Progr. Fract. Differ. Appl. 9, No. 2, 243-250 (2023) %N =) 243

Progress in Fractional Differentiation and Applications
An International Journal

http://dx.doi.org/10.18576/pfda/090205

Semilinear Abstract Cauchy Problem of Conformable
Type

Lahcene Rabhi, Mohammed Al Horani and Roshdi Khalil

Department of Mathematics, Faculty of Science, The University of Jordan, Amman, Jordan

Received: 2 Jun. 2021, Revised: 18 Sep. 2021, Accepted: 23 Sep. 2021
Published online: 1 Apr. 2023

Abstract: In this paper, we discuss the solution of the semilinear conformable abstract Cauchy problem. We study the existence of mild
solution using the fractional semigroups. We establish the global and local mild solutions using the concept of contraction principle.
The stability and regularity of mild solutions are studied. Applications illustrating our main abstract results are also given.
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1 Introduction

Fractional differential equations have been proved to be one of the most effective tools in the modeling of many
phenomena in various fields of physics, mechanics, chemistry, engineering, etc. They have a great number of
applications in nonlinear oscillation of earthquakes, many physical phenomena such as seepage flow in porous media and
in the fluid dynamic traffic model. For more details on this theory and its applications we refer to [1,2,3,4,5,6,7,8,9, 10,
11,12,13,14,15,16,17,18,19,20].

Recently, Khalil et al. in [12] introduced a new differential operator, called the conformable derivative. Such a
fractional order derivative satisfies many well-known properties of the integer order derivative including linearity,
product rule and division rule. In addition, Rolle’s Theorem and Mean Value Theorem are also applicable, see [12]. In
2015, Abdeljawad in [1] made extensive results for the conformable fractional derivative. Khalil et al. in [21] presented a
geometric meaning of the conformable derivative via fractional cords. Based on the conformable fractional derivative,
Ableljawad et al. in [22] introduced the so called Cy — ot—semigroup (7 (7));>0 which is a generalization of the classical
strongly continuous semigroup with its infinitesimal generator. In the last few years many research articles, using
conformable derivative, were published, see [1,6,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42].

In this paper, we will study the following semilinear conformable fractional initial value problem:

L) | Au(e) = f(tu(t) 1> 10 N
u(to) = uo,

where % is the conformable fractional derivative of order o € (0,1], A is a closed operator on a Banach space
(X, IDs uo € X, and f: [tp,S] x X — X is a function that satisfies some conditions. We denote by (C([t,S] : X), ||.||«)
the Banach space of continuous functions from [tg, S] into X with the norm [[g[| = sup,cp,  [[8(?)]|-

This paper is organized as follows, in section 2 we introduce an important analysis of conformable fractional calculus
and fractional semigroups. In section 3, we study the existence, uniqueness, stability and regularity of the mild solution
of problem (1). In section 4 we give applications illustrating our abstract results.
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2 Preliminaries

In this section we introduce an important analysis of conformable calculus and conformable semigroups. Let us begin by
defining the Banach space L% (0,S5;X). Let p > 1, we define the Banach space L}, (0,S;X) by

S
L5(0,8;X) = {f:[0,S] — X is measurable X valued function and/ a [|F(O||Pdt < oo},
0

1
under the norm [| £, = (5 7= [1£(¢)[|7dr)7.

Definition 1.Let u : [0,00) — X be an X valued function. The conformable derivative of u of order a. € (0,1], att > 0 is
defined by
4% -y
u(t) — Lim u(t+et'=%) —u(r)
dt® £—0 €

)

where the limit is taken in the norm of X.

When the limit exists, we say that u is o.—differentiable at t.

If u is a—differentiable in some (0,a], a > 0 and lim ul®(t) exists in X, then we define u'® (0) = lim ul (1),
t—0 t—0

The a—fractional integral of a function u € L, (0,S;X) is given by

B0 = [ guls)ds

Theorem 1.If a function u : [0,00) — X is o.—differentiable atrt > 0, o € (0, 1], then u is continuous at t. If, in addition,

.. . d%u(t) _ 1—qdu(t)
u is differentiable, then g =1 -

Lemma 1.Let u : [0,00) — X be differentiable and o € (0,1]. Then, for all t > 0 we have
IO dau

ol ) (1) = u(t) —u(0).

Therefore, if u is continuous then
d®Ig (u)(1)
—aqe )

Definition 2.(see [22]) Let o € (0,a] for any a > 0. For a Banach space X, a family {Ty(t)};>0 C L(X,X) is called a
fractional ox—semigroup (or oc—semigroup ) of operators if

OnO=t

(i) Ty (t +5)a = To(te)Te(sa) forallt,s € [0,00).

Clearly, if @ = 1, then 1 —semigroups are just the usual semigroups.

Definition 3.(see [22]) An a.—semigroup Ty (1) is called a Co—semigroup, if for each x € X, To/(t)x — x ast — 0.
The conformable o.—derivative of Ty (t) att = 0 is called the o—infinitesimal generator of the fractional a—semigroup
To (1), with domain equals:

{x e X, lim (Tp)® (t)x exists }.
t—0"
We will write A for such a generator.
Example 1.(see [22])

(i)For a bounded linear operator A, define T; (f) = ¢2V/A. Then (T, (¢));>0 is L —semigroup.
2 2 -
(ii)Let X = C([0,%0) : R) be the Banach space of bounded uniformly continuous functions on [0, e0) with supremum norm.
For f € X we define (T (t)f)(s) = f(s+ /f). It is easy to check that T (¢) is a Cy — 1 —semigroup of operators.
2 2

Theorem 2.(;@8 [43]) Let 70{(1‘) be a C(i a*Sé‘ﬂll.gIOI/lp where o0 € (“, 1] There exist constants @ > 0 and M > 1 such
that
H]O‘(t)HSMe ' fOJ O<l<oo.
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Corollary 1.(see [43]) If Ty(t) is a Co — at—semigroup, then for every x € X, t — Ty(t)x is a continuous function from
Rg (the nonnegative real line) into X.

Theorem 3.(see [43]) Let Ty (1) be a Co — oe—semigroup where a € (0, 1] and A be its a—infinitesimal generator. Then

a)forxe X
1 et =%
lim — —To(s)xds =Ty (t)x forevery t>0.

e—0 &€ Jy sl

b)Forx€X, [; Sl%aTa(s)xds € D(A) and

A(/Ot Slfa T (5)xdls) = Ty (£)x — x.

c)For x € D(A), Ty (t)x € D(A) and

o

dt_“Ta (1)x = ATy (t)x = To(1)Ax )
d)For x € D(A)

1 1 't 1
To(t)x — To(s)x = /Y ﬁTa(u)Axdu = /S FATa(u)xdu

Lemma 2.(see [43]) Let A be the a—infinitesimal generator of a Cy — ot—semigroup Ty (t). Then A is closed and densely
defined linear operator.

Proposition 1.(Gronwall’s inequality)(see [1])
Let r be a continuous, nonnegative function on [ty,S] and 3, k be nonnegative constants such that

1
r(t) <8 +k

l()s

r(s)ds.

-«

Then for all t € [to,S]
r(t) < Sewl )

3 Main results

In this section we prove existence and uniqueness of mild solution of the abstract Cauchy problem (1) under certain
conditions. Before presenting our main results, we introduce the following assumptions

(H)The function f(z,.) : X — X is uniformly Lipschitz continuous on X if there exist L > 0 such that

1 (,y) = f@, ) <Ly -]

forallt € [tp,S] and all y,z € X.
(H)The function f(.,y) : [fo,S] — X is continuous for all y € X

3.1 Existence And Uniqueness Of The Mild Solution

If u is the solution of (1), then the X valued function g(s) = To (1% — s"‘)éu(s) is a—deffirentiable for #y < s < ¢ and

d%g(s) _ o_ ot a .« éda”(s)
10 = AT (t% — s%) au(s) + Tu(t* —s%) Iea
= ATy (t* —sa)éu(s) + Ty (t —sa)é[—Au(s) + f(s,u(s))]
= To(t% — s%)a f(s,u(s)). 3)

From assumptions, (H;) and (H>) on f, the X valued function s — T (1% — so‘)éf(s,u(s)) € L)(0,5;X) and

d%g(s)
ds®

T80 = Talt® — 1)) ~ Tl 1§ buti) = [ L Talt® )% f (s u(s))ds.
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So

I~

u(t) =Tu(t* —1§ éuo—i—/ o Ta(t* —s%) 2 f(s,u(s))ds. %)

Definition 4.Let Ty (1) be a Cy — ot—semigroup with its generator —A. If ug € X , then the function u € C(ty,S] : X)
satisfying the integral equation (4) is called the mild solution of the initial value problem (1).

Theorem 4.Let —A be the generators of a Cy — ot—semigroup Ty (1), t > 0 on X. If assumptions, (Hy) and (Hy) hold, then
for every uy € X the initial value problem (1) has a unique mild solution u € C([ty,S] : X).

Proof:-We define the mapping F : C([to,S] : X) — C([to,S] : X) by

(Fu)(0) = Tule® = §)ouo + [ Tt =)

R~

F(s,u(s))ds. 3)
where tp <t <S.

Claim: F has a unique fixed point.
Let u,v € C([to,S] : X). We have

IFae) - ol < [

1
< MLHM—VHM/ 5% ds

fo

L — 598 | f(s,u(s)) — f(5.v(5)) | ds

ML
< 5 =g = vl 6)

where M is a bound of 7'(¢) on [ty, S]. Inductively by using (5) and (6) it follows that

(ML(t* —1))"
a'n!

[(F"u)(2) = (F"v) ()] <

where (F" =FoFo...oF). Hence

[l =Vl

(MLS®)"

e e Ll

(MLS )

For n large enough < 1. Hence by using the Banach contraction principle, F has a unique fixed point u € C([to, 5] :
X), which is the mild solutlon of the conformable initial value problem (1).

The uniqueness and the continuous dependence of the mild solution are consequences of the following result.

Theorem 5.(Stability of solution)
Assume that (Hy) and (Ha) are satisfied. Let uy,vo € X and denote by u and v the mild solutions of (1) associated to the
initial conditions uy and v, respectively. Then, we have the following estimate

ML (gor
= vller < Me a1 flug — vo)|
ProofFort € [1t,S] we have
1 L
() =v(O)| < [ Ta(t” = 1) @10 = Ta (1% = 15) @ vo|

+/,:S1%|Ta<ra—s“>é||f<s,u<s>>—f<s,v<s>>|ds

r]
< Mg —vo| +ML/ s lu(s) —v(s)] ds.
Iy

Using Gronwall’s inequality in proposition 1 it follows that

() = v(1)]| < Me'a ") lug — vy

Thus o
[t — oo < Me & 16 |11 — vg |

This yields both uniqueness of # and Lipschitz continuous of the map uy — u.
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From the proof of Theorem 4 we obtain a more general result:

Corollary 2.If A and f satisfy the conditions of Theorem 4, then for all g € C({ty,S];X) the integral equation
ro1 1
W) =)+ [ g Tult® —5%)% f(5,0(9) ds
fo

has a unique solution v € C([ty, S];X).

From Theorem 4, the uniform Lipschitz condition of the function f assures the existence of a global mild solution of (1).
Now, let us assume that f : [0,00[xX — X satisfies only the following local Lipschitz condition:

(H3)for every 7 > 0 and constant k£ > 0 there is a constant L(k, 7) such that for all y,z € X with |[y|| <6, ||z|| < 6 and
t €[0,7]
1 (t,y) = f(,2)] < Lk, )y —z]- @

Under this condition we have the following local version of Theorem 4.

Theorem 6.Let —A be the generator of a Cy — a—semigroup Ty (t) on X. If assumptions (Hp) and (H3) hold, then for
every ug € X there is a tyg, < oo such that the initial value problem

S 4 Au(e) = f(t,u(t)), >0, ©
u(0) = up

has a unique mild solution u on [0, tyax|. Moreover, if tygy < oo, then lim;_y,, . |lu(2)|| = oo.

Proof.First, we want to show that for every 7o > 0, ug € X the conformable initial value problem (1) has under our
. . . . . i .
assumptions, a unique mild solution « on interval [to,#] such that 1y = (5 + 6(to, ||uo||)) @ by choosing

of|uo|

O (to, ||uol]) = min{ e, T
K(to)L(K (10), (15" + 0t) %) + N(to)

©))

where L(k,t) is the local Lipschitz constant of f as defined by (7), M(t9) = sup{||Ta(?)|| : 0 <1 < (¢§' + Oc)é}, K (1)
2||uo||M(t9) and N(t9) = max{||f(z,0)|| : 0 <z < (1§ + a)é}. Indeed, we define the ball B(K(1y)) = {u € C([to,11] : X) :
[lull <K(t)}-

Claim: The mapping F defined by (5) maps the ball B(K (1)) into itself.

For t € [to, 1] we have the following estimate

PO < 1Tale” )00l + | 1T =5 (1 0)) = £ 0 + £ (5:0) ) s

=

< M) | + (M) K 0)L(K 0), 6 + @) ) + MoV @) [ = ds

< M (1) [ljo]| + (K (t0) LK (1), (1§ + @) ) +N(,0))(§ _ %)]

From the definition of #; we get
[(Fu)(@)]| < 2M t0) [[uo]| = K (10)-

In this ball, assumptions (H;) and (H>) hold, with the constant L(K (to), (¢5 + (x)é). By the same argument in proof of
Theorem 4, F has a unique fixed point in this ball which is the mild solution of (1) on the interval [ty,].

Now, if u is a mild solution of (8) on the interval [0, 7], then it can be extended to the interval [0, (7% + 6)é] with 6 >0
by defining u(t) = v(¢) on [z, (7% 4+ 5)5], where v(¢) is the solution of the integral equation

1

—To(1% — %)@ f(s,v(s))ds, T<1<(1%+8)a.

1 t
V) = Talt® — i) bu(@)+ [ <
1o N
Moreover, 6 depends only on ||u(7)||, K(t) and N(7).
Let [0, fmqx| be the interval of existence of the mild solution u of (8). Assume that lim,_,, . ||u(¢)|| # c. Then there is a

sequence f,, /" fmay such that for all n, ||u(z,)|] < C. If we choose #, close to f4y then the solution u defined on [0,1,] can
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be extended to [0, (t* + & )é] where § > 0 is independent of #,. Hence u can be extended beyond #,,,, which contradicts
the definition of fqy¢. So limy_y, . ||u(?)|| = oe.

For the uniqueness of the local mild solution of (8), if # and v are two mild solutions of (8), then on every closed interval
[0,70] where both u and v exist, they coincide by the uniqueness argument given in the proof of Theorem 5. Therefore,
both u and v have the same fy,,q and u = v on [0, £y |-

Let —A be the infinitesimal generator of a C — ot—semigroup T (¢) on X. For all x € D(A) we define |x|4 = ||x|| + [|Ax]|.
It is not difficult to show that D(A) with the norm |.|4 is a Banach space which we denote by Y. Clearly ¥ C X and since
To(t) : D(A) = D(A), Ty(t), t > 0is an a—semigroup on ¥ which is easily seen to be a Cy — oc—semigroup on Y.
In general, if f satisfies the condition in Theorem 4 or Theorem 6, the mild solution of (1) need not be continuously
a—differentiable. A sufficient condition for the mild solution of (1) to be continuously o—differentiable solution is given
in the next theorem.

Theorem 7.Let f : [ty,S]| X Y — Y be uniformly Lipschitz in Y and for all y € Y the function f(t,y) is continuous from
[t0,S] into Y. Then for every uy € D(A), the initial value problem (1) has a unique solution (continuously o.—differentiable)
on [to, S].

Proof.From Theorem 4, there exists a unique mild solution u € C([fy,S] : Y) satisfying the integral equation

1

I

u(t) = To(t% — 1) @ ug + To(t% — s%) @ f(s,u(s))ds.

[0 gl—a

Let g(s) = f(s,u(s)). From our assumption it follows that g(s) € D(A) for s € [to,S]. Therefore g € C([ty,S] : Y). This
implies that s — g(s) and s — Ag(s) are continuous on X. Then from Corollary 4.3 (see [43]), the initial value problem

d%
4 Av=g(t
a tAv=3(1) (10)
V(t()) = Uy
has a unique solution (continuously ot—defferentiable) v on [fo,S]. This solution is clearly a mild solution of (10) and
therefore
1 1
V(t) = To (1% —1%) auo+/ T (1% — 5% g(s) ds
1 1
= Tult” —1§) W0+/ e Tt — ) (s, u(s)) ds

=u(r).
Thus u is a continuously a—differentiable solution of (1) on [fy,S].

Corollary 3.Let f : [19,S] x Y — Y be locally Lipschitz continuous in Y uniformly in [to,S]. Then for every ug € D(A), the
initial value problem (1) has a unique solution (continuously a.—differentiable) on a maximal interval [ty, tmax[- If tmax < S
then

lim (flu()]| + [lAu(®)]) =

I—tm,

In this situation, it may be that ||u(¢)|| is bounded on [fy, 4| and only ||Au(z)|| — oo as t — tyqy-

4 Applications

Example 2.Consider the semilinear conformable heat equation:

11
v(0,x) = g(x) b

where o € (0,1) and % is bounded continuous function on [0, ), g is continuous function on R.
Let X = C[—o0, 40| be the Banach space of bounded uniformly continuous functions with usual supremum norm || f||c =
SUP_ ooy 1o || f(x)||. Define the operator A by:

2
A:%(.), DA)={weX: v vy eX}.

{a?fé’ 1 = 120 | a1 cos(v(t,x) 130 —oe<x < oo,
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One can easily show that A is a generator of Cy — ox—semigroup which is just a modified heat semigroup defined by

Tl = { IO =0

o

where N; (y) = /%e*%%.

The ot—semigroup property follows from the fact that

32 2.2 2
I N CN R P
2r(t+1") 2wt \ 2nt’ Jr

(using Fubini’s theorem).From the strong continuity of the classical heat Cy—semigroup 7} and the remark that Ty (z) =
T (%) we can show that Ty is a Cp — ox—semigroup. Since A is generator of 77 (in the sense of natural derivative) then it
follows that for all # > 0:

d® d* 1% o d . % Lt Lt
—Tu(t) = —Ti (=)=t %=1 (=) =t %* T, (—) =T, (—).
dr a(t) dr® (oc) dt l(a) l(a) l(oc)
So for f € D(A)
d® 1o 2?2
lim—T,(1)f =limTi(—) =Af = — f.
fim gra Ta()f = M T (G) =Af = 55

Let u: [0,+) — X defined by u(z)(x) = v(¢,x) and u(0)(x) = g(x). Then the semilinear conformable heat equation (11)
takes the following abstract form :

u(ty) = g

Let g € D(A). From Theorem 7 and since f(¢,u) = a(t)cos(u) is uniformly Lipschitz for all u € D(A) and continuous on
t, the above conformable initial value problem has a unique continuously o—differentiable solution.

{df‘;;’) = Au(t) +a(t) cos(u(r)) > 1
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