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NONLINEAR IMPULSIVE FRACTIONAL
DIFFERENTIAL EQUATIONS IN BANACH SPACES

T1aN LiaANG GUO

ABSTRACT. In this paper, we consider initial value problems for a class
of nonlinear impulsive fractional differential equations involving the Caputo
fractional derivative in a Banach space. We give a natural formula of the
solution and some related existence results by applying Monch’s fixed point
theorem and the technique of measures of noncompactness.

1. Introduction

The study of impulsive differential equation has seen a rapid development in
the last few years and played a very important role in modern applied mathemat-
ical models of real processes, especially describe dynamics of populations subject
to abrupt changes as well as other phenomena such as harvesting, diseases, and
so on. For the basic theory on impulsive differential equations, the reader can
refer to the monographs of Deo et al. [7], Bainov et al. [4] and Lakshmikan-
tham et al. [14]. It is remark that Wang et al. [32] apply new method, Picard
and weakly Picard operators technique, to restudy impulsive Cauchy problems.
Some interesting existence results are obtained.

On the other hand, fractional differential equations have been proved to be
valuable tools in the modeling of many phenomena in various fields of engineer-
ing, physics and economics. Applications of fractional differential equations to
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different areas were considered by many authors and some basic results on frac-
tional differential equations have been obtained, see for example, Gaul et al. [10],
Glockle and Nonnenmacher [11], Hilfer [12], Mainardi [16], Metzler et al. [17]
and Podlubny [23]. Actually, fractional differential equations are considered
as an alternative model to integer differential equations. For more details on
fractional calculus theory, one can see the monographs of Diethelm [8], Kilbas
et al. [13], Lakshmikantham et al. [15], Miller and Ross [19], Michalski [18] and
Tarasov [25]. Fractional differential equations involving the Riemann-Liouville
fractional derivative or the Caputo fractional derivative have been paid more
and more attentions (see [1]-[3], [6], [22], [26]—[31], [33], [34], [36]—[39]).

To the best of our knowledge, the theory for impulsive fractional differential
equations in Banach spaces has not been sufficiently developed. Recently, Feckan
et al. [9] make a counterexample to show that the formula of solutions in previous
papers are incorrect and reconsider a class of impulsive fractional differential
equations and introduce a correct formula of solutions for a impulsive Cauchy
problem with Caputo fractional derivative. Further, some sufficient conditions
for existence of the solutions are established by applying fixed point methods.

Motivated by [5], [9], [20], [21], we reconsider the following initial value prob-
lem (IVP for short), for fractional differential equations with nonlinear impulsive

conditions
CDg,tu(t) = CD?u(t) = f(tvu(t))v teJ :=J \ {tla cee 7tm};
J :=[0,T],
(1.1) B ~
Au(ty) == u(t]) —u(ty) = I(u(ty)), k=1,...,m,

u(0) =wup € E.

where “D{ is the Caputo fractional derivative of order ¢ € (0,1) with the lower
limit zero, f:J x E — FE is a given function, I;: E — FE is continuous for
k=1,...,m, where F is a Banach space. Impulsive points ¢; satisfy 0 =ty <
b < .o <ty <tmyr1=T. u(tz) = E1ir(r]1+ u(ty +¢) and u(t, ) = El_i%{ u(ty + ¢€)
represent the right and left limits of u(t) at t =t;, k=1,... ,m.

In order to investigate the existence of solutions of the problem above, we use
Monch’s fixed point theorem combined with the technique of measures of non-
compactness, which is an important method for seeking solutions of differential
equations. Compared with the earlier results obtained in [9], there are at least
three differences: (i) the work space is not R but the abstract Banach space E;
(ii) f is not necessary jointly continuous and satisfies some weaker assumptions;
(iii) technique of measures of noncompactness is used to deal such problem.

The rest of this paper is organized as follows. In Section 2, we give some
notations and recall some concepts and preparation results. In addition, we
introduce a suitable definition of solutions for the IVP (1.1) and give a very



NONLINEAR IMPULSIVE FRACTIONAL DIFFERENTIAL EQUATIONS 223

important equivalent result. In Section 3, the existence of solution for the IVP
(1.1) is showed by virtue of fractional calculus, Ménch fixed point theorem and
properties of the measure of noncompactness. In Section 4, we discuss exis-
tence of the solution for the nonlocal impulsive differential equations. At last,
an example is given to demonstrate the application of our main results.

2. Preliminaries

Throughout this paper, let C(J, E) be the Banach space of all continuous
functions from J into E with the norm |ju|l¢ := sup{||u(t)|] : t € J} for u €
C(J,E). Let L*(J, E) be the Banach space of measurable functions u:J — E
which are Bochner integrable, equipped with the norm

[lul| L1 Z/J\lu(t)Hdt.

Denote PC(J, E) = {u: J — E : u € C((tk, tk+1], E), K =0,...,m and there
exist u(ty ) and u(t)), k=1,... ,m, with u(t; ) = u(ty)}, PC(J, E) is a Banach
space with the norm |ju||pc := sup{||u(t)| : t € J}.

Let us recall the following known definitions and some fundamental facts of
the notion of Kuratowski measure of noncompactness.

DEFINITION 2.1 ([5]). Let E be a Banach space and Qg the bounded subsets
of E. The Kuratowski measure of noncompactness is the map a: Qg — [0, +00)
defined by

a(B) = inf {d >0:BC | JB; and diam(B;) < d}, here B; € Qp.

i=1

PROPOSITION 2.2 ([5]). The Kuratowski measure of noncompactness satis-
fies some properties:
(a) a(B) =0« B is compact (B is relatively compact).
(b) a(B) = a(B).
(¢c) AC B= a(A) <aB).
(d) a(A+ B) < a(A) + a(B).
) a(eB) = |c]a(B); c € R.
)

<
a(conv B) = «(B).

(
(f

DEFINITION 2.3. The fractional integral of order v with lower limit zero for
a function f € L'([0,00)) — R can be written as

IO
Yy —
Itf(t)_r(v)/0 (t—s)l—wds’ t>0,v>0,

provided the right side is point-wise defined on [0, c0), where I'(- ) is the gamma

function.
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DEFINITION 2.4. The Riemann—Liouville derivative of order v with the lower
limit zero for a function f:[0,00) — R can be written as

1 [t f(s)
Ly
D f(t) = ———— ——d t>0,n—1 .
1 (t) ( ’Y)dt"/o (= s)prin S, >0, n <y<n

DEFINITION 2.5. The Caputo derivative of order v for f:[0,00) —R can be
written as

tk
'f(’ﬂ(o)}, t>0, n—1<~<n.

o

"D} f(t) = “D; [f(t) S
k=0

REMARK 2.6. (a) If f(t) € C™[0,00), then

: L) "
D;{f(t)_l“(n—'y)/o (t_s),ﬁ_l_ndszft TFO@), t>0, n—1<vy<n.

(b) The Caputo derivative of a constant is equal to zero.
(c) If f is an abstract function with values in F, then integrals which appear
in Definitions 2.3 and 2.4 are taken in Bochner’s sense.

DEFINITION 2.7. A map f:J X E — F is said to Carathéodory if

(a) t — f(t,u) is measurable for each u € F;
(b) u— f(t,u) is continuous for almost all ¢ € J.

THEOREM 2.8 ([1], [20]). Let D be a bounded, closed and convex subset of
a Banach space such that 0 € D, and let N be a continuous mapping of D into
itself. If the implication

V=convN(V) orV=N{V)U{0} = a(V)=0
hold for every subset V of D, then N has a fixed point.

LEMMA 2.9 ([24]). Let D be a bounded, closed and convex subset of the
Banach space C(J, E), G be a continuous function on J x J and f a function
from J x E — E which satisfies the Carathéodory conditions and assume there
ezists p € LY(J,R,) such that for each t € J and each bounded set B € E we
have

kliré1+ alf(Jur x B)) <p(t)a(B); here Jy,=[t—k,t]NJ.

If V is an equicontinuous subset of D, then

o{ [atorcapasuevt) < [eslpeareo)as
where V(s) ={v(s) v eV}, se J.

Now, let us define what we mean by a solution of the IVP (1.1).
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DEFINITION 2.10. A function v € PC(J,E) is said to be a solution of
IVP (1.1) if u satisfies the equation “Du(t) = f(¢,u(t)) on J', and conditions
Au(ty) = I(u(ty ), k=1,... ,m, and u(0) = uo.

Motivated by Feckan et al. [9], one can obtain the following important lemma.

LEMMA 2.11. Let h: J — E be continuous. A function u is a solution of the
fractional integral equation

uo+%q)/0 (t — 5)7 h(s) ds, fort € [0,41],

n 1 t — 51 h(s) ds or
up + I (u(t)) + )/Oos )l h(s)ds, fort € (t1,ta],

T(q)

T 5 1 t =1h(s)ds
1) wyo ) 0T HEE)BEE) + 5 / (t — 5)7h(s) ds,
fOTt € (t27t3],
S
o+ Sl + gy [ (0= 9 ) s

fort € (tm,T),

if and only if u is a solution of the following impulsive problem

“Diu(t) = h(t), telJ,
(2.2) Au(ty) = Ix(u(ty)), k=1,...,m,
u(0) = wo.

To end this section, we collect the following PC-type Ascoli-Arzela theorem.
THEOREM 2.12 (Theorem 2.1, [35]). Let E be a Banach space and W C
PC(J, E). If the following conditions are satisfied:

(a) # is uniformly bounded subset of PC(J, E);

(b) #'is equicontinuous in (tg,tg41), K =0,... ,m, wherety =0, typ1 =T}

(c) M) ={ut) |ue# teJ\{tr,... ,tm}}, ) = {ult)) |ue#}
and W(t,;) = {u(t, ) | u € #} are relatively compact subsets of E.

Then # is a relatively compact subset of PC(J, E).

3. Existence of solutions for IVP

This section deals with the existence of solutions for IVP (1.1). Before stating
and proving the main results, we introduce the following hypotheses:

(H1) f:J x E — E satisfies the Carathéodory conditions.
(H2) There exists p € L*(J,R;) N C(J,Ry), such that,

If @t w)| < p()|lu]l, forte Jand each u € E.
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(H3) There exists ¢ > 0 such that

1Tk (w)|| < cllull, for each u € E.
(H4) For each bounded set B C E, we have

a(Iy(B)) <ca(B), k=1,...,m.
(H5) For each ¢t € J and each bounded set B C E we have

hlirg+ a(f(Jen x B)) <p(t)a(B); here Jyp =[t—h,t]NJ

THEOREM 3.1. Assume that (H1)-(H5) hold. Let p* = supp(t). If
teJ
pT
I'(g+1)
then the IVP (1.1) has at least one solution.

(3.1) +me < 1,

PRrROOF. We shall reduce the existence of solutions of IVP (1.1) to a fixed
point problem. To this end we consider the operator N:PC(J, E) — PC(J, E)
defined by

I g1
uo + @/o (t—5)7" f(s,u(s))ds, for t € [0,4],

uo + I (u(ty)) + I’(lq)/o (t— )17 f(s,u(s))ds, fort e (ti,ts],

a 2 . t =1 f(s u(s))ds
(Nu)(t) = o+ F(u(9) + Fault5)) + i [ (437 Fsvu(s)) ds.
for t € (t27t3]’
S
u0+k§:jlfk<u(tk))+r(q) /0 (= ) f (5, u(s)) ds,

Clearly, the fixed points of the operator N are solution of IVP (1.1).
Choose

[[uo|
3.3 > ,
(3:3) "= e pTeT(q + 1)

and consider the set D, = {u € PC(J, E) : |Ju|lpc < 7o}

Clearly, the subset D,, is closed, bounded and convex. We shall show that
N satisfies the assumptions of Theorem 2.8. The proof will be given in three
steps.

Step 1. N is continuous.
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Let {u,} be a sequence such that u, — wu in C([0,¢1],E). Then for each
t €[0,t1],

1 ' q—1 —
II(Nun)(t)—(Nu)(t)IIS@/O(t—s) I[f (55 un(s)) = f(s,u(s))l| ds.

Note that f is Carathéodory type function, then by the Lebesgue dominated
convergence theorem we have

(3.4) [Nun — Nullco,t,),5) — 0 as n — oo.

For each t € (t,tr11], k=1,...,m,

k
I(Nun)(#) = (Nu) (O] < D I (un(t) = Ii(ulty)]
i=1

1 ! q—1 — f(s,u(s S
+@/O<t_s> 1£(s.un(s)) = £(s,u(s))]| ds.

Note that Iy is continuous and f is Carathéodory type fucntion, then again by
the Lebesgue dominated convergence theorem we have

(3.5) [Nun — Nullo(ty,tre0,2) — 0 asn — oo.

Combining (3.4) and (3.5), we have | Nu, — Nu|pc — 0 as n — oo.

Step 2. N maps D,, into itself.

It is obvious that N maps D,, into PC(J, E). For each v € D,,, by (H2),
(H3) and the condition (3.1), we have for each ¢t € J

m B 1 t 1
[(Nu) @) Slluoll+;llfk(U(tk))l+w/o (t = )T [ f (s, u(s))] ds

1 ¢ _
SIIUoII+mCIIUHPc+7/ (t — )7 p(s)||ullpc ds
0

I'(q)
* t
b To 1
<|luo|| + mero + —/ (t—s)1""ds
L'(q) Jo
(p*11)
< _ <
< luol| +TO|:F((]+1) +me| < 7o,

which implies that ||Nu|pc < ro.
Step 3. N(D,,) is bounded and equicontinuous.
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By Step 2, it is obvious that N(D,,) C PC(J, E) is bounded. For arbitrary
51,82 € [0,11], s1 < $2, and let u € D, , then

1 B — a-1 _ S1— S a1 f(s,u(s ds

- I(g)
—i—/ (59— 8)T 1 f(s,u(s))ds

S1

: %Q) /O [(s2 = )71 = (s1 — )7 ' f(s,u(s)) | ds
" ﬁ / [(s2 — )7 f(s,u(s))| ds
= ﬁ /0 [(s1 = )71 = (s2— )7 'p(s) |ullpc ds
N ﬁ / (s2 = 5)" 'p(s)[|ullpc ds
B = = s+ B [T o1
p*TO q q _ Sq p*T'O S0 — q
Sl—\(q_’_l)[sl—"_(sQ_sl) 2]+F(q+1)(2 1)
2p*’l“0 ( s )
I(g+1) !

As s9 — s1, the right-hand side of the above inequality tends to zero. Then Nu
is equicontinuous on interval [0, ¢1].

In general, for the time interval (¢,tr+1], one can repeat the above process,
we obtain the following inequality

2p*ro
N — (N 9,
I(Va)(s2) — (V) o1)] < s (o2 = 1)
This yields that Nu is equicontinuous on (tg,tr41] for k =1,... ,m.

Now let V' be a subset of D,, such that V' C conv(N(V)U0). V is bounded
and equicontinuous and therefore the function t — v(t) = a(V(t)) is continuous
on J. By (H4), (H5), Lemma 2.9 and the properties of the measure « we have
for each t € J

o(t) <a(N(V)(#) U{0}) < a(N(V)(?))

(t— )T p(s)a((V(s))) ds + Z (I (V (s

IN
|
| =
S—

q
L
I'(q

t *q
tfsql s)ds + ) <|lv [p
(-9 }jm) Ivlle| sy

IN

\

+mc}
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AT

By (3.1) it follows that ||[v||c = 0, that is, v(¢) = 0 for each ¢ € J, and then
V(t) is relatively compact in E. In view of the PC-type Ascoli-Arzela theorem

This means that

IN

0.

(Theorem 2.12), V is relatively compact in D,,. Applying Theorem 2.8, we
conclude that N has a fixed point which is a solution of IVP (1.1). O

4. Nonlocal impulsive differential equations

This section is concerned with a generalization of the results presented in the
previous section to nonlocal impulsive fractional differential equations. More pre-
cisely we shall present some existence results for the following nonlocal problem

*Diu(t) = f(t,u(t), teJ,
(4.1) Au(ty) = I(u(ty)), k=1,...,m,
u(0) + g(u) = uo,
where f, Ij, are as in Section 3 and g: PC(J, E) — F is a continuous function.
Let us introduce the following set of conditions:

(H6) There exists a constant M* > 0 such that
lg(uw)] < M* for each u € PC(J, E).

(H7) For each bounded set B € PC(J, E) we have a(g(B)) < M*«a(B).
THEOREM 4.1. Assume that (H1)—(H7) hold. If
prT? .
m +me+ M" <1,
then the nonlocal problem (4.1) has at least one solution on J.

Proor. Transform the problem (4.1) into a fixed point problem. Consider
the operator F:PC(J, E) — PC(J, E) defined by

1

(Fu)(t) = uo — g(u) + ngquk(U(t;)) T /0 (t—5)T"f(s,u(s)) ds.

Clearly, the fixed points of the operator F' are solution of the problem (4.1). By
repeating the same process of Theorem 3.1, we can easily show all the conditions
of Theorem 3.1 are satisfied by F'. Since the proof is standard, we omit it here.[]
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5. Examples

In this section we give an example to illustrate the usefulness of our main

results.

Let us consider the following fractional impulsive problem:

(5.1)

e tu(t) ,
g teJ =[0,1]\{t:},

1 1 /1 1
A - = — - = -
(2)=2(z ) v=s

u(0) =0,

DM 2u(t) =

where u: J — E := R"™. Set

e tu 1

= — E, I = —u.
f(t,u) e (t,u) e I X E,  Ii(u) 5 U

Obviously, for all u € F and each t € [0,1],

e ull _ 1

|| f(t,u)|| = 91t =10

]l

conditions (H2) and (H3) hold with p(¢) = 1/10, ¢ = 1/2.
We shall check that condition (3.1) is satisfied with ¢ =1/2, T =1, m =1
and p* = 1/10. Indeed,

p T 1/10 1
— tme= 4+ = 2061 < 1.
T(g+1) T(1/2+1) 2

Then by Theorem 3.1, the problem (5.1) has at least one solution on [0, 1].
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