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Abstract. In this paper we investigate further properties of the new concept of deformable derivative
and use the results to study the existence (and uniqueness) of mild solutions to the Cauchy problem
for the nonlinear differential equation with non-local conditions D*z(t) = f(t, z(t)), t € (0,T],
x(0) + g(x) = xo, where D*z(t) is the deformable derivative of x, 0 < a < 1. We use the
Krasnoselskii’s theorem to achieve our main result.
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1 Introduction

In their paper [8], F. Zulfeqarr, A. Ujlayan and P. Ahuja introduced the new concept of deformable
derivative using limit approach as in the usual derivative. They called it ,,deformable” because of
its intrinsic property of continuously deforming function to derivative. This derivative is linearly
related to the usual derivative. Deformable derivatives can be viewed as derivatives of the fractional
order. Recently, A. Meraj, D. N. Pandey [5] used this concept to study the existence and uniqueness
of solutions to the Cauchy problem D%z (t) = Ax(t) + f(t,z(t)), t € (0,T], 2(0) = zo, where A
is the infinitesimal generator of a Cip-semigroup of bounded linear operators (7'(¢));>0 on a Banach
space X (using the Banach fixed point theorem) and the approximate controllability to the related
problem (using the Schauder fixed point theorem).
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In the present paper, we first review some elementary properties of deformable derivatives and
then study the existence of mild solutions to the Cauchy problem for the differential equation with
non-local conditions D%z(t) = f(t,z(t)), t € (0,T], z(0) + g(z) = xo, where D*z(t) is the
deformable derivative of , 0 < a < 1. This problem has been studied by the second author in the
context of fractional derivative in the sense of Caputo (cf. [6]).

Throughout the paper we denote by C := C([0,7],R) the Banach space of all real-valued
continuous functions defined on [0, 7’|, endowed with the topology of uniform convergence. The
norm in this space will be denoted by || f|lc = supyco, 7y | £(%)]-

2 Deformable derivative

Definition 2.1 ([8]) Let f be a real valued-function on [a,b], « € [0, 1]. The deformable derivative
of f of order acat t € (a,b) is defined as

e—0 €

where o + 3 = 1. If the limit exists, we say that f is a-differentiable ar t.
Remark 2.2 Ifa = 1, then 5 = 0 and we recover the usual derivative.

Definition 2.3 ([8]) For a continuous function f defined on |a, b], the a-integral of f is given by

50 = 2 [ el

a

where o + = 1 and o € (0, 1]. When a = 0, we use the notation
1 - t
I°f(t) = eft/ egxf(:n) dz.
@ 0
Remark 2.4 If a = 1, then 8 = 0 and we recover the usual Riemann integral.

Theorem 2.5 ([1]) A differentiable function f at a pointt € (a,b) is always a-differentiable at that
point for any o.. Moreover, we have D f(t) = Bf(t) + aD f(t), where o + 3 = 1 and D := % is
the usual derivative.

Theorem 2.6 ([1]) Let f be differentiable at a point t for some o. Then, it is continuous there.

Theorem 2.7 ([1]) Let f be defined in (a,b). For any «, f is a-differentiable if and only if it is
differentiable.

The operators D® and IS possess the following properties.

Theorem 2.8 ([4]) Let o, a1, € (0,1] be such that o + f = 1 and o; + ; = 1 fori = 1,2.
Then,
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(a) D*(af + bg) = aD*f + bD*g (linearity of D®),
(b) D™t . D% = D2 . D (commutativity of DY),
(¢) D%(c) = Bc for any constant c,

@) D%(fg) = (D“f)g+ afDg,

(e) IJ(bf +cg) =bIS f + clIlg (linearity of 1),

(H) 181102 = I8 (commutativity of IS).

Theorem 2.9 (Taylor’s theorem, see [8]) Suppose f is n-times a-differentiable and such that all
a-derivatives are continuous on [a,a + h]. Then,

—1 hE 1-6 (k—n+l)h
flatny =3 2D sta) - g0
k=0 "

hr
D¢ 6h — D 6h
an k;f(a+ ) +7’L'Oé nf(a+ )a

where DY = D*D* ... D* (k times) and 0 < 6 < 1.
We state and prove the following result.

Theorem 2.10 The operator D™ possesses also the following property

gD (f) — af

D¥(fg™h) = 7

Proof. We have

D(fg~") =B(fg~ ") +aD(fg™")
=B(fg ") +alDfg " + fDg "]
=Bfg ' +aDfg ' +afDg!
=[Bf+aDflg”' +afDg”"
_gD(f) —of
_ o

The proof is complete. (|

Theorem 2.11 Suppose f and g are a-differentiable. Then,

DY(fog)t)=B(fog)t)+aD(fog)(t)=B(fog)t)+af (9(t))d(t).

Proof. Since

DOf(t) = lim LF DA ) = F®)

e—0 € e—0

+ Bf(t+ea)|,

flt+ea) = f(t)
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we have

D (g(t)) =ty | POV IO o
i | [ €)= fg()) gt +ea) —g(t)
e—0|  g(t+ea)—g(t) €
i | F9@) +€0) = flg(t)  g(t+ea) —g(t)

e—0 €0

T Bf(elt+ ea>>}

B gt + ea>>],

where ¢y — 0 as ¢ — 0. We obtain

Daf(g(t)) — lim f(g(t) + 60) B f(g(t)) . m

eg—0 €0 e—0

f(g®)ag'(t)+ Bf(g(t))
=aD[f(g(t)] + Bf(g(t))
=B (9(t)) + aD[f(g(1))].

The proof is now complete. g

NED =IO |y B g(t + cc)

Theorem 2.12 ([8]) Let f be continuous on [a,b|. Then, I f is a-differentiable in (a,b), and we
have

DISF)(t) = f(t) and I3(Df)(t) = f(t) — e f(a).

3 Application to evolution equations

We consider the following Cauchy problem with non-local condition

Doz (t) = f(t,z(t)), te€ (0,T], 3.1)
z(0) + g(v) = wo, (3.2)

where D® is the deformable derivative of order « € (0, 1), and g: C — R is a continuous function.

Theorem 3.1 The system (3.1)—(3.2) is equivalent to the following integral equation

=8 1 -8,

z(t) = [zo — g(z)]ea ' + —ew / egsf(s,a:(s)) ds. (3.3)

G 0

Proof. Assume (3.1)—(3.2). Then, I*(D%z)(t) = I*f(t,x(t)). Using Theorem 2.12 and Defini-
tion 2.3, we get
=B 1 -5,

xz(t) —e=‘x(0) = —ea /0 egsf(s,x(s))ds.

(07

Using (3.2), we get

-8, 1 -8,

x(t) — [xo —g(z)]e e’ = —ea / egsf(s,sn(s))ds.

« 0
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Therefore,

#(t) = oo — g(a))e e

/t eas f(s,2(s)) ds.

0

Conversely, assuming (3.3) and applying D to both sides of the equation, we get
o NS B PR A B
D%a(t) = w0 — g@)e ™"+~ 5" | € f(s,a(s))ds
0

4 aD([:Eo @)t + ée%ﬁt /Ot ¢35 f(s, 2(s)) ds>

= Blao = g(@)e " + Do [ e fs.0(5) ds = o — gl T

= [t z(t)).

The proof is complete. g

Definition 3.2 A function x € C is said to be a mild solution fo (3.1)—(3.2) if

t
o) = oo —gla)le ™+ e [ eR(sa(e)) ds, te (0.7]

provided the integral exists.

Now, let us investigate the Cauchy problem (3.1)—(3.2) with the following assumptions:

(H1) f:[0,7] x R — Ris jointly continuous,
(H2) |f(t,z) — f(t,y)] < Ljx —y|forallt € [0,T] and z,y € R,
(H3) g: C — Ris continuous and G = sup,¢ |g(x)| < oo; moreover, there exists b > 0 such that

lg(x) — g(y)| < bljlz —yllc forall z,y € C.

Theorem 3.3 ([3]) Under assumptions (H1)—-(H3), if b < % and L < g, then the Cauchy prob-
lem (3.1)—(3.2) has a unique mild solution.

Proof. Define F': C — C by

(Fa)(t) = [z0 — g(@)]e 2t + ;eif’t/ e25 (s, 2(s)) ds.

0

Let M = sup,cpop | f(2,0)]. Clearly M < oo. Choose r > 2(|xo| + G + %) Then, we can show
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that F'(B,) C By, where B, := {x € C : ||z|| < r}. Indeed, let = € B,; then, we get

_ t
Falt)] < fool + G+ e [ et f(s,a()]ds

0
=By

<laol +G+ e [ (eFU(a(9) = .00 +1£(5,0)]) ds

1 -8, [ 5,
<l|zo| + G+ (Lr + M)—e ea’ds
0

a
< \:L'o]—i-G—i-(Lr—i—M);(l—e_aﬁt)

1
< |Q70|+G+(LT‘—|—M)*

™

<,
by the choice of L and r. Now, take x,y € B,. Then, we get

1 -8,

[(Fa)(t) = (Fy)(t)] < lg(x) —g(y)| + —e /teﬁslf(ij(S)) — f(s,y(s))|ds

a 0

1 -5 o/ B
<blle —ylle+ —e= Lo —yllos (5 1)
a B

L
<blle —ylle + Zllv = yle

=(h+§)w—ym

< QH:U - y”C7

where Q= Q1,3 := (b+ %) depends on the parameters of the problem.

Since Q@ < 1 and ||Fx — Fyll¢c < Q|| — yl|c, the mapping F' is a contraction. Therefore, F has
a unique fixed point, which is the solution of the Cauchy problem. The proof is complete. U

Let us recall our tool.

Theorem 3.4 (Krasnoselskii) Let M be a closed convex and non-empty subset of a Banach space X .
Let A, B be two operators such that

(1) Az + By € M, whenever x,y € M,
(2) A is compact and continuous,

(3) B is a contraction mapping.

Then, there exists z € M such that z = Az + Bz.

Now, let

(H4) |f(t,x)| < u(t) forall (t,z) € [0,T] x R, where u € L*([0, T],RT).
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Then, we can state and prove our main result.

Theorem 3.5 Assume (H1), (H3) with b < 1, and (H4). Then the Cauchy problem (3.1)—(3.2) has
at least one mild solution on [0, T].

Proof. Choose r > |xo| + G + % and consider B, := {x € C : ||z|| < r}. Now, define on B,
the operators A and B by

A(z)(t) = ie‘ft/o et f(s,2(s))ds,
B(x)(t) := [zo — g(a)]e = .

Let us observe that if x,y € B,, then Az + By € B,.. Indeed, we have

— t —
A0 +B)(O)] = 7 [ et (s.2(s)) s+ fro —gla)le
— t —
< et [ et s (s s+ fao - g(w)]e
_ t
< ieftegt/[) |f(s,2(s))|ds + |zo] + G
t
< 014/0 p(s)ds 4 |zo| + G

1 (T
/ p(s)ds + |xo| + G
@ Jo

IN

IN

1
—[lullzr + fzol + G
o
<r.
By (H3), it is also clear that B is a contraction mapping for b < 1.

Since z is continuous, then A(z)(t) is continuous in view of (H1). Suppose now that x,, — =
in B,.. Then, given € > 0 there exists IV large enough such that ||z,, — z||¢ < & whenever n > N.
Now, for such n we get

[Alwn)(0) — A@)0)] < e [ Rl (s,m(s) = Fls.als))] ds
0
£e‘gt tegsm s) —x(s)|ds
< Lot [ eflon (o) — (o)l as

Continuing the calculation we obtain
[A{zn) = A@)lle < =7,

which shows that A is a continuous operator from B, to C.

Let us now note that A is uniformly bounded on B,.. This follows from the inequality || A(z)]||¢ <

el 1
« b

because

@O < e [ el (s.a(s)]as
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for any x € B,.

Now let’s prove that A(B,) is equicontinuous. Let t1,to € [0,7], to < t; and
x € B,. Using the fact that f is bounded on the compact set [0,7] x [—r,r| (and thus
K :=sup( g)efo,r)x[—rr] |/t 2)] < 00), we will get

|Az(t1) — Ax(ta)]

1] - ! -
=— eaﬁtl/ ea’f(s,z(s))ds — eaﬁtQ/ egsf(s,x(s))ds
a 0 0
1 t1 2
=— / e 1ea8f(s,x(s))ds—/ ea 2ea’f(s,x(s))ds
@l Jo 0
1 1 to B
=— / eaﬁtleasf(s,x(s))ds—/ [eTBtQ —eTﬁtl}ea f(s,z(s))ds
a to 0
1 t1 B to
=— eaﬁtl/ ea’f(s,z(s))ds — [eTﬁtQ - eTtl] / ea’f(s,xz(s))ds
« to 0
1] - 1 1 to
< — eaﬁtl/ egsf(s,x(s))ds +— [eTﬁtQ GTB“} / ea’f(s,z(s))ds
a to 0
< 5 eTBtl <e§t1 — e§t2> + (676” — el“) (egt? — 1)‘
B
< K (1 eat2 tl)) + (1 _ et _ eRlt=ty) +ea tl))
B
= E 2 — 2ealle=h) _e5t2 4 eTBtl
g
K -8
< 219 —9ea (ti—t2)
B
2K
_ 2R (ti—t)
= e 1],
&)

which is independent of = and |Az(t;) — Az(t2)| — 0 as to — t1. Therefore, Ax(t) is equicon-
tinuous. So, by Arzela—Ascoli’s theorem, A(B,) is a relatively compact subset of C. This, in turn,
implies that the operator A is compact. We finally complete the proof using Krasnoselskii’s theorem.
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