t,, and t = a,,, we get

z(apn) = w(an, ty)z(t,).

Since z(a,) < 0 and z(t,) > 0, we conclude that w(ay,t,) < 0, and this
fact contradicts to (6.2). The case z(¢,) < 0 for n > M is analog, taking
z(by) > 0 with ¢, < b, < ty41. Le.,

2(bn) = w(bp, tn)z(ts).

Again, since z(b,) > 0 and z(t,) < 0, we conclude that w(b,,t,) < 0, and
this fact also contradicts to (6.2)).
[l

Next, inspired by [22], we will state our main result, a version of the Wiener-

Aftabizadeh criterion for oscillatory solutions of (6.1)):

Theorem 7. (Main Result: Aftabizadeh-Wiener IDEPCAG oscillatory
criterion) Let the scalar IDEPCAG (6.1)) with 1 + ¢, # 0 for allk > M, M € N
and M sufficiently large. If either of the conditions:

Cr(t) Ch(s)
lim sup/ exp / a(u)du | b(s)ds > 1,
k—ookeN iy, s

if 1+ cpy >0 and or

th(e)+1 Cr(s)
lim inf exp / a(u)du | b(s)ds < —1,
S

k—oo keEN Chet)
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Cr(t) Ch(s)
lim inf 1
Jim ’irElN/tw) exp /S a(u)du | b(s)ds < 1,

if 1+ ¢y <0 and or

th(t)+1 Cr(s)
lim sup/ exp / a(u)du | b(s)ds > —1.
k—00 LeN Creo) s

hold for t > k, with k = k(t) and v(t) = Cury if t € Iy = [te), thwy+1). Then,
every solution z(t) of (6.1) oscillates.

Proof. If (6.1) has nonoscillatory solutions, then z(¢) > 0 or z(t) < 0 for k = k(¢)
sufficiently large, for all k(t) > M sufficiently large and y(t) = () if t € Iy =
[tk(t), tk(t)ﬂ). For the proof, we will consider the advanced and delayed intervals
LF = [ty, () and I, = [Ck,trt1), respectively. Let’s suppose that z(t) > 0 for
t € I, . Then, it is easy to see that

Ck ! Ck
(6.3) (z(t) exp </t a(u)du)) =b(t)z(y(t)) exp </t a(u)du) .

Integrating the last expression from (i to t51 we have

Ck tht1 Cr(s
2(thy1) exp (/t a(u)du> = 2(Ck) (1 +/ exp </ ( )a(u)du> b(s)ds) .

Next, applying the impulsive condition (1 + cx(y)41)2(t ;) = 2(tk+1), we get

Ck trt1 Ch(s
(i) exp (/ a(u)du>:<1+ck+l>z<<k> <1+ A exp ( / “a<u>du> b(S)ds)

By hypothesis, z(tx+1), 2(Cx) > 0. Hence, if (1 + cx11) > 0, then we have

tht1 Cr(s)
/ exp / a(u)du | b(s)ds > —1.
Ck s

tht1 Cr(s)
im inf > -1
kl;ngo inf /gk exp /s a(u)du | b(s)ds > —1,

Analogously, if 1 + ¢x11 < 0, we can conclude

trt1 Cr(s)
lim sup/ exp / a(u)du | b(s)ds < —1,
k—oo keNJ¢, s

which are a contradiction. Hence, the case ¢t € I, is proved.

Next, we proceed with the case t € I,j = [t,Ck]- In the same way as before,
integrating (6.3) from t; to (; we have

z(ty) exp (/:k a(u)du) = 2((k) (1 - /t:k exp (/:MS) a(u)du> b(s)ds) .

or

ILe.,



ON OSCILLATIONS OF NONAUTONOMOUS LINEAR IDEPCAG 15

Next, applying the impulsive condition (1 + ¢)z(t, ) = z(tx), we get

Ck tr Cr(s
<1+ck>z<t;>exp</t a<u>du>=z<<k> (1— / p</ ”a<u>du> b(S)ds)

By hypothesis, z(t; ), 2(¢x) > 0. Hence, if (14 ¢) > 0, then we have

/t:k exp </:k<s> a(u)du> b(s)ds < 1.

tr Cr(s)
lim sup/ exp / a(u)du | b(s)ds <1,
k=00 peN J¢, s

Analogously, if 1 + ¢, < 0, we can conclude

Ck Cr(s)
lim inf exp / a(u)du | b(s)ds > 1,

k—oo kEN th

Le.

which are a contradiction. Hence, the case t € I 2‘ is proved.
The proof is analog for z(t) < 0 and ¢ sufficiently large. Hence, (6.1) has oscillatory

solutions only. [
Remark 5.
o Ifc, =0, Vk € Z, we recover the results of K-S. Chiu and M. Pinto given
in [6].

In a very similar way to Theorem [7] we can deduce the following result:

Corollary 1. (Aftabizadeh-Wiener IDEPCAG mnonoscillatory criterion)
Let the scalar IDEPCAG (6.1) with 14 ¢ # 0 for all k > k(t). If the conditions:

Cr(t) Ch(s)
lim sup/ exp / a(u)du | b(s)ds <1,
k—00 LN () s

if 1+ cpy >0 and and
th(t)+1 Ch(s)
kli_}rgo lirelgl/ckm exp /9 a(u)du | b(s)ds > —1,

Cr(t) Cr(s)
lim inf exp / a(u)du | b(s)ds > 1,

k—oo keN trco)
if 1+ cpey <0 and and

tr(t)+1 Cr(s)
lim sup/ exp / a(u)du | b(s)ds < —1.
k=00 keN Cr(t) s

hold for t > k, with k = k(t) sufficiently large and v(t) = Cuu) if t € Ipw) =
[tk(t)s te(t)+1), then every solution z(t) of (6.1)) is nonscillatory.

or
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7. SOME EXAMPLES OF OSCILLATORY LINEAR IDEPCAG SYSTEMS
Example 2. Let the following IDEPCA:
(7.1) P(t) = (a—Da([), t#n
(7.2) xz(n) = Bx(n™), t=mn, neN,

where t, = (, = k, k € N, and a,8 # 1 (the interesting cases). In virtue of
Theoremm the solutions of (7.1) are oscillatory if « > 0 and 8 <0 or a < 0 and
B >0. Le. af <0.

Example 3. In [11], I. Gyori and G. Ladas studied the following DEPCAs
(7.3) a'(t) + px(t) + qoz([t]) =0, p,q €R,
(7.4) y'(t) +py(t) +q-1y(t—1]) =0, p,geR,

and they gave the following theorems, using some tools as the characteristic equation
for DDE:

Corollary 2. ([II](Cor. 8.1.1 and 8.1.2))
(1) Every solution of (7.3) oscillates if and only if go > p_

ep —

1
-p
(2) Every solution of (7.4) oscillates if and only if g—1 > ppe

4(ePr —1)°

For (7.3)), applying Theorem@ with () = [t], a(t) = —p, b(t) = —qo and ¢, = 0,
Vk € Z, we obtain the following estimation:

& (e”((kﬂ)*k) - 1) >1=qo>
p
Finally, for (7.4), also using Theoremm and

k+1 k k+1
/ P (B() =) gg — / e P((5=2)=5)) 1o 1 / e—P((h=1)=)) g
k—1 k—1 k

eP —1°

pe P

Aer = 1) The bonds found satisfy the ones given in [11].

we have q_1 >
Remark 6.

o The estimations obtained by I.Gyori and G. Ladas for and are
sharper than ours. Still, we recover the same results without analyzing the
roots of a specific characteristic equation.

e In the light of the previous results, it seems that any ~y(t) such that v(t) =
Co & Iy = [ti,tes1) for t € I, could satisfy Theorem[] (y(t) = [t — 1]
implies ¢, = k—1 ift € [k,k+ 1),k € Z). This fact deserves future
research.

Example 4. Let the following scalar linear IDEPCAG

Z(t) =a(t)(2(t) —2(v()), t#k
(7.5) (k) = epz(k), ! t=k keZ,

where a(t) is a continuous locally integrable function, cx # 0, Vk € Z, ~(t) is any
generalized piecewise constant argument, i.e., y(t) = (g, if t € I = [tk,tx1), kK € Z
and tp < Cp <tpy1.
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(exp (- /C a(u)du))l — exp (- /C a(u)du> (—als)),

by Theorem , we have the only possible cases occur when cyyy <0 and they are

tr Ck
when lim inf (1 — exp (—/ a(u)du)) <1, o0r lim sup | 1 —exp —/ a(u)du | | < 1.
k—oo kEN Cr k—00 LeN 1
Hence, if one of the last conditions holds, then the solutions of (3.4) oscillate.

As

As we will see, (7.5]) is easily solvable. Let ¢(t) be the fundamental solution of
(7.6) 2'(t) = a(t)z(t).

It is well known that ¢~1(t) is the fundamental solution of the adjoint system as-

sociated with , So, it satisfies
(671) () = =67 (B)(alt)).

Therefore, we have

t
Jtte) =1— [ ¢(ty, s)a(s)ds
tr

t

~ 1+ (0) [ ~o(s)a(s)ds)

=1+4¢(tr) (67" (t) — ¢ " (tr))
= ¢ (¢, t1).

As e(t,ty) = (t, t1,)j(t, tr,), we have e(t, t,) =1 (see Theorem [5).
Hence, the solution of (7.5 is

k(t)

)= J[ o]z, t==

j=k(T)+1

(See example . The last conclusion applies no matter what locally integrable
function a(t) is used.

-15-

FIGURE 4. Solution of (7.5) with ¢, = —52 and 2(0) = —11.



18 RICARDO TORRES
Remark 7. The IDEPCA presented in (3.4) is a particular case of the last IDE-
PCAG, with v(t) = [t + 1].
Example 5. Let the following scalar linear IDEPCAG
2/ (t) = —ax(t) + sen(2wt)x([t]), t#k,

(7.7) xz(k) = Cx(k™), t=%k keN,
z(0) = 1.
We see that exp (—a(k — s)) sin(2ns) ds = m(l —e%).

By Theorem jand Theorem [1 we have

a > 2.07553 = All the solutions are oscillatory.

if C >0 and _ )
a < 2.07553 = All the solutions are nonoscillatory.

if C <0, all the solutions are oscillatory.

5\/\0\\\5\\0\\25 111
TTrITTIT] ]

FIGURE 5. Solution of (7.7) with z(0) = 1,C = —100 and a =
1.998 .
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