mn Mathematical Analysis Vol. 3 (2022), No. 1, 109-115
. ) https:\\ maco.lu.ac.ir
- &« Convex Optimization DOL: 10.22034/maco.3.1.12

Research Paper

EXISTENCE AND UNIQUENESS SOLUTION OF THE HAMMERSTEIN
TYPE FRACTIONAL EQUATIONS VIA THE FIXED POINT THEOREMS

SOMAYYEH DADSETADI, LEILA TORKZADEH", AND KAZEM NOURI

ABSTRACT. The aim of this paper is to investigate the existence and uniqueness of solution
for a class of nonlinear integro-differential equations known as Hammerstein type. We study
fractional equations in the Banach space whose derivative is of the Caputo type. The exis-
tence of solution is studied by using the Schauder’s fixed point theorem, and the uniqueness
is established via a generalization of the Banach fixed point theorem. Finally, an example is
given to illustrate the analytical findings.
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1. Introduction and Background

In recent years, investigation on the characteristics of solution for fractional differential and
integral equations has been presented in numerous research papers and monographs. In [6],
Balachandran and Trujillo studied the existence of solutions of fractional quasi-linear integro-
differential equations. The study of semilinear fractional differential equations, and neutral
integro-differential equations via fractional operators, were also done by Balachandran and
Kiruthika [1] and Chang and Nieto [7], respectively. Aghajani et al. [3] investigated the
solvability of a wide class of nonlinear fractional equations. Also, investigating the existence
of the solution for fractional equations can be found in [1, 2, 5, 9, 10, 12, 13].

In this paper, we try to prove the existence and uniqueness solution of the initial value
problem

(1.1) (D) () = g(=) + /0 k(z,1) G (CDﬁy(t)) dt, z € [0,a],
(1.2) y D)=y, i=01,...,m—1,

where for mn e NN m—-1<a<m,n—1<f <n, B < «aand the fractional derivatives are
considered in the Caputo sense. This type of derivative of order « for a function y(z) € C10, a
is determined by the following relation,

o 1 N r—o— r
(CD y) (.Z')_I‘(T_Of)/o‘ (f]f—T) ly( )(T)dT,
with
(1.3) r=|al +1 for a ¢ Ny; and r = « for @ € Ny.
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T

Figures 1(a) and 1(b) show the Caputo derivatives of function y(x) = 65008(2$) on [0, 7]
with @ = 0.3,0.6,0.9 and o = 1.3, 1.6, 1.9, respectively.
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FIGURE 1. 1(a) Function y(z) = 65008(2.%') and its Caputo derivatives for

fractional order o = 0.3,0.6,0.9 on the interval [0, 7]. 1(b) The Caputo deriva-
x

tives of y(z) = e2 cos(2x) for fractional order aw = 1.3,1.6,1.9 on the interval
[0, 7].

To achieve the main purpose of this work, we utilize the equivalence of equation (1.1)-(1.2)
with the following integral equation [17],

n—1
_ &xi 1 T u(s) s
. V= 2 STl Aeri

with
m—1 x
15w =Y ﬁxi_ﬁ + 19 Bg () + 17 /0 k(2. 1) Gu(t))dt,

where n < m, and u € C'[0, a].

The use of fixed point theorems to show the existence of the solution of integral equations
is desired by researchers [11, 14, 16]. In Section 3, using the Schauder’s fixed point theo-
rem, the existence of solutions will be investigated. Moreover, the uniqueness of solution will
be established using a generalization of the Banach fixed point theorem. Finally, we present
an example which the existence of its solution can be illustrated based on the obtained results.

2. DEFINITIONS AND THEOREMS

In this section, we give some definitions, notations and results that we need in the sequel
(for more details see [, 15]). Let [0,a] C R be a finite interval. Throughout this paper, we
consider the Banach space x with the norm || . || which is defined as follows:
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Definition 2.1. We denote by C" [0, a] a space of functions f which are n times continuously
differentiable on [0, a] with the norm

Ifllen = max |fP(2)], n € No.
=0 xz€[0,a]

In particular, for n = 0, C°[0,a] = C'[0,a] is the space of continuous functions f on [0, a]
with the norm

21) £l = mas £(z)].

Definition 2.2. A set H is called uniformly bounded if there exists a constant M > 0 such
that || A ||co< M for every h € H.

Now the Arzela-Ascoli theorem can be recalled.

Theorem 2.3. Let H be a subset of Cla,b] equipped with the Chebyshev norm. Then H is
relatively compact in Cla,b| if and only if, H is equicontinuous and uniformly bounded.

We indicate a generalization of the Banach fixed point theorem given by Weissinger [15].

Theorem 2.4. Let (U,d) be a nonempty complete metric space, and let w; > 0 for any i € Ny
be such that the series Y ;2 w; converges. Further, let T : U — U be a map that, for every
1 € N and u,v € U, the relation

d(Tiu,Tiv) <wj; d(u,v) (i €N),

holds. Then the operator T' has a unique fized point u* € U. Furthermore, for any ug € U,
the sequence {Tluo}zl converges to this fived point u*.

3. MAIN RESULTS

The aim of this section is to establish the existence and uniqueness theorems for solution
of nonlinear fractional integro-differential equation (1.1). According to the equivalence of
equation (1.1)-(1.2) with equation (1.4)-(1.5), it is sufficient to show that Eq. (1.5) has a
solution u € C'[0, al.

3.1. Existence and uniqueness. We will consider Eq. (1.5) under the following assump-
tions:

(h1) the function G : C[0,a] — C[0,a] satisfies the Lipschitz condition, i.e. there exists a
constant M > 0, such that for any ¢ € [0,a] and for all u,v € C[0,a] the following inequality
holds

(3.1) [(Gu)(t) = (Go) ()] < Mlu(t) - v(t)],

(h2) the function G transforms continuously the space C[0, a] into itself, and there exists a
nondecreasing function ¢ : Ry — R4 such that ||Gu|| < v (||ul]|) for any v € C[0, a]. Moreover,
for every function u € C[0, a] which is nonnegative on [0, a], the function Gu is nonnegative
on [0,al,

(h3) there exists a real number ry > 0 such that if

m—1

S (R )
ZF(@'—B+1)G =
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then
a—p3

(3.2) L+ fa =g Molle +allklle o) < r

Theorem 3.1. (Existence) Suppose that (h1) - (hg) hold. Then, problem (1.1) - (1.2) has at
least one solution y(x) € C™10,a] which (°D%y)(z) € C[0,a).

Proof. Let x = C[0, a] be the Banach space equipped with the max norm is defined in relation
(2.1), and let B, = {u € C[0,a] : ||u|| <r} be a closed bounded and convex subset of C[0, a],
where 7 is satisfied in (3.2). Using (1.5), we define a map T : B, — B, as

(Tu)(x) =) %xi_ﬁ + 19 Pg(x) +107P /0 ’ k(x,t) Gu(t))dt.

We prove T' € C(B,, B,). In other words, we show that T': B, — B, is a continuous and
relatively compact operator in x. First, we have

i-B| | 708 a-p [*
o) < 2;1 F s e e 1 /O Ko, t) Glu(t))dt
m—1 ) a—f a—p+1
Yi i—B aPlgle | a IEllc (||ull)
= ZI‘(i—6+1)a T Ta—B+0) T Tla-B8+1)
Thus we have
ap
(5.3 (@) < L+ 5 gl + ikl w(lel).

From the estimates (3.2) and (3.3), we infer that there exists ro > 0 such that the operator
T transforms the ball B, into itself.

In view of the assumption of continuity ¢g on [0,a], k on [0,a] x [0,a], G on C[0,a] and the
operator 1% on C[0, a], one can easily finds Tu € C[0,a] for u € B,. Let u,v € B, such
that ||lu — v||c < € for every x € [0, a], using Eq. (3.1), we obtain

(Tu)(z) — (Tw)(z)| < 1*7° /Ox [k, [(Gu) () — (Go)(t)|dt

T
S|kMAMu—mw1wﬂ/'ﬁ
0

_ [kl Mao—r+

F(Oé _/8+ 1) ||U— UHC'
Hence we have 5
[kllc Ma®— P+
7 = Tollo < Mt = vle,

thus 7' is continuous on B,. Now we consider the set
T(B,)={Tu: ue B,}.
From (3.2) and (3.3) for every y € T(B;) and z € [0, a], we have
ly(x)| = [Tu(z)| <,
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which from relation (2.1), we imply || Tu|c < r for u € B,.. Therefore from Definition 2.2, we
conclude that the set T'(B,) is uniformly bounded.
Now assume that

16) = [ k0G0,
0
= ma :
111 = max £
Let 21,29 € [0, a], without loss of generality, we can assume that 1 < x9. For u € B,, we
have
[(Tu)(w1) — (Tw)(x2)]

< F(al_ﬁ) /O " [(:1:1 —5) AL (1y — s)a—ﬁ—l] f(s)ds

L
_— To— 8 s)ds
Ta =) | fo
2171+ Nlgl) a—p

< ——— L (ra—x )

“T(a-f+1) (@2 = a1)
Therefore, the set T'(B,) is equicontinuous. The Arzela-Ascoli theorem implies that T'(B,) is
a relatively compact subset of C'[0, a], and hence applying the Schauder’s fixed-point theorem,
we conclude that T has a fixed point in C[0,a] or, equivalently, Eq. (1.1) has a continuous
solution over [0, a]. O

Theorem 3.2. (Uniqueness) Let hypothesis (h1) - (hs) hold. Then Eq. (1.1) has a unique
solution y € C™ 10, a] such that (°Dy)(zx) € C[0, a].

+ +

17 Pg(ar) = 1" Py(e)

Proof. Let us define the iterates of operator T' as the standard from:
T' =T, T"=TT" ! (i e N—{1}).

Actually, for u,v € C[0,a] we have

(M]|k)" z*—F+D

(3:4) [(T') @) = (T) @] < 55

lu— .
In fact, N
| (T'w) (z) = (Tv) (I)ISIQB/O k(z, )| (Gu) (t) — (Gv) (t)]|dt

(M ||k||) wlo—FtD
“T((a—f+1)+1)

[l = ll.

Therefore (3.4) is proved for ¢ = 1.
Assuming by induction that relation (3.4) is valued for i, we obtain similarly

| (T”lu) () — (T”lv) (x)] = | (TTiu) (x) — (TTiv) ()]
< o8 /0 k(z,0)]| (GT') (t) — (GT') (8)]dt
<127 [T MUK () () - (27) (0l
0

(M || k|| Tt gl D(e=F+1)
F((i+1)(a—B+1)+1)

< [ = o]].
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So (3.4) is proved. Let us consider the series Y .°, w;, with
_ _(M]K|])* a*e5Y
U T(ila—B+1)+1)

It is clear that w; > 0. Since the Gamma function is an increasing function for ¢ > 2, thus we
have

(Mk|)" a5 (MK @+
'ila—B+1)+1) — i!

so a; > 0, and by the Ratio test, we can show that the series ) a; converges. Also, by
the comparison test and (3.5), we conclude that the series Y ;- w; converges. Therefore, by

Theorem 2.4, the map T has a unique fixed point which is the unique continuous solution of
Eq. (1.1). O

(3.5)

= Ay,

3.2. Application. Consider the following fractional integro-differential equation

T t 2 1 t
(CD1-75y) (z) = z%e™2® —1—/ v < +/ T (CDO'5y) (T)dT) dt, = €10,1],
0 1 +x 4 0

(3.6) yD(0) =y;, i =0,1.
This equation is a special case of Eq. (1.1), where
a=175 =05 m=2 n=1, a=1,

2

_ 2 2 _ tz
o) = 2, kat) = 1o w e 0,1,
1 t
(Gu)(t) = 1 +/ T u(r)dr, t €[0,1], u € C|0,1].
0

It is easy to check that the function G satisfies conditions (h;) and (hg) with M = 1 and
¢(r) =+ +r. By assumption |y;| <1 (i =0,1), we have L = % Finally, in order to verify
assumption (h3), the corresponding inequality has the form
2 + 1 1 n 1 (1 )| <
—t |5+ (5 +r T
Ui T(2:25) |2 " 2'4 =
We can easily verify that ro = % is a solution of the above inequality. Now applying Theorem

3.1, we infer that Eq. (3.6) has at least one solution y(x) € C1[0, 1] such that (°D*™y)(z) €
Clo,1].

Conclusion

In this paper, we investigated existence and uniqueness of solution of nonlinear fractional
integro-differential equations of the Hammerstein type in the Banach space. To this end, we
employed of the equivalence of the main problem with a fractional integral equation, and we
used the Schauder’s fixed point theorem and the Banach fixed point theorem under some
suitable conditions.
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