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We study the existence and uniqueness theorem for the nonlinear fractional mixed Volter-
ra-Fredholm integrodifferential equation with nonlocal initial condition d*x(t)/dt* = f(t, x(t),

[ik(t,s,x(s))ds, [y h(t,s,x(s))ds), x(0) = [, g(s)x(s)ds, where t € [0,1],0 < a < 1, and f is a
given function. We point out that such a kind of initial conditions or nonlocal restrictions could
play an interesting role in the applications of the mentioned model. The results obtainded are
applied to an example.

1. Introduction

Recently it have been proved that the differential models involving nonlocal derivatives
of fractional order arise in many engineering and scientific disciplines as the mathematical
modeling of systems and processes in many fields, for instance, physics, chemistry,
aerodynamics, electrodynamics of complex medium, polymer rheology, and so forth (see [1-
6]). In fact, such models can be considered as an efficient alternative to the classical nonlinear
differential models to simulate many complex processes (see [7]). For instance, fractional
differential equations are an excellent tool to describe hereditary properties of viscoelastic
materials and, in general, to simulate the dynamics of many processes on anomalous medjia.
Theory of fractional differential equations has been extensively studied by several authors
as Delbosco and Rodino [8], Kilbas et al. [6], Lakshmikantham et al. [9-11], and also see
[2,12-16].
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Recently Mophou and N’Guérékata [17], studied the Cauchy problem with nonlocal
conditions

Dix(t) = Ax(t) + t" f(t,x(t),Bx(t)), te€[0,T], neZ", 1)
1.1
x(0) + g(x) = xo,

in general Banach space X with 0 < g < 1, and A is the infinitesimal generator of a Co-
semigroup of bounded linear operators. By means of the Krasnoselskii’s Theorem, existence
of solutions was also obtained.

Subsequently several authors have investigated the problem for different types
of nonlinear differential equations and integrodifferential equations including functional
differential equations in Banach spaces.

Very recently N'Guérékata [2, 18] discussed the existence of solutions of fractional
abstract differential equations with nonlocal initial condition. The nonlocal Cauchy problem
is discussed by authors in [15] using the fixed-point concepts. Tidke [19] studied
the nonfractional mixed Volterra-Fredholm integrodifferential equations with nonlocal
conditions using Leray-Schauder Theorem.

Motivated by the above mentioned works in this manuscript we discuss the existence
and the uniqueness of the solution for the following fractional integrodifferential equation
with nonlocal integral initial condition in Banach Space:

a t !
dd’;gf) - f<t,x<t>, foka,s,x(s))ds,f h(t,s/x<5>>dS>f

0

1
x(0) = L g(s)x(s)ds,

wheret € J=[0,1],0<a<1,g(t) € (0,1],g € L'([0,1],R,), x € Y = C(J,E) is a continuous
function on J with values in the Banach space E and ||x||y = max;es|[x(f)||, and f : J x E x
ExXE — E,k:DxE — E,and h : Dy x E — E are continuous E-valued functions. Here
D ={(t,s) e R?:0<s<t<1},and Dy = ] x J. The operator d*/dt* denotes the Caputo
fractional derivative of order a.

For the sake of the shortness let

Kx(t) = JZ k(t,s, x(s))ds, Hx(t) = Jj h(t, s, x(s))ds. (A)

The paper is organized as follows. In Section 2, some definitions, lemmas and preliminary
results are introduced to be used in the sequel. Section 3 will involve the assumptions, main
results and proofs of existence problem of (1.2), together with a nonlocal initial condition.
Finally an example is presented.

2. Preliminaries

Let E be a real Banach space and 0 the zero element of E. Let L'([0, 1], E) be the Banach space
of measurable functions x : [0,1] — E which are Lebesgue integrable, equipped with the
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norm ||x||p1 = f; lx(s)|lds. We will use the following notation R* = (0, o), and R, = [0, ). A
function x € C([0,1], E) is called a solution of (1.2) if it satisfies (1.2).

Definition 2.1. A real function f(t) is said to be in the space C,,a € R if there exists a real
number p > a, such that f(t) = t#g(t), where g € C[0, o0), while f(t) is said to be in the space
C™if and only if f™ € C,,m e N.

Definition 2.2. The fractional (arbitrary) order Riemann-Liouville integral (on the right and
on the left) of the function f € L'([a,b],R,) of order a, a,b € R, is defined by

a a (S
I°f(t) = r(),[ r() f()ds, I f(t) = r()f r() f(s)ds, 2.1)

where I' is the Gamma function of Euler.

When a = 0, we write I“f(t) = If, f(t) = f * ¢a(t), where ¢pu(t) = t*~1/T(a) for t > 0,
¢a(t) = 0 for t <0, and * represents the Convolution of Laplace. Then, it is well known that
¢u(t) — 6(t) asa — 0, where 6 is the Delta function.

Definition 2.3. The Riemann-Liouville fractional integral operator of order a > 0, of a function
f €Cu pu>-1isdefined as

If(t) = dux f(t), a>0, t>0,

(2.2)
I°f(x) = f(x).

Definition 2.4. The Caputo’s derivative of fractional order a > 0 for a suitable function f(t) is
defined by

f(s)
F(n a) (t S)u -n+1

(‘Df)(t) =

ds, n-l<a<n n=[a]+1, (2.3)

where [a] denotes the integer part of real number a.
It is obvious that the Caputo’s derivative of a constant is equal to 0.

Lemma 2.5. Let a > 0and n = [a] + 1. Then

(k)
1D f) (8) = f(8) - Zf © e, (2.4)

Lemma 2.6. If Q(7,a) = T'(a)I]_g(7) = f; g(s)(s—’r)”‘_ldsfor 7 €[0,1],and if g € L*([0,1], R,)
satisfies 0 < g(s) < 1for 0 < s < 1land a >0, then

Q(r, a) Jo(t=9)""ds
W <e, T <e. (25)
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Proof. A direct computation shows

Q(t,a) f; g(s)(s - ) ds ~ f; (s—7)"ds
T(a)  [Fsvlesds — [Fselesds

1-7 a1 1-7 a-1,-s
o "s*ds  ef, " s* e *ds

= < —= <e, (2.6)
[ s*tesds — [ s*lesds

fé (t—s)"'ds ~ fé s lds e fé s*lesds

I'(a) [ s esds ~ [ s*lesds

<e.

O

Theorem 2.7 (Krasnoselkii). Let X be a Banach space, let S be a bounded closed convex subset of X
and let A, B be maps of S into X such that Ax + By € S for every pair x,y € S. If A is completely
continuous and B is a contraction then the equation Ax + Bx = x has a solution on S.

3. Main Results

We assume the following.

(A1) If f € C([0,1] x E x E x E, E) and a nonnegative, bounded py € L([0,1], R*), there
exist M > 0, ps(t) < M for t € [0,1] such that

lf(t x, Kx, Hx)|| < ps(t)llx|| for x € E. (3.1)

(A2) There exist positive constants L, L,, and L such that
I|f(t 21, y1,21) = f(t,x2, 2, 22) || < Li(lloen = 22l + ||y1 = w2 | + |21 — 221l) (32)

for all x1,11,21,%2,Y2,22 €Y, Ly = maxel|| f(t,0,0,0)||, and L = max{L;, Ly }.
(A3) There exist positive constants N1, Ny, and N such that

||k(t/ S/xl) - k(t/ S/x2)” < Nl||x1 - x2|| (33)

forall xq,x; € Y, N, = max¢s)epllk(t, s,0)|, and N = max{Ny, N,}.
(A4) There exist positive constants Cy, Cp, and C such that

|h(t, s, x1) — h(t, s, x2)|| < Cy||la1 — x2]| (3.4)

for all x1,x, € Y, Co = max,s)ep, [|(t, s,0)||, and C = max{C;, C,}.
(A5) p=(L/T(a+1))(1+C+N/(a+1))issuch that 0 < p < 1.

Firstly, we obtain the following lemmas to prove the main results on the existence of solutions
to (1.2).
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Lemma 3.1. If (A1) holds with p = fé g(s)ds, then the problem (1.2) is equivalent to the following
equation:

x(t) = m JS Q(r,a)f(t,x(1), Kx(1), Hx(7))dT + $a(t) * f(t, x(t), Kx(t), Hx(t)).
(3.5)
Proof. By Lemma 2.5 and (1.2), we have
x(t) = x(0) + mj‘ (t—s)""f(s,x(s), Kx(s), Hx(s))ds (3.6)
Therefore,
1
x(0) = f g(s)x(s)ds
° (3.7)
_( RIS " (s - )] Kx(t), Hx(r))dr d
= 4[0 g(s)dsx(0) + @ 4[0 g(s) L (s—7)"" f(r,x(1), Kx(T), Hx(T S.
So,
1 1 1 )
0)=—— ’ ,K ,H -7)" ds|d
x(0) A= )T @ Io f(r,x(1), Kx(T) x(T))[L (s—7)""g(s) s] T
(3.8)
B 1 Kx(t), Hx(t))dT
= A= r@ fo Q(t,a)f (T, x(7), Kx(T), g
and then
x(t) = WJ Q(r,a)f (7, x(7), Kx(1), Hx(T))dT + $pa(t) * f (¢, x(t), Kx(t), Hx(t)).

(3.9)

Conversely, if x is a solution of (3.5), then for every t € [0, 1], according to Definition 2.4 we
have

‘D x(t) = ‘D" [m f: Q(r,a)f (7, x(1), Kx(1), Hx(T))dT

+a(t) * f(t, x(t), Kx(t), Hx(t)) (3.10)

=0+ ‘D(I*f(t,x(t), Kx(t), Hx(t)))
= f(t,x(t), Kx(t), Hx(t)).

It is obvious that x(0) = f; g(s)x(s)ds. This completes the proof. O
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Lemma 3.2. If (A3) and (A4) are satisfied, K, H are defined in (A), then the conditions
[Kx(t)|| < t(N1llx]| + Na),
| Kx1(t) = Kxa(t)|| < Natllxr — xaol,

[Hx(t)|| < (Cillx]| + C2),
[Hx1(t) = Hxz(t) || < Cillx1 = x2]|,

(3.11)

are satisfied for any t € J, and x,x1,x, € Y.

Proof. By (A3), we have
t
[Kx(®)]| < I Ik (t, s, x(s))l|ds
0

t
= _[0 ||k(t, S,X(S)) - k(t, S,O) + k(tr S,O)”ds (312)

t t
< I Ik (£, s, x(s)) = k(t,s,0)l|ds + I lk(t,s,0)l|ds
0 0

< Nit|lx|| + Nat < (Nilx[| + Na).
On the other hand,

t
[ Kx1 () = Kxea ()] < J‘O lIk(t, s, x1(s)) = k(t, s, x2(s))llds

t
<N fo llxx1(s) — x2(s)llds (3.13)

< Nitl[xq — xa|.

Similarly, for the other conditions, we use assumption (A4), to get

1
[Hx(®)[| < fo Ih(t s, x(s))llds < (Callx]| + C2), (3.14)

[IKx1(t) = Kxa(t)|| < Crllx1 — x2. .

Theorem 3.3. If (A1)—(Ab) are satisfied, then the fractional integrodifferential equation (1.2) has a
unique solution continuous in J.

Proof. We use the Banach contraction principle to prove the existence and uniqueness of the
solution to (1.2). Let B, = {x € Y : ||x|| < r} C Y, wherer > (eM/(1 —p) + (L/T(a +1))(1 +
C+ N/(a +1))) and define the operator ¥ on the Banach space Y by

Y(x(t)) = #)T(u) Jj Q(t,a)f(t,x(7), Kx(1), Hx(7))dT

(

‘ (3.15)
L _ oyl
+ F(a) J;) (t S) f(S,x(S), Kx(S),HX(s))ds.
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Firstly, we show that the operator ¥ maps B, into itself. By using (A1) and triangle inequality,
we have

¢
¥ (x (@)l < 1TII x| + r(l) f (t—s)"" f(s,x(s), Kx(s), Hx(s))ds
< 1_‘u||x|| e )f (t =) || f (s, x(s), Kx(s), Hx(s))||ds
e
S T

F( ) f (t— )" f (s, x(s), Kx(s), Hx(s)) - f(s,0,0,0) + f(s,0,0,0)||ds

F( )f (t-s)" 1||f(s,x(s) Kx(s), Hx(s)) - f(s,0,0,0)||ds

t
N ﬁ fo (t = )" £ (s,0,0,0)ds.

(3.16)
Now, if (A2) is satisfied, then
t
G < 7, || |+ ; f (t =) (lx(s)ll + [IKx(s)]| + | Hx(s) ) ds
(t-s)""'ds
F( )I Lo (3.17)
eM Ly a-1 1 a-1
< 2 s [ -9 s = 17 [ -9 ica(slas
Ly ' a-1 Ly ! a-1
+WL (t—1s) ||Hx(s)||ds+mjO (t—s)""ds.
Using Lemma 3.2 and (A3), we have
GO < £l + sl + s )(N1||x||+Nz>f (t - 5" (s)ds
Ly . L
F( +1)(C1||x||+C2)i.‘ Ia +1)t
< Tl gl + e (Nl + N2) o
L L (3.18)
m(clﬂxﬂ + Ot + F(a+1)t

LiC L
a+1 1-2 o 2 a
” I+ r( +2) TarD! TTa+)!

L1 i
1
T+ < "

N
"t G )l
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if x € B,, we have

eM L N
MPEe®)Il < _ﬂllxll YCTS) (1 ot C>

Lr N (3.19)
T Ta+1) <1+ x+1 +C>

<r.

Thus ¥B, C B,. Next, we prove that ¥ is a contraction mapping. For this, let x;,x, € Y.
Applying (A2), we have

1 () = o (8) |
1
] H oty J, 50 (7 Ko (0, Ha () = 6, 222, Koae), e

1 .
WI (t—8)*" f(s,x1(s), Kx1(s), Hx1(s))ds

e [ =9 320, K, Hos

<—* I[L1||X1(T)—XZ(T)”+||KX1(T)—KJC2(T)||+||HX1(T)—HXQ(T)||]dT
(1-p)
' s < [[ =9 o - o1

t t
+ fo (t— )" | Kxi1(s) — Kxa(s)||ds + JO (t— )" | Hxi(s) - Hx2(s)||ds>

(3.20)
then using (A3), (A4) and Lemma 3.2, one gets
%1 () — W (£) |
Lie 1 1 1
S;Hxl—lel f dT+le TdT+C1J‘ dr
(I-p) 0 0 0
Ly ' a-1 ! a-1 ! a-1
— |1 — x2] (t-5)""ds+Ni| (t—5)" (s)ds+C1| (t—5s)"'ds
I'(a) 0 0 0
L1€ N1 L1 t* Nll"(a)t"‘” C1t'x
< —_ —
< (1 D <1+ +C1>|Ix1 x|l + T )< + T(a+2) t [l2x1 — x2]
(3.21)

:P(lLleﬂ)(l N +c1> ((fil)( +Cr L (t))t“]||x1—xzn

P(lLeﬂ)<1 N+c1> (L )<1+C+a—]fl>]||x1—xz||

[ Le < N > ]
< 1+ —+C)+p|llx1 — x|
[ (1-1n)

< Qe Nappllxr — x2f],

IN
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where QcNaup = [(Le/(1 = p))(1 + (N/2) + C) + p] < 1 depends on the parameter of the
problem. Therefore ¥ has a unique fixed-point x = ¥(x) € B,, which is a solution of (3.5),
and hence is a solution of (1.2). O

Theorem 3.4. Assume (A1)-(A4) holds. If eM < 1 — p, then (1.2) has at least one solution on I.
Proof. Choose r > eM/(1 — pu) + ||psllpr/T'(a + 1) and consider B, : {x € C : |lx|| < r}. Now
define on B, the operators A, B by

(Ax)(t) == Pa(t) * f(t, x(t), Kx(t), Hx(t)),

1
(1-p)T(a)

(3.22)

1
(Bx)(t) = Io Q(t,a)f(t,x(7), Kx(1), Hx(7))dT.

Let us observe that if x, y € B, then Ax + By € B,. Indeed it is easy to check the inequality

eM  llpsllp
< <r.
|Ax + By|| < A= p) + T+ D) <r

(3.23)

We can easily show that that B is a contraction mapping. Let u, v € B,. Then
[[(Bu) (¢) = (Bo) (1)

1
= m fo Q(t, a)|| f (z, u(t), Ku(t), Hu(t)) - f (7, v(7), Kv(T), Ho(T))||dT

e

S(1—#)

o _lae (1 A +c1)||u—v||
(1-p) 2

< ANl,Cl,Ll ”u - Ulll

1
J‘O [Lillu(T) = o(7)|| + |[Ku(T) - Ko(7)|| + |[Hu(r) - Ho(7)||]d7

(3.24)

where An, 1, = (Lie/(1 = pu))(1 + (N1/2) + C1) < 1 depends only on the parameter of the
problem and hence B is contraction. Since x is continuous, then (Ax)(f) is continuous in view
of (A1l). Let us now note that A is uniformly bounded on B,. This follows from the inequality

”Pf”Ll
Ia+1)

[(Ax) ()| < (3.25)

Now let us prove that (Ax)(t) is equicontinuous.
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Lett,t, € J and x € B,. Using the fact that f is bounded on the compact set /xB, (thus
SUP; )y, [1.f (£, x(5), Kx(s), Hx(s))|| := co < 00), we will get

|[Ax(t1) — Ax(t)]| (ty —s)T! Jj f(s,x(s), Kx(s), Hx(s))ds

1 h
~ I(q) H 0

[}

—| (h-9)" f f(s,x(s), Kx(s), Hx(s))ds
0 0

] P(l_q) f (=5 [ (5,9, Kx(s) Hx()ds

- f (CEDIRECED f (s, x(5), Kx(s), Hx(s))ds
0

“ )

N ﬁ< " (=5 = (ty — )T fo f(s,x(s), Kx(s), Hx(s))ds

0

Co
< ——|2(t
_r(q+1)|(1

t

(t1 — )T E f(s,x(s), Kx(s), Hx(s))ds

t

)

—tz)q+t§—tﬁ|

2C0
< ————1|t -1,
_F(q+1)|1 2
(3.26)

which does not depend on x. So A(B,) is relatively compact. By the Arzela-Ascoli Theorem,
A is compact. We now conclude the result of the theorem based on the Krasnoselkii’s theorem
above. O

4. Example

Consider the following fractional integrodifferential equation:

e~tx(t) 1 (. 1 ("
DY (F) = - (l/Z)x(s)d _J‘ (1/49)x(s)d Lt =[0,1],
x(t) (9+et)(1+x(t))+10,[oe °T10),°¢ s, tey=101]

(4.1)

x(0) = Jj %x(s)ds,
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where 0 < a < 1. Take E = R*. Set Kx(t) = fé e 1/2x6)ds, Hx(t) = fé e (1/49x(s) g,
ft,x,Kx,Hx) =e7'x/(9+e")(1+x)+ Kx+ Hx, g(s) =1/2, ps(t) = e"'x(t) /(9 + €'). Then it
is clear that

1
C([0,1] x ExXE x E,E), )< —=M,
feco] AIOES )

ps € L([0,1],R"), [If(t,x, Kx, Hx)|| < py(x).

So, (A1) is satisfied. Let x,y € E and t € J. Then we have

|Kx - Ky|| = Ut e~ (1/2)x(s) gg _ f e~ (1/2y(s) gg
0

<2lx-yl
0 -2 Yl

|Hx - Hy| = Ut o~ (1/49x(5) g _ It o~ (1/49)y(5) 4g
0

< Llx-y]
. Syl Yl

Il (¢, x, Kx, Hx) - f(t,y,y, Hy) |

—t ~t
:‘( elx Y L (Kx-Ky)+ (Hx-Hy)|  @3)

9+eN(1+x) (O+e)(l+y)
e ellx-yl 1
T O9+e)1+x)(1+y) 10

—t

(IKx = Kyl| + |[Hx - Hyl|)

1
< Jx- : B
e |x - y| + 10(||Kx Kyl + ||[Hx - Hyl|)

1
< E(Ix - y| +IKx - Kyl + |Hx - Hyl).

Hence the conditions (A1)-(A4) hold with M = 1/10, L, = 1/10, N; = 1/2, C; = 1/49.
Choose r =1 and p = 1/2. Indeed

Lie N, ) 149¢
145040 ) = —2 <1,
(1_#)<+2+ 1)~ a0 <

(4.4)

Further (A5) is satisfied by a suitable choice of a. Then by Lemma 3.2 the problem (1.2) has
a unique solution on [0,1].
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