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NONLINEAR LANGEVIN FRACTIONAL DIFFERENTIAL EQUATION
WITH NONLOCAL MIXED BOUNDARY CONDITIONS INVOLVING A
CAPUTO-EXPONENTIAL

N. DERDAR', §

ABSTRACT. In this paper, the existence and uniqueness results for a nonlinear Langevin
fractional differential equation with nonlocal mixed (multipoint, fractional integral and
fractional derivative) boundary conditions involving a Caputo-exponential is studied.
The uniqueness result is discussed via Banach’s contraction mapping principle, and the
existence of solutions is proved by using Schaefer’s fixed point theorem. Finally, an
example is also constructed to demonstrate the application of the main results.
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1. INTRODUCTION

Fractional calculus has been utilized to represent physical and engineering phenomena,
often best captured by fractional differential equations. It’s important to highlight that
traditional mathematical models using integer-order derivatives, even nonlinear ones, of-
ten fall short in various situations. This is due to the fact that fractional differential
equations have various applications in engineering and scientific disciplines, for example,
fluid dynamics, fractal theory, diffusion in porous media, fractional biological neurons,
traffic flow, polymer rheology, neural network modeling, viscoelastic panel in supersonic
gas flow, real system characterized by power laws, electrodynamics of complex medium,
sandwich system identification, nonlinear oscillation of earthquake, models of population
growth, mathematical modeling of the diffusion of discrete particles in a turbulent fluid,
nuclear reactors and theory of population dynamics. For more details about the theory of
fractional calculus, fractional differential equations and their applications, we refer to the
reader the monographs of Abbas et al. [1, 2], B. Ahmad et al. [3, 4], Agarwal et al. [5],
Baleanu et al. [7], Benchohra et al. [9, 10], Feckan et al. [15], Hilfer [19, 20], Kilbas et al.
[23], Oldham et al. [32], Podlubny [33], Zhou et al. [44] and the reference therein.
Although the definition of the Riemann—Liouville type played an important role in the
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development of the theory of fractional calculus, real-world problems require fractional
derivatives that contain physically interpretable initial conditions [1]-[5]. To overcome such
problems, Caputo proposed a definition of the fractional derivative, the Caputo fractional
derivative offers a significant advantage by enabling the integration of traditional initial
and boundary conditions into problem formulation. Notably, conventional mathematical
models employing integer-order derivatives often prove inadequate in diverse scenarios.
However, some researchers have found it necessary to define new fractional derivatives
with different singular or nonsingular kernels in order to provide more sufficient area to
model more real-world problems in different fields of science and engineering [6, 12].

The question is whether there is a Caputo-exponential derivative in Fractional calcu-
lus?. The answer to this question is positive. There is indeed a fractional derivative,
namely the Caputo/Riemann-Liouville fractional derivative with an exponential kernel
(we call it the Caputo/Riemann-Liouville fractional exponential derivative for short), see
[8, 14, 26]. The difference between the Caputo-exponential fractional derivative and the
Caputo/Riemann-Liouville fractional derivative is that the solutions of classical differential
equations or fractional differential equations with the Caputo/Riemann-Liouville deriva-
tive have “algebraic” asymptotics [22, 28] while the solutions of fractional equations with
the Caputo-Hadamard derivative have ”logarithmic” asymptotics [26] and the solutions
of fractional differential equations with the Caputo exponential derivative have ”exponen-
tial” asymptotics [27].

Langevin equation was introduced by Paul Langevin in 1908 [25], a brilliant French physi-
cist in the early twentieth century, he proposed the nonlinear Langevin equation and
created an accurate description of Brownian motion using his Langevin equation. The
Langevin differential equation was used to explain the physical processes in oscillating
domains. Analyzing the stock market [11], modelling evacuation processes [24], studying
fluid suspensions [21], self organization in complex systems [16], photo-electron counting
[42] and protein dynamics [36] are just some applications of this equation.

The virtually simultaneous development of fractional derivatives, various generalizations
of the Langevin equation have been proposed and studied by various researchers during
recent years. Despite the widespread use these applications, the fractional Langevin equa-
tion is extensively studied in the literature in both froms: theoretical and numerical points
of view.

In 2020, Salem [34] have discussed existence and uniqueness results of solutions for anti-
periodic fractional Langevin equation given by

cDA(EDY + Nz (t) = f(t,z(t),°Dx(t)), t € [0,1],

2(0) + z(1) = 0,2/(0) = 0,°Dz(1) = —— /n(n — s la(s)ds,
I'(v) Jo

where ¢DP, ¢D® are fractional derivatives in the Caputo sense with values of 5 € (1,2],
a€e(0,1),0<n<1l,y>0,peRand f:[0,1] x Rx R — R is a given continuous
function.

In 2021, A. Seemab et al. [37] investigated the existence, uniqueness and stability in
the sense Ulam Hyers Rassias of solutions for Langevin equation with nonlocal boundary
conditions involving a ¥-Caputo fractional operators of different orders given by

a9 (D% + Nzl = §(t, 2(t), o1, D7[2]) T # (a, T),

z(a) =0, 2(n) =0, a(T) = pl(g; ¢J7)la], n>0,
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where p(¢ et 7YY, C +’t©9 are W-fractional integral of order -y, W-Caputo fractional deriva-
tive of order 6 € {a, 3,7} respectively, 0 <a<n<&<T <oo,1<a<20<p<y<1,
A is a real number and §: [a,T] x R x R — R™ is a continuous function.

In 2022, Hamdy and Ahmed [18] investigated the existence and uniqueness results for a
nonlinear coupled system of nonlinear fractional Langevin equations with a new kind of
boundary conditions of the form

DGL(DEL + x)z1(t) = Uit 1 (1), 22(t)), t € J:=[0,T],1 <v1 <2,1 < k1 <2,

Dot (‘D% + x2)w2(t) = a(t, x1(t), x2(t)), t € J:=[0,T],1 <o < 2,1 < kg <2,
subject to the following coupled boundary conditions

{ 21(0) = 0,21(T) = s121(m), 4 (T) = exz1(&1)
22(0) = 0,22(T) = daz1(12), 5(T) = €az1(2)

where “Dgl, “Dg3, “Dgl, “Dg% denote the Caputo fractional derivative of order 1, K,
v1 and vy respectively, Uy, Wy : [0,7] x R x R — R are continuous functions, x1, x2 are
the dissipative parameters and §;, ¢; and 0 < 1;,&; < 1 for ¢ = 1, 2.

In 2023, Salem [35] studied to solve the following linear non-homogeneous fractional dif-
ferential delay equations of the Hilfer type.

(D2 (D™, y)(x) = —B?*y(x — 7) + h(z), BeR™" z€[0,T], >0
y(z) = ¢(z), ¢(x) ER", —r <z <0
xlirg+(ﬂl_?1y)(w) =b1, b €R”
lim 177D, y)(x) = Bby, by € R"
r—71t

where h(z) € C(]0,T],R"), ]D)_T .y denotes the Hilfer fractional derivative with type 5 €

0,1] and of order 0 < a < 1, I7 . denotes y-order of R — L fractional integral, D?*% ¢ is
the v 4+ a-order of R — L fractlonal derivative to the initial function ¢(x), b1, by € R™ are
constants vectors, B is nonsingular matrix, and T' = j7,j € N and 7 is a fixed moment.
That much is clear to observe 0 < y=a+ 8 —af8 <1,y >« and v > f.

Similarly in 2024, Cheng et al., [13] investigated the existence and uniqueness of solutions
for the Langevin (k, ¢)-Hilfer fractional Langevin differential equation having multipoint
boundary conditions given by

k‘,HDOll,,U«H‘P(kaDa%MQ;SD + Nz(t) = g(t, 53( ), t € (a,0],

z(a) = :Z/vlap d8+zckl¢ﬂ"px i),

=1 7j=1

where B Datie = 1,2 is the (k, p)-Hilfer fractional of order o, 0 < a; < 1 and pu;,
0<p <1,1<a;+ay <2 \e R respectively, g : (a,b] x R — R is a continuous
function, ®# 1%% are the (k,)-Riemann-Liouville fractional integrals of order ¢; > 0,
respectively, §, (; € Rand a <wv;, (; <b,1=1,2,...,q,5=1,2,.

So, there are many studies by some researchers, including those mentloned above, on frac-
tional an Langevin differential equations using different forms of the Hilfer derivative and
Caputo-type derivative, such as Caputo, Caputo-Hadamard, Caputo-Katugampola and
-Cabuto. Unfortunately, there are few studies that have used in it Caputo-exponential
derivatives of other equations this prompted us to study the previous type of equations in
the framework of Caputo-exponential derivative. The second motivation is to prove the
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existence and uniqueness results of the following nonlinear fractional Langevin differential
equation with mixed nonlocal boundary conditions (multipoint, fractional integral and
fractional derivative) involving the Caputo-exponential derivative:

eDG(EDE + Na(t) = f(t, x(t),SDJx(t)), t € J =[0,T], T >0, (1)

2(0) = 0, ¢DPz(0) = 0, aI"x(n) + bSDPx(T) = ¢, (2)

where ¢D? are fractional derivatives in the sence of Caputo-exponential of order 6 €
{a, B,7,q2} and “I? is the exponential fractional integral of order ¢; such that 1 < o < 2,
0<qr,go<v<p <1, f:JxRxR — Ris a given function, a, b, c and A\ are real
constants, n € (0,7).

The present paper is organized as follows. In Section 2, some notations are introduced
and we recall some preliminary concepts about Caputo-exponential fractional derivatives
and some auxiliary results. In Section 3, two results on the nonlinear langevin fractional
differential equation with nonlocal mixed (multi-point, fractional integral and fractional
derivative) boundary conditions (1)-(2) are presented, the first one is based on the Banach
contraction principle and the second one on Schaefer’s fixed point theorem. In the last
section, two examples are given to illustrate the applicability of our main results.

2. PRELIMINARIES

In this section, we introduce some notations and defenitions of Caputo-exponential type
fractional calculus.
Let [a,b], (—o0 < a < b < 400) be interval. By C([a,b],R) be the Banach space of all
continuous functions from [a, b] into R with the norm

19 llfapy = supflg(®)] - a <t < b}

First, let AC([a, b],R) be the space of functions ¢ : [a,b] — R that are absolutely contin-
uous. We denote by ACY the space

AC2 (0,5, R) = {9+ [a,5] — R, °D""g(t) € AC([a, B, E),*D = 4 ).

where n = [a] + 1 with [a] is the integer part of a.

Definition 2.1 (See [31], [39]). The exponential fractional integral of order o > 0 of a
function h € L'([a,b], E) is defined by

CISh(t) = I‘(la) /t(et —e*)* Ih(s)e®ds, for eacht € [a,b].

where I'(.) is the Euler’s Gamma function defined by
INE3) —/ t~te7tdt, € > 0.
0

Definition 2.2 (See [31], [39]). Let « > 0 and h € AC?([a,b],R). The exponential
fractional derivatives of Caputo type of order « is defined by

Foray [ € e ) for cach ¢ € a1

where n = o] + 1, In particular, if o = 0 then (ED$)h(t) = h(t).

(cDg)h(t) =
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Lemma 2.1 ( See [31], [39]). Let a > 0, n = [o] + 1 and h € AC}([a,b],R). Then we
have the formula

n—1 (et o ea)k
I*(EDIM(t) = h(t) =Y Teth(a).
k=0 ’

Lemma 2.2 (See [39]). Let o > 0 and h € AC?([a,b],R). Then the differential equation
(6DY)h(t) = 0 has the solution

h(t) = no +mi(e —e®) +male! — e+ ...+ mu_1(eh —er)"
where n; € R, i =0,1,...,n—1 and n = [a] + 1.
Lemma 2.3 (See [31]). Let « >0, n = [a] + 1 and h € AC?([a,b],R). Then
CIYEDNA(t) = h(t) +no +m (e’ —e) +ma(e! — e)? + ...+ nu_1(e! — e
for somen; €eR,i=0,1,...,n—1 and n = [a] + 1.
Proposition 2.1 ( See [31]). Let a, > 0, then following relations hold for

elg<et o ea)ﬁ _ 5 F(/B + 1) <6t _ ea)a+ﬂ

(a+B8+1)
" r(8+1)
+
epo t_ a\B8 _ t _ a\f—a«a t bl
(& a(e e) F(/B_Oé+1)(e e) ? e[a7]
Remark 2.1. By Proposition 2.1, when 8 = 0 we have
1
ere1] = t o\«
= fap e
and )
€D = t_ ay—«a )
DR = pp gy (¢ ) @ > 0, te ol

Theorem 2.1 ( See [31]). (Semigroup property). If a, 3 > 0, then the equation
LTI = L]0 = LT (),
are satisfied for all t € [a,b].
Note that the relation between the exponential fractional derivatives of Riemann-Liouville
and Caputo types is given by
n—1 eDk

SDRF(t) = “Di | £(H) = 3 (e — )

k=0

_ti
dt*

Theorem 2.2 (See [31]). If0 < < a and 1 < p < oo, then for f € LP(a,b),
DY (CIZ)() = I P f(t) and LD (I f)(8) = I3 O f(2),
In addition, we have *DY(°I$ f)(t) = f(t) and SD*(CISf)(t) = f(t),
Theorem 2.3 (See [31]). Let a > 0 and n = [a]+1, then the following formulas are true:

 CIECDAN0) = 1) - Sy I

10D = 10 - S D).

where €D = e

D" (137 f)(a),
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Theorem 2.4 (Banach’s fixed point theorem, see [17]). . Let D be a nonempty closed
subset of a Banach space X. Then any contraction mapping T from D into itself has a
unique fixzed point.

Theorem 2.5 (Schaefer’s fixed point theorem, see [17]). . Let X be a Banach space, let
T : X — X be a completely continuous operator, and let the set D = {x € X : x =
0Tz,0 < <1} be bounded. Then T has a fized point in X .

3. MAIN RESULTS

This section is devoted to the existence and uniqueness results for problem (1)-(2).

Definition 3.1. A function x € C%(J,R) is said to be a solution of the problem (1)-(2)
if © satisfies the equation f:Dg‘(ng + Nz(t) = f(t,2(t),5D]) and satisfies the conditions
z(0) =0, ngx(O) =0, a®I%z(n) + beDFx(T) = c on J.

To prove the existence of solutions to the problem (1)-(2), we need the following auxiliary
lemma.

Lemma 3.1. Let 1 < a < 2, be a continuous function. Then the linear problem

ED§(EDy + () = h(t), t € T =[0.T],
2(0) = 0, ¢DFx(0) = 0, a1z (n) + b<DPx(T) = ¢,
has a unique solution given by
A

2(t) = CISPYR(E) = ACIE () + ) [c — a(®IgTPT Y R(n) — b(eIFTP TR (T +
AT )a(n) + AT ) (T))

3)

— & on1\Btat+l L T _ 1\B—q2+1
where A F(5+Q1+2)(e 1) +F(ﬁ—q2+2)(e 1) #0
B (et — 1)6‘H

Proof. Assume that x satisfies (3.1) and (3.1). Applying the operator “I§ to both sides of
(3.1), and then using Lemma 2.1, we have

(Df + Na(t) = “Igh(t) + co + e (! — ), (4)

cDEx(t) = CISh(t) — Ax(t) + co + ci (e — 1). (5)

Again, taking the integral operator elg to both sides of (5), and then using Lemma 2.1,
we get

z(t) = CISTPYRt) — ACIP)x(t _1_070615_15_1_071
where cg, ¢; and cy are arbitrary constants.
Using the first condition (z(0) = 0) gives ca = 0, the second condition (iDg x(0) = 0) gives
cop = 0 and third conditions gives

(¢! —1)%* 4+ ¢9,  (6)

o=y [c — @IS R(y) — WIS R(T) + aX Iy M a(n) + DA “a(T)|,
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where A = T a (e" — 1)B+q1+1 + (eT _ 1)5_q2+1 £ 0.

(B+aq+2) I'(8—q+2)
Finally, substituting the values of ¢, ¢; and ¢z in (6), we obtain (3).

Conversely, assume that x satisfies the fractional integral equation (3). In fact, using the
operators §Dg and D , gives we obtain

CDG(EDE + Na(t) = h(t), t € J.

Let us now consider the space defined by:
X ={z:2 € C%J,R), ¢DJz € C.(J,R)},
equipped with the norm
lzllx = llzllec + leDgxllo0 = sup |2(t)| + sup [ZDga(t)]-
ted teJ

Clearly, (X, |.][x) is a Banach space, see [10].
We assume the following conditions to prove the existence of a solution of problem (1)-(2)

(H1): The function f: J x R x R — R is continuous.
(H2): There exists constants L € R such that

|f(t,u,v) - f(taﬂ7@)| < L(|U _ﬂ| + ‘U _@Dv
for any u, v, w and T € R, for a.e., t € J.
We adopt the following notation.

QF = Qb 4 O, (7)
k1= K04 kb, ko = KY 4 K, (8)
po =P+ ps, p1 =0+ pi, (9)
where
Of = sup |Qt)], Q= sup [EDIQ(t))], (10)
teJ teJ
k) = LpY, K=k} +[Np), Ki=Lpi, ky=ki+|Np, (11)
with
pd = sup [wd(t)], p¥=sup|wl(t)], pb=supl|wi(t)], pt=sup|wi(t), (12)
teJ teJ teJ teJ
. la] oy e 6] e e
wi(t) = (°Iy (1] + A0 Iy + A0 7™, (13)
e o ]a| e |b‘ e ra+B—
W) = (CIg7 )] + A I 1] + Ao Ior =), (14)
e |aleDY (Qt)) o b|EDF (1)) o 15
wh(t) = (CIp; )] + #( Iy + fT< I, (15)
and
¢ rotp 1a|5DY (1)) 10 0 DIEDF (A1) o vt s
wi(t) = (o7 R+ == (I, L + = = Cl )l (16)

Our first result is based on the following Banach contraction mapping principle.
Theorem 3.1. If the hypotheses (H1)-(H2) are satisfied and if
k = max(ky, ka) < 1, (17)

then the problem (1)-(2) has a unique solution in the space X.



1908 TWMS J. APP. ENG. MATH. V.15, N.8, 2025

Proof. Transform the problem (1)-(2) into a fixed point problem. Consider the operator
F : X — X defined by

(Fo)(t) = (I )02(0) - MCE)a(t) + 2 [e - a L340 () — (I ) ()

AT )a(n) + DA ) (T)] (18)

where o, (t) = f(t,z(t), $DJx(t)),

a b
— 677_1 5+Q1+1+
F(5+Q1+2)( ) (B —q +2)
Clearly, the fixed points of F are solutions of problem (1)-(2).
Setting My = sup;c|f(t,0,0)| and choosing

(61‘, _ 1>B+1

(eT—1)P=2+1 £ 0 and Q(t) = TG+2)

Mipy + || Kol

7‘1>

1—&

Note that B,, = {x € X : ||z|| < r1} is a subest of X which B,, bounded, closed and
convex. The proof is divided into two steps as follows.
Step I: We show that FB,, C B,,. For € B,, by (H2), we have for each t € J

0w (t)] = |f(t, 2(t),eDgx(t)) + f(¢,0,0) — f(t,0,0)]
<|f(t,2(t),eDg) — f(t,0,0)| +[£(t,0,0)]
< L(|z(t) + [eDJx(t)|) + My
< L|jzlle + LleDg 2/l oc + My (19)

Substituting (19) into (18), by using (10), (11), (12), (13) and (14) we have the follwing
inequalities

|(Fz)(1)]

< (L5 Do ()] + A CI)le(1)] + ,ﬁf [lal 52l )| + bl )] (7))

NI + AT ) (T) + el

< 15N Ll + LIEDGolloe + M) + NIl + T [l 155 7)

% (Llelloo + LIEDI@lo0 + My) + BICI5" ) (Ll 2] + LIED3alloe + 1)
aX ™ llall + DM Tz ] + ]
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<{L«%ﬁ%m+mmwkﬁﬁﬂwu 4 RO ooy 1) oy (2

A A
alQ(t bIQt) . .5 e
+ R g+ PR IéTq2>[11)}\|x||oo n {L(( 150)
alQ(t e T b|Q(t e ra+B8— e o
IO e g mvanyag o PO e poony 1) D+ 20, (2510
A A
9190 o1y | ) g )
I, T[] + ‘Igy P)[]) + ,
. c|Q(t
= (L0 P80l + (L(0)) D3 + M) + 20
Consequently,
e &
I(Fa)le < W8llello + KE1EDalloc + Mgk + 5%, (20)
On the other hand, by using (10), (11), (12), (15) and (16), we can find that

e D6 (Fz)(8)]

< I o (t)] + NI ()] + D(’fﬁ(”)

LTS o (T)] + Jad 1™ arm)| + AT ) (T)] + el
D3 (1)
A

< [lal 57 ") (Ll alloo + LD 2loe + M) + L) (Lo

lal (1§ TP o ()]
< ISP (L2l + LIEDY@]loo + M) + XI5 ) 2] +

o+ LEDalloe + M) + oA CI ™Il + ATz ™) ] + el

< {L<(€I&j5—7)[1] + W(EI&;B'FQI)[l] w

Al A]
x (eI&;B_%)[I]) + |)\|((eI§;7)[1] + ’agl)’(jx(f)(t)) (elg;ll-th)[l] + ’b’gl)‘OA(‘Q(t»
alé B

v (elg;tp)[ })}Hl‘noo { ( Oé+f3 ’Y | |CZ)|(3X(|Q(1:)) (BI&;B+(]1)[1]
BIEDR()) ot -an i) 4 DO v
BT (I + (I + R ]
LR2GIG) p—- . lale D3 (1))
PRy >m)}u Dloe + My (B3 ) 1)+ HEE =

potsran gy o PEDRORW®) oo a7y | IleDY(H)
X (I + SR I ) + S

= (Lot @) + Wb () 7llow + (Lt (1)) Do + Myl (1) + !C|D’0A(’9@)>
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Consequently,

] (s
1605 (Fa)lloo < hallzlloc + m1llEDGllo0 + Mipt + R (21)

Combining (20) and (21) by using (7), (8) and (9), we obtain
C *
[(F2)llx < r2llzllse + m1lleDgzlloc + Mipr + ||A‘Q
lel
< kllzllx + Mip1 + |A|Q
<kri1+(1-r)r,0<k<1
<ri. (22)
Hence, the operator F maps bounded sets into bounded sets in X.
Step II: To show that an operator F : X — X is contraction. Let x, y € X and t € J,
we have

(Fa)(t) = (Fy)(t)

= (CI§P) (04 (t) — 0y (1) — M5 ((t) — y(t)) + Qj(\t) [ (eI tArny
% (2(n) = 0y () = b(CL5T2) (02(T) = 0y (T)) + @A Ig ™) (w(n) — ()
FONCL ) (@(T) —u(T))]. (23

By (H2), (11), (13) and (14), we can find that
[(Fa)(t) = (Fy) ()]
< (“Ioy ") (Lllz = ylloe + LIEDFT = EDGylloo) + N (I5,) Iz — ]
Q(t)
+ —_— 7
Al
+ Bl I5 7"~ (Ll = ylloo + LEDgz — EDFylloc)

LN I ™l = yll + A7) 2 =yl

+8+
[\a!(”&nﬂ MLl = ylloo + LIEDGx — EDGylloo)

< {L((@f&:ﬂm + D g+ PO erype)

alQ Q _
(ern + R e+ Bl ermn) } o =l
+ {L(ﬁ&?ﬂ)m + R g+ BRD crgtem) } I£D3e — £Djlc

< {Lw?(t) + IAIwS(t)}IIw —Ylloo + {LW?(t)}HiDgﬂv — eDgyllco-

Therefore,
[(Fz) = (Fy)lloo < mallz = ylloo + £I1EDG2 = EDGYlloo- (24)

On the other hand by (H2), (11), (15) and (16), we can find that
D [(F)(t) = (Fy) ()]
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ey - |CL’2D’Y(Q(t>) erTQx 1 ’b|§D7(Q(t)> ero —q2

< {L(( P + T I ) + SR I )

lale D3 (2(1))
A]

[bleDg (1))

+ NI+ (I ™)+ B Clor™)l) } o =yl

+ {L((EI&?B_W)D] + |a’2D|0j\(‘Q(t>)(eI&;ﬂ-&-th)[l] + ’b|§D’gA(’Q(t)) (eI&;ﬁ—%)[l])
|aleDg (1))
Al

[bleDg (1))

+ NI+ (I ™)+ 2 Clor™)l) } 603 = D3y,

< {Luﬁ(t) + leé(t)}\lrr —Ylloo + {LW%(t)}HiDgir — eDgylloo-

Hence,
HEDG[(Fz) = (Fy)llloo < mallz = ylloo + £illEDGE — EDGYlloo. (25)

Combining (24) and (25) by using (8), we can write

I(Fz) = (Fy)lx = I(Fz) = (Fy)lleo + NeDg[(Fz) = (Fy)llloe
< (K5 + k)2 = ylloo + (5] + £D)IIEDGT — EDGY o
< hgllw = Ylloo + m1llcDgz — CDGYloo
< rlz —yllx. (26)

Consequently by (17), F is a contraction. As a consequence of Banach fixed point theorem,
we deduce that F has a fixed point which is a solution of the problem (1)-(2). O

The second result is based on Schaefer’s fixed point theorem. Let us introduce the
following condition

(H3): There exists a constant M > 0 such that |f(t,u,v)| < My, for any u, v € R
for a.e., t € J.

Theorem 3.2. Assume that conditions (H1), (H3) hold. Then the problem (1)-(2) has at
least one solution on J.

Proof. We shall use Schaefer’s fixed point theorem to prove that operator F, defined in
(18) has at least one fixed point in X. The proof is divided into four steps:

Step 1: The operator F is continuous.

Let {x,} be a sequence such that z,, — x in X, then for each t € J, and by (12), (13),
and (14), we can find that

[(Fan)(t) = (Fz) ()]
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< (IS o, (1) — 0p ()] 4 [N (L)) @ () — 2(t)] + |£|) [| 10 e

% [0, () = 0a )| + Bl I5 ) (00, (T) = ()| + |aX (15 2 () = ()
AL~ lea(T) - x(T)@

<{<I€fﬁ>u L T ey 1]}||axn—axuoo

{w e+ 5 fla |<Iﬁ+ql>[11+\br<eféfq2>[11]}||xn—x||oo

oz, = Txlloo + M) (t) 2 — 2]l co-
Therefore,
[(Fzn)(8) = (Fa))loc < A 0w, = alloo + IMpblIzn — 2. (27)
On the other hand by using (12), (15) and (16), we obtain

cDg [(Fan)(t) = (Fz)(1)]]

< (I T)Now, (8) = ou ()] + NIy lan(t) - 2(0)] + Do\(AQr(t))

x|l I o, () = oa(m)] + DI ) (02, (T) = 02(T)]

XIS ea(n) — 2()] + DA (T~ (T) = (T) |

enY
< {( 157+ =2 O [z o “M)[u}}na%oxnm
Y
{w 15 W[mueﬁ*ql)mwbr(erﬁ‘”)M}}nxnxnoo

B)lloz, — oxlloo + \)\‘wo( Mzn — 2||co-
Therefore,
1£DF [(Fn)(t) = (F2)(®)]lloo < pillow, = ozl + [Alpoll2n — #/|oo- (28)

We remark that the continuity of the functional o (i.e f is continuous), confirms the
continuity of ¢DJ(F) and F, for each ¢ € J. Then

|(Fzp)(t) — (Fz)(t)||lx — 0 as n — oc.

Hence, the operator F is continuous on X.

Step 2: The operator F maps bounded sets into bounded sets in X.

For 9 > 0, there exists constants [ > 0, for each z € {z € X : ||z|x = ||#]loo + [|ED{ |00 }-
Then, for any t € J and z € B,,, and by using (H3), (10), (12), (13), and (14), we have

|(Fz) (@)
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< (IO + I+ 2 [[al (T 0o )] + I PH)a()

A
NI )] + AT ) (T) + el

< M+ Wira(C ] + T [l oI5 )+ ()

a2 (1) + [0AIra (T %) + el

< My [(eféffﬁm + ff,)[mr(ef&:ﬁ*ql)[ |+ el I )]

[c]2(2)

T I+ laleag ) + |b|<615;q2>]] +

< Maf(0) + Nras0) + 11,

Therefore,

C

On the other hand by using (H3), (10), (12), (15) and (16), we obtain
e DG (F)(8)]

TVALE

enY
< B o] + R (o] + EPEO 1o o)

Bl ou(T)] + [l T3] + AT ) 2(T)] + el .
enY

< M+ a0+ P a1

BTG+ faX o (1) + [bAIr2 (15 ) + el

200 (2(1))

< My [(61&1/3 BRI Ry

[lal TP 1] -+ ol g ) 1]

|cleDg2(t)

+ ’)\|T2 |A’ 9

enY
RO [ i+ aler ) + b|<eféTq2>]] n

l¢]

Q*
AT

< Mowi (t) + [Alrawg () +

Therefore,

IEDY(Fo)ll < Marh+ i + (5 %

Combining (29) and (30), by using (7), (9), we can write

|(Fz)|lx < Map1 + |Arapo + \‘A’]Q* =1

Step 3: The operator F maps bounded sets into equicontinuous sets of X.

(29)

(31)

As in step 2, let t1, ta € J, t1 < ty and let B, be a bounded set of X and let z € B,,.



1914 TWMS J. APP. ENG. MATH. V.15, N.8, 2025

Then

|(Fa)(t2) = (Fa)(tr)]

Q(tg) — Q(tl)

() (0alta) = ou(t2) + NI (@(t2) = (b)) + =2

X oI5 () + BETTT )00 (T) 4+ AT )a(n) + ACT])a(T) + ||,

< - ‘ /tl[(et2 - (35”)0‘*'3*1 — (e — es)o”rﬁ*l]esa (s)ds
~ Dla+8)1 o ’

to t1
_|_/t (61&2 )a-&-ﬂ leso_x(s)ds‘ + F(lﬁ)‘ i [(6t2 _ 68),3—1 _ (6t1 _ 68)'8_1]65$(8)d5
! / (e — )P e n(s)ds| + 'Q(t2)|XrQ(tl)| | a1 oa () + IS (T)

+ aACITT M) a(n) + DACIL ) a(T) + c} ,

1 h
S €= e ) e )
o
ta t1
+ [ (e =) e (s Ids\+/ [(e" = )77t = (" — ") Me" |2l oods
t1 ﬁ) 0
" $)8-15 [2(t2) — QI T, e o
+/t (e —e*)7 e Hx||oods+T[a( I oy ()]
1

b I (D)] + k(1) 2o + BRI ) alloo + ],

M t1 « to « t2 t1\« r
FO&—i—B—I—l ( —1) +B—(6 —1) +6+2(6 — € )+B +F(Tj—l)
1 M erx q1 CV q2
[ — 172 )|+ (TR (lelC I I+ bIC )

|)\\7’2
!AI

(\ (I ™ + PBIEI ™)) + lel | 194602) — Q2.

This inequality is independent on x and tends to zero as to — t1, which implies that
[(Fz)(t2) — (Fz)(t1)]|oo — 0, to — t1. (32)

On the other hand,

(6D F)(t2) — (¢Dg F)(th)]
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= (1§77 (0a(t2) — 0u(t)) + ALY ) (@ (t2) — 2(t1))

N e DY (Q(ta)) X ¢DJU(t1)) [a(elgz+ﬂ+q1)ax(n) + (IS T2) 0, (T)

+ AT )a(n) + AT ) (T) + ]|,

t1
&5 a+B—7—1 (ot es a+pB—y—1
F a—l—ﬁ " ‘/ (e ) leo.(s)ds
_ sa—l—,@ y— 1680'x dS’—i— ’ ’
/ INCERD
t1
‘/ )P (et — )P Yesu(s)ds
¢DJ(Qt2)) — DY (Q(t

. / (e — &) 7_16%(3)%“10 it u»wc il <1>>i

t1

% [a(elg+5+th)o_x(n) _}_b(eI(t)lJrﬁ*tIz)o_x(T) +a)\(elg+€h)x(n)

+bMW§WﬂmTy+4,

1 /tl . o o
< el? — es)atB-r=1 _ (g _ g9\ tB=r=1165 5 (s)|ds
S A [( ) ( ) Je*oz(s)]

to
+/(&—&WW71ﬂ%gwﬂ

t1

t1

2 eDJ(Q(t2)) — DI (Ut
+/ (€t2 _eS)Bf'yflest”oodS_i_ |c O( (2))|A|c 0( ( 1))‘ |:a(ejgé+5+lh)
t1

X o ()] + (I3 ) 0w (T)] + aAEIT ) alloo + OACT; ) 0o + ],

My
<
“Ta+B8—-v+1)

(etl _ 1)a+6—7 _ (etz _ 1)a+ﬂ—“/ + 2(et2 _ et1)a+ﬂ—v]

P
L(B—~v+1)

M. er o q1 Oé q2 ‘MT e q1
T (el I + IR ) + S0 (lalC ™)l

(etl _ 1)6—7 _ (etz _ 1)6—7 + 2(et2 _ eh)ﬁ—”/]

+

+ Bl + lel [12(8) = Q(t2)]:

This inequality is independent of & and tends to zero as to — t;, which implies that

I(eDg Fz)(t2) — CDgFa)(tr)lloo — 0, t2 — 1.

1915

(33)
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Thus, it follows from (32) and (33) that
[(Fz)(t2) — (Fz)(t1)l|x — 0, ta — i1 (34)

This steps 1 to 3, together with the Arzela—Ascoli Theorem, we conclude the operator F
is compltely continuous.

Step 4: Now, it remains to show that the set x = {z € X : x = éFz, for some § € (0,1)}
is bounded.

Let x € x, then x = § Fx for some 0 < § < 1. Thus for each ¢ € J, we have

£(t) = 6| (I )0 (t) — KT + 2 [ - a( B o () — b))

i

+ a)\(efg-i_ql)x(?]) + b/\(eloﬁ_qz).’lj(T)]

It follows from (31) that for each t € J,

WPMM<5O@m+Mmm+hp>

Thus ||z||x < co. Then x is bounded.
As a consequence of Schaefer’s fixed point theorem. F has a fixed point which is a solution
of problem (1)-(2). O

4. EXAMPLE

Consider the following nonlinear problem

°DE (D + )a(t) = ()] + L (epia))+ 2, te(0,1], (35)
¢702e0 T g (t2 +9)(1 + |z(t)]) ~ 10(2 —t) 5’ T
4 3 1. 4
2(0) =0, ¢Dgz(0) =0, 4(1 z(H) + = Dox(l))zl, (36)
1
We see that, a = 3, B =2, v=1¢ 1:é,qQ:i,A:%,a:%,b:%,c:l,T:L
n:%and
1
F(tu,v) = v L

(t2+19)(1 +Ju|) 20(2—t) 5
Clearly, the function f is continuous and for w, @, v, v € R and ¢ € [0, 1], we have

1
|f(t,u,v)—f(t,ﬂ,6)|§ ‘U-ﬂ’ﬁ-?o"l)—@’,

1
t2+19
1
< _ _
< b=l lo =0
Hence, condition (H2) is satisfied with L = %
A simple computation shows that A = 1.0911 # 0. By using (9) and (12), we get

py = 4.7955, pY = 3.6629, pi = 4.4868, p] = 4.2682, py = 9.2824, p; = 7.9311,
by using (8) and (11), we get
k) =0.1831, K3 = 0.3750, x] = 0.2134, ki = 0.3929, k1 = 0.3966, ry = 0.7679.

Thus,
k = max(k1,k2) = 0,7679 < 1.
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Hence, all conditions of Theorem 3.1 are satisfied, from which it follows that the problem
(35)-(36) has a unique solution. So, all the assumptions of Theorem 3.2 are satisfied, then
the problem (35)-(36) has at least one solution on [0, 1].

5. CONCLUSIONS

In the present work, we consider a nonlinear Langevin fractional differential equation
with nonlocal mixed (multi-point, fractional integral and fractional derivative) boundary
conditions involving a Caputo-exponential. We have proved two theorems with an example
to illustrate the following results:

i) The existence and uniqueness of solutions: A technique of fixed point theorem
is used to prove the results. Prior to the main theorem, the form of solution is
derived for nonlinear problem.

ii) The existence of at least one solution: A technique of Schaefer’s theorem is used
to prove the results.

iii) Applications: A particular example is addressed at the end of the paper to show
the consistency of the theoretical results.

Acknowledgement. The author are thankful to the referees for their helpful comments
and suggestions.
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