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Abstract The present article deals with the oscillatory nature of nonlinear impulsive frac-
tional differential equations of order o, where o € (2,3). Here, some oscillation results are
established using sufficient parts of the differential inequalities established via differential in-
equality methods. Also, abstract results are illustrated by an example.

1 Introduction

Fractional differential equations are the generalization of integer order classical differential equa-
tions to non-integer orders. Due to the wide applicability of these differential equations in many
science and engineering areas, fractional calculus deserves an independent study parallel to the
well-known theory of ordinary differential equations. The accountable number of scientific and
engineering problems, including fractional derivatives, is already very large and growing. Frac-
tional order differential equations came into existence because ordinary differential equations
cannot formulate many physical problems. Also, fractional differentials and integrals provide a
more accurate model of the system under consideration.

Initially, the existence, uniqueness, approximations of solutions, and controllability of frac-
tional differential equations have been studied by many authors. Some such work can be found
in papers [20, 22, 23]. Basic results and definitions of fractional differential equations are dis-
cussed in [5, 11, 19]. In the last few decades, various types of models on fractional derivatives
have been studied by many authors [20, 21, 24, 25]. In recent years, a huge interest in studying
oscillatory and non-oscillatory behavior of solutions for different types of fractional differential
equations developed [14, 24, 25, 26, 27], etc. In papers [2, 3, 10, 16, 18, 26], authors studied
the oscillatory behavior of different classes of fractional differential equations without impulses.
Oscillation criteria for different orders of neutral differential equations have been discussed in
[1].

The physical problem, where parameters are subject to short-term perturbations, can be mod-
eled as impulsive differential equations. The differential equations with impulsive effect can
be used to simulate those discontinuous processes in which impulses occur. So, it becomes an
important tool to handle the natural process of mathematical models and phenomena such as in
optimal control, electric circuit, biotechnology, population dynamics, fractals, neural network,
viscoelasticity, chemical technology. For more details on impulsive differential equations, we
refer to the paper [12]. Investigation on oscillation theory for impulsive differential equations
started in 1989 [9] and is at the initial stage of its development. Later on, authors in papers
[4, 6, 7, 15] have extended the study of oscillation to parabolic and hyperbolic impulsive par-
tial differential equations. In the past few years, many researchers have shown great interest in
studying the oscillatory behavior of solutions of fractional differential equations with impulsive
conditions. For these studies, we refer to [6, 7, 8, 13, 15, 17, 21, 24, 25] and references cited in
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these papers. In [24], Sadhasivam and Deepa derived some sufficient conditions for oscillatory
solutions of hybrid partial differential equations with impulses. New oscillation criteria (known
as Philos type) were obtained for a class of second-order differential equations with impulses in
[25].

Our work is motivated by the work of [21], in which oscillatory properties are studied for a
noninteger order differential equation with impulsive conditions. In this paper, we extended the
study of oscillatory behavior of solutions to a class of impulsive fractional differential equations
of order 2 < a < 3. We investigated how the impulses affect the oscillation of solutions. The
mathematical formulation of the considered problem is given by:

D% ju(z, 1) + a1 ()0 u(z,

+as(t)g

D93 ulz tg) @i_tl“(z t7) = pi(z, )05 u(z, 1)),
2,1

DY 2u(z,t]) = D ulz 1)) = pa(2, 1) ulz, 1)),
jfl,z,s,..., (z,t) €D xR, = Q,

)+ ax(00% Pu(z, 1)

/ (s — t)f(o‘fz)u(z, s)d5> =0, t#t,,
) (1.1)

\/v/—\w

where a1, ay, a3, g are piecewise continuous functions defined from [ty, co) into R with discon-
tinuities at t = t;, j = 1,2,... but continuous from left at t = ¢;. ¢ also satisfies zg(z) > 0, for
z #0.D% , is the fractional derivative of Riemann-Liouville type, where o € (2,3), D C R™ is
bounded with a smooth boundary 9D and D = D U dD.

The organization of the rest of this paper is as follows. Section 2 contains some basic lemmas
and assumptions which are required for the next sections. In section 3, some oscillation criteria
are obtained for the problem (1.1) by using differential inequality methods.

2 Preliminaries and Assumptions
Throughout the paper, we assume the following assumptions:
(H1) The functions p; : D x R, — R, (i = 1,2) are such that

(H2) The given numbers
O<tp < - <tj<--
are such that

lim t; = +o0.
j—o0

(H3) The solution u(z,t) of the problem (1.1), D Yu(z,t) and D 2u(z,t) are piecewise con-
tinuous with discontinuities of first kind only at ¢t = ¢, and left continuous at t = tjie.,

u(z,ty) = u(z,t;), D u(z,t;) = D lu(z, t;), D 2u(z,t;) = D% *u(z,t;).

Lemma 2.1. [2]] For any function U : Ry — R, (D% ,U)(t) = (D$,'U)'(t) and (D% ,U)(t) =
(D77°0)"(¢)-

Lemma 2.2. [14] For any function U : Ry — R, let
t
G(t) :/ (t — )"« 2U(r)dr, where o € (2,3) and t >0, then
0

G'(t) =T(3 - a)(DT°U)(t).
Lemma 2.3. [12] Assume that

V'(t) gV () +g2(t), t#t, t>1
V(tr) < (1+a)V(t), i=1,2,3,...,

IN
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where {t;} is an increasing sequence such that lim t; = +oo, V. € PC'R,.,R,], 91,0 €

1—> 00

PC[Ry,R.] and a; are constants. Then

V() < V(o) J[ (1+a)exp (/t:gl(s)ds>

to<t; <t
/f

0 s<t, <t

L+ a;) exp ( / f (a)da> go(s)ds, > 1o,

3 Main Results
Theorem 3.1. If each solution of the following system of inequalities

DU + a1 ()D9,'U(t) + a2 (1)DT U (t) + a3(t)g(G(t) < 0
DUES) < (14 8;)9,'U(t) (3.1
DIFU(th) < (1+9)DT7U(t)

is eventually negative and each solution of the following system of inequalities

D, U{t) + a1 ()D9,'U(t) + ax (1)DT U (t) + a3(t)g(G(t) = 0

DU = (14 8,)9,'U(t) (3.2)

DIPU(th) = (1 +9)DT7U(t)
is eventually positive, then all nonzero solutions of (1.1) are oscillatory in the domain Q, where
Glt) = / (s — 1)@y (s)ds.

t

Proof. Let on contrary, we assume that u(z,¢) # 0 be a non oscillatory solution of (1.1) and for
some 7 > tg, u(z,ty) > 0fort > 7.

Case 1: t # t;. Integrating the first equation of (1.1) with respect to z over the domain D, we
have

D, u(z7t)dz+a1(t)©ﬁ;1/ u(z,t)dz—l—az(t)@ﬁjtz/ u(z,t)dz
D D D

= —a3(t) /D g (/too(s — )@ Dy(z, s)ds> dz. (3.3)

Using Jensen’s inequality, we get

/Dg (/Oo(s — )7 (@ Dy(z, s)ds) dz
( ( (t —s) (@ Dy(z, s)ds> dz> |
(/ ) [/ (t —s)~(@=2) (/D u(z,s)dz> </D dz) ds] )

Jpulzt)dz . o
Let U(t) = “2————. Using the above inequality in (3.3), we get

Jpdz
99,U(1) + ar (D25 V(1) + ax((VDITU () + as(D)a(G(1)) < 0. G4)

\ V

vV

Case 2: t = t;. From last two equations of (1.1), we have
gi.ﬁ,_tl/ u(z,t7)dz < (1 +5j)©i;1/ u(z,t)dz
D D

@i;z/ u(z,t])dz < (l—i—'yj)@i;z/ u(z,t;)dz.
D D
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Dividing both equations by |’ p dz, we get

DUt < (1+8;)D,'Ulty) (3.5)
DU < (14+75)D52U(t;). (3.6)

Thus the equations (3.4), (3.5) and (3.6) show that the function U (t) = % is an eventually
D

positive solution of (3.1) which is a contradiction.
Secondly, in the case of eventually negative solutions of (1.1), the arguments are similar. O

Lemma 3.2. For an eventually positive solution U(t) of (3.1) such that (9% ,U)(t) > 0 for

t>71>0,and
/ exp (/ az(a)da) ds = 00,
T to al(U)

then (@f_;zU)(t) >0fort>T.

Proof. If we take u;(t) = exp (/t ZZEZ) dg>, then
(@20)0u) = @0 0u )+ 200 )
- ml(t) (a1 () (D2 U) () + ax(1) (DL PU) () (1)
< _a11(t) (D% ,U)(1) + as(D)g(G () (£) <.

This implies that (@i;zU )(#)u1 (¢) is strictly decreasing for ¢ > 7 and is eventually of constant
sign. Since u;(t) > 0, we see that (@iftzU)(t) is eventually of constant sign. We now claim
that (@i;zU)(t) > 0 for ¢ > 7, otherwise (C‘Dﬁ"rftzU)(t) < Ofort¢ > 7. Since (@i;zU)(t)ul(t)
is strictly decreasing for ¢t > 7, it follows that

(D70 (D (t) < (DU (T)ua (1) =C <0, t=>7.
From Lemma 2.2, we get

Fgf)a) — (DI7U)(t) < Cexp < /t: “Z(U)da) L t>T

On integration from 7 to ¢, we have

G(t) < G(r)+CI(3-a) /: exp ( /t a2(0) dcr) ds.

, ai(o)

By taking limit, we get tlim G(t) = —oo, which contradicts the fact that G(¢) > 0. Hence
—00
(D2U)(t) > 0 fort > 7. i

Following the process of the above lemma, we have:

Lemma 3.3. For an eventually negative solution of (3.2) such that (D¢ ,U)(t) < 0 fort > 7 > 0,

and
/ exp (—/ a2(7) da> ds = o0,
T to al(O')

then (@i,_tzU)(t) <O0fort>r.
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Theorem 3.4. If all the conditions of Lemma 3.2 and Lemma 3.3 are satisfied and further, we
assume that for some T € [ty, o),

lim ian—(t) = —00, 3.7
t—00 H (1 + ’Yj)
to<t;<t

and

lim sup W—(t) = o0, (3.8)

oo ] (147)
to<t;<t

where

w = [ T 0+ I1 4o (- [ alie) s

t()<tj<$ 3<tj<t

then each nonzero solution of (1.1) oscillates in domain Q.

Proof. To complete the proof, it is sufficient to show that every solution of (3.1) is eventually
negative and every solution of (3.2) is eventually positive. Let on contrary, first we assume
that (3.1) has an eventually positive solution U(t) (say). Let v(t) = (@i;zU )(t), then using

Lemma 2.1, we have v'(t) = (D9,'U)(t) and v (t) = (D¢ ,U)(t). From (3.1), we have

); (3.9)

Putting v'(¢) = u(t) and v" (t) = v/ (¢), we obtain from above inequality

Using Lemma 2.3, we get
¢
u(t) < u(to) H (1 + Bj)exp <—/ al(a)da> .
to<t;<t to
Putting u(¢) = v/(¢) and using inequality (3.9), we have
t
V' (t) < V' (to) H (14 B;)exp (—/ al(a)da> )
to<t;<t to
o(t]) < (14 75)v(ty).

Again using Lemma 2.3, we have

<
—~

~
N~—

A

v(t)) T (147) + o (ko)W ()

L Cwe
II a+v) — T a++)

to<t;<t to<t;<t

v(to) + v’ (to)

Taking limit infimum and using the condition (3.7), we have

fiminf 0

t—o0 H (1+7j)
to<t; <t
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which contradicts our assumption that v(¢) > 0.
Secondly, suppose on contrary, (3.2) has an eventually negative solution U(t). Then, for
(@i;z)U(t), t > 7. Using Lemma 3.3

some 7 € [tg,00), we have U(t) < 0,t > 1. Let §(t) =

in (3.2), we have
() +ar(t)v'(t) 20, tF#ty,
ﬁ(J) (1+B;)0"(t5), (3.10)

~( > (1 +75)5(t5)-

Let #/'(t) = —(t) and 3" (t) = —'(t), then we have
#(0) < —a (Oit), £,
a(ty) < (1+ B;)i(t;)

Using Lemma 2.3, we get

w0 <atw) I1 @+ ew (- [ aione).

to<t; <t

Using (3.10), we have

Again using Lemma 2.3, we get
=o(t) < ~o(to) ] (14) — ()W ()

o(t) 5 o W(t)
- 11 (1+7j)2 o)+ (k) IT a+%)

to<t;<t

Taking limit supremum and using the condition (3.8), we have
. o(t)

limsup ———

oo [ (1+;)

to<t; <t

which contradicts our assumption that §(¢) < 0.
Theorem 3.5. Let (H1)-(H3) hold. We further assume that
(i) (D9,'U)(t) >0, (D3,°U)(t) >0, Ult) >0, t>7.
(ii) (D'U)(t) <0, (DILU)(X) <0, Ut) <0, t > .

If
1+ ﬂj) exp ( /tal(a)da> =0 (3.11)

lim inf (1
fmroe to<t; <t + ’yj

and

t
limsup ] ( - >e p< / al(a)da> = o0, (3.12)
J to

t=00 ylt<t

then all the nonzero solutions of (1.1) oscillate.
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Proof. Let on contrary U (t) be an eventually positive solution of (3.1) and v(t) = (’Di;zU) (1),
then using Lemma 2.1, we have v'(t) = (@j’f;lU)(t) and v"(t) = (D% ,U)(t). Using condition
(i) in (3.1), for t > 71, we have

V() +ar(Hv'(t) <0, t#ty,
UI( 7)< (1+B)v'(¢ ]) (3.13)
(])7(1+%) v(t;).

If we define

then

Using (3.13), we have
Z'(t) < —a () Z(t) = [Z2(1)]" < a1 (1) Z(2).
Using the last two inequalities of (3.13), we have

{ 7/(t) < ~ai () 2(1),
2(th) < (122 2(t)).

Using Lemma 2.3, we get

70 < 2(to) ] <1i§j>exp <—/t:a1(o)da).

to<t;<t

Taking limit infimum, we get litm inf Z(t) = —oo, which contradicts our assumption that Z(¢) is
—00

an eventually positive.
By using similar arguments, we get a contradiction if we assume U (¢) is an eventually nega-
tive solution of (3.2). O

Theorem 3.6. Assume that all the assumptions of Theorem 3.5 hold and further, we assume that
there exist real valued continuously differentiable functions ¥(t, s), ¢(t, s) with domain Dy =
{(t,s)|t > s >ty > 0}, with conditions

(AI) W(t,t) =0, t>ty, and ¥(t,s)>0, t>s>tg;

0 0
_ > — <0
(A2) at‘P(t, 5) >0, aS‘P(t, 5) <0;

(A3) 6(t,s) = aqg? ) (Wt ).
If
L. 1 ¢ 1+ 3; - P (t, s) _
lipg Inf W(t, to) /to s (1 +vj> Y(t, s) ds| = —oo0,

then each nonzero solution of (1.1) is oscillatory in Q.

Proof. To complete the proof, it is sufficient to show that each solution of (3.1) is eventually
negative. If we assume that (3.1) has an eventually positive solution, then following the proof of
Theorem 3.5, we have

{Z’(t)+a1() ) +[Zz@®)] <0, (3.14)

2(t)) < (£22) 2(t,).
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Define

= [ G ifj)l 2(4).

to<t; <t

Using second inequality of (3.14), we get

which implies that H (¢) is continuous on [ty, c0).
From (3.14), we have

H()+a®H+ ][] (
Multiplying by W(¢, s), and integrating from ¢, to ¢, we get

/‘Pts ds+/‘{’tsa1()H()ds

/t

0 to<t;<s

1+ 5 .
(] + ’Yj> lP(tv S)H (S)dS < 0.

Since

Wt s) B (s)ds = (1. t0) H(to) /t t %H(s)d&

to
Therefore, we have

[

0 to<t;<s

(H{i) W(t,s)H?(s)ds + /t:‘P(t, s)ai(s)H (s)ds

(4, t0) H (to) — /t t alpa(i’ %) H(s)ds < 0.

Using condition (A3), we get

[0

0 ty<t;<s

(FE2 ) womoyis - [ ott.spa(oyts < (et

Using the inequality AAB* ! — AN < (A —1)B*, A\ > 1, we get

_/ft (1 wj)_l o < 4Y(t,t0)H (to)-

b to<t,<s 1+ Vs lP(ta 5)
1 t 1+ 8.\ ! ¢?
= liminf | = / ( + 5J) O3) 1| > —am(ty)
t>tg ‘P(t, t()) to 41, <s 1+ i lP(t, S)
which leads to a contradiction. O

4 Application

In this section, we consider the following example to illustrate the main results:
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Example 4.1. Consider the following system of fractional impulsive differential equations:

3 o 3 4.1)
/Di,tu('zvt;) - i,tu(zvt;) =t : Sln(z)gi,tu(zvtj)v
1 1 1
D} (e, th) ~ D gulesty) = £ sin(2)0L us. 1),
i=123,..., (2t)e(0,5) xRy =D

Here, we easily see that

/ exp <—/ az(a)da) ds:/ exp <—/ 1da> ds:/ t—odszoo.
T to al(a) T ty 7 T §

Furthermore, we have

and

/t IT a+s) I1 (1+vj)eXp<—/t:a1(o)do>ds

. o to<t;<s s<t;<t
lim sup =00
to<t; <t

/t IT a+s) I1 (1+vj)exP<—Lja1(o)do>ds

b to<ti<s s<t;<t
liminf d 2 = —o0.
ne I G
to<t; <t

Thus all the conditions of Theorem 3.4 are satisfied. Therefore each nonzero solution of the
problem (4.1) oscillates.
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