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Abstract

In this paper, we establish sufficient criteria for the existence of so-
lutions for a new kind of nonlinear Langevin equation involving con-
formable differential operators of different orders and equipped with
integral boundary conditions. We apply the modern tools of functional
analysis to derive the desired results for the problem at hand. Examples
are constructed for the illustration of the obtained results.

1 Introduction

Langevin equation is an important tool of mathematical physics, which suc-
cessfully describes the processes like anomalous diffusion, price index fluc-
tuations [1], fractal environment in the irreversible dynamics of a harmonic
oscillator [2] and so forth. When the separation of the microscopic and macro-
scopic time scales does not exist in the systems, the fractional analogue (also
known as stochastic differential equation) of the usual Langevin equation is
suggested, for example, see [1]. In [3], the author investigated moments, vari-
ances, position and velocity correlation for a fractional Langevin equation
with Riemann-Liouville fractional time derivative and compared the obtained
results with the ones derived for the same generalized Langevin equation in-
volving Caputo fractional derivative. For some recent works on boundary
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value problems involving Langevin equation, we refer the reader to the papers
[4] - [9] and the references cited therein.

In [10, 11], the concept of so called “conformable fractional differential and
integral operators” was introduced and elaborated. However, the conformable
fractional differential operator has no relation with fractional calculus. It is
better to call such an operators as “conformable differential operator”. In
[12], some more results for conformable calculus were obtained. In [13], the
authors studied the stability and asymptotic stability of conformable nonlin-
ear differential systems by using Lyapunov function. In a recent article [14],
the authors discussed the existence of positive solutions for a conformable
differential equation equipped with integral boundary conditions.

In the present paper, we introduce a new type of nonlinear Langevin equa-
tion involving conformable differential operators of different orders and solve
it with integral boundary conditions. In precise terms, we investigate the
existence of solutions for the following problem:

{ To(Ts 4+ Nz(t) = f(t,z(t), A, peR, t e J:=[0,7],
2(0) =0, x(r)=p [, z(s)ds, p €R,

where T,,Tp are the conformable differential operators of order «, 8 € (0, 1]
and f:[0,7] x R — R is a given continuous function.

(1)

2 Preliminaries

In this section, we briefly describe some basic concepts of conformable calculus
[10, 11], related to our work. In the sequel, we omit the word “fractional” from
the related literature.

Definition 2.1 For « € (0, 1], the conformable derivative of a function f :
[a,00) = R of order « is defined by

Taf(t) — lim f(t + E(t - a)l—a) - f(t)

e—0 €

, for all t>a. (2)

If T2 f(t) exist on (a,b) then T2 f(a) = limy_, o+ T2 f(¢).

Definition 2.2 Let a € (n,n + 1]. The conformable derivative of a function
f:]a,00) = R of order a when f(™)(t) exists, is defined by

Taf(t) =To . /™). (3)
Definition 2.3 Let o € (n,n + 1]. The conformable integral of a function
f:[a,0) = R of order « is defined by

IS f(t) = % / (t—s)"(s —a)* " f(s)ds. (4)
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Lemma 2.1 Let a € (n,n + 1]. If f(™(¢) is a continuous function on [a,c0),
then, for all t > a, T2I2f(t) = f(t).

Lemma 2.2 Let a € (n,n + 1]. Then T¢(t — a)* = 0 for all ¢ € [a,b] and
k=1,2,...,n.

Lemma 2.3 Let « € (n,n + 1]. If T2 f(t) is a continuous function on [a, 00),
then “
ara - fk(a)(tia)k
LTft) =f(t) =) ——— Vt>a (5)
k=0
In passing, we remark that I, and T, respectively denote the conformable
integral and conformable derivative of f with a = 0.

Lemma 2.4 Let h € C(0, 7). Then the unique solution of the boundary value
problem:
To(Ts 4+ N)z(t) = h(t), teJ:=[0,7],
(6)
z(0) =0, z(r)= ,ufOT z(s)ds,

is given by

B T
() = To(Ih)(0) = Mpa(t) + 5 {ue [ 1o(0h))(s)ds = Iy Loh(s)) (7

—)\(u Igx(s)ds —ng(T))},
0

(7)

where it is assumed that
(B +1— pr)
Qi=————""2~Z0. 8
BB+D )
Proof. Applying the operator I, on both sides of the fractional differential

equation in (6) and using Lemma 2, we obtain

(Ts + AN)z(t) = Ioh(t) + c1, (9)

for some ¢; € R. Next, applying the operator Iz on both sides of (9), we get

z(t) = Ig(Iah(s))(t) — Max(t) + clt; + co. (10)

Using the boundary conditions given by (6) in (10), we find that ¢co = 0 and
o = i [ Bh)Es - 1A

—)\<M /OT Igxz(s)ds — Iﬁl’(T)) }
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Substituting the values of ¢; and ¢y in (10) yields the solution (7). The converse
follows by direct computation. The proof is completed. O

3 Existence and uniqueness results

In this section, we derive existence and uniqueness results for the problem (1)
in a Banach space € of all continuous functions from [0, 7] to R endowed with
the norm ||z[| = sup,¢jo -y [2(¢)|. By Lemma 2, we define an operator §: C — €
by

S0 = Lal1af .20 ~ M) + 4l [ o f w2 51t
~I5(Iaf (s, 2())(7) = A(n / Ipw(s)ds — Isa(r)) ). (11)
For brevity, we set the notations:

Fot8

- st (1 g (1

@rarn)) (12

and
A2:|’\|§{ 5|Q|( +|“|5+1)} (13)

Our first result dealing with the existence of solutions for the problem (1)
relies on Krasnoselskii’s fixed point theorem [15], which is stated below.

Lemma 3.1 (Krasnoselskii’s fixed point theorem ). Let E be a Banach space
and U be a closed convex and nonempty subset of E. Let A;, As be the op-
erators defined on U to F such that (i) Aju 4+ Agv € U whenever u,v € U;
(#4) Ay is compact and continuous; and (ii¢) Az is a contraction. Then there
exists s € U such that s = A1s 4+ Ags.

Theorem 3.2 Let f : J x R — R be a continuous function satisfying the
following condition:

(H,) there exists a continuous function ¢ € C([0, 7], R") such that
62 <o), V(ha) € xR

Then the problem (1) has at least one solution on J, provided that

As < 1, (14)
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where As is given by (13).

Proof. Consider the set B, = {z € C: ||z| < r} with r > |1 &, Where
]l = supsepo, - [¥(t)], A1 and Ag are given by (12) and (13) respectively.
Define operators §; and G, from B, to € as follows:

|1l Ay

Git) = Ls(laf(s,a(s))®
B T
g {n | Tt e ) @)ds = 1 (e (s a() (1)},
B T
—Axz(t) — %{,u/o Igx(s)ds — Igm(r)) }

Sa(t)

Notice that § = G + G5 on B,.. Now we verify the hypothesis of Lemma 3.
For z,y € B,., we find that

IN

IA

<

[|S1z + G2y

t? T
ilelg{Iﬁ(falf(s,x(S))l)(tHI/\Ifzaly(t)|+ﬁm'{u/0 Is(Ialf(u, x(u))])(s)ds

+15(La] £ (s,2(s)))(7) + Al (|1 / " Ioly(s)lds + Isly(r)]) }
|¢|{(_~_ﬂ{1+ |Q‘( +|H|(a+6+1))}}

+|y||{|A|{1+6|Q|( +IM|5+1)}}

ll[AL + A2 <,

which implies that G1x + G2y € B,.. Next, we show that G is a contraction.
For that, let z,y € C. Then

1G22 — a2yl

IN

B T
sup {Mﬂlw(t) =901+ Wi {lel | Tole(e) — (s

+ Igla(r) - ym}}

IN

|A\—{1+B|Q|( Il 577) Hle = vl
Aallz =y,

which together with the condition (14) implies that G is a contraction.
Continuity of f implies that the operator G; is continuous. Also, §; is uni-
formly bounded on B, as

Szl < [lllAs.
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In order to show the compactness of the operator 1, let sup(, ,ye s« 5, |f(t, 2)] =
f < 0o. Then, for t1,ts € J, t; < ta, we have

[(S12)(t2) = (Grz)(t1)]

‘/ $° 1 /S o‘flf(u,ac(u))du)ds — /Ot1 8’871(/0S Uailf(%m(u))du)ds

o [ st )05 ~ L1 5,20
FlpatB _ jatp £148 P -
(flti(wté) | f‘tmmt ‘{ @+ 8) (”‘“'m)}) =0

as to — tl,

IN

+

independently of x € B,.. Thus 9 is equicontinuous. So G; is relatively com-
pact on B,.. Hence, by the Arzeld-Ascoli theorem, G; is compact on B,.. Thus
all the assumptions of Lemma 3 are satisfied. So the conclusion of Lemma 3
applies and that the problem (1) has at least one solution on J. ]

In the next result, we prove the uniqueness of solutions for the problem (1)
by applying Banach’s fixed point theorem.

Theorem 3.3 Assume that f:J x R — R is a continuous function satisfying
the following condition:

(H3) there exists a positive constant £ such that

|[f(t,z) — f(t,y)| < Llz —y|, forte J and for every z,y € R.

Then there exists a unique solution for the problem (1) on J provided that
LA+ Ay <1, (15)
where Ay and Ay are respectively given by (12) and (13).
Proof: Let us define By = {x € C([0,T],R) : ||z|| < 7} with

A M
> ———, Ssu t,0)| =
> Ry S 0=

and show that §B; C By, where the operator § : € — € is defined by (11).
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For © € By, using (Hs), we get
15(z)(8)]
< Is(Lallf(s,2(s)) — f(s,0)[ + [f (s, 0)[)(2) + [AIg|z(2)]

t? T
+w{lu\/o I (Ialf(u, z(w)) — f(u, 0)] + | f(u,0)[])(s)ds

+s(Lallf(s,2(5)) = f(s,0)] + |f (s, 0)[)(7) + [A| (IM\ /OT Igla(s)|ds + Is|(T)|

O¢+B

ot B {”mm (1 I e m)})

”(WT,@{ * |Q|(1+|“‘5+1)})
= (LF+ M)A + AoF <7,

which, on taking the norm for ¢ € [0, 7], yields ||G(x)|| < 7. This shows that G
maps By into itself. In order to show that the operator G is a contraction, let
x,y € C([0,7],R). Then, for each ¢ € [0, 7], we obtain

S0 - SOl = tule \f(s 2()) — £, 5D + A Isl2(t) — u(0)
ot il [l ) = S )
+w £(s.2(5)) — Fls.y(&)()
1 (Il [ Tole(s) = (s + Tofe(r) — (r))

Llle - y\l(fﬁ{l + W(l )}

= - yII(I/\| {1+5|Q‘(1+|“|5+1)})
= (LA1+ M)z —yl|.

Taking the norm of the above inequality for ¢ € [0,7]], we obtain [|G(x) —
S| < (LA + Ag) ||z — y||, which, in view of the condition (15), implies that
the operator G is a contraction. Hence the operator G has a unique fixed point
by contraction mapping principle, which corresponds to a unique solution of
the problem (1). O

N—

IA

(LFJrM)(

IN

Example. Let us consider the following boundary value problem
{ Tyya(Taya +1/9)a(t) = f(t (), teT:=[0,2]

z(0) =0, =z(2)= 1/5f02x s)ds

Here a =1/4, 8 =3/4, A =1/9, p = 1/5, 7 = 2 and f(t,z(t)) will be fixed
later.

(16)
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Using the given data, we find that |Q] ~ 1.729844, Ay ~ 20.444444, and
Ao =~ 0.645956, where 2, Ay, and Ay are given by (8), (12) and (13) respec-
tively.

For illustrating Theorem 3 we take

_ 1 |z (t)] - —t
f(t,x)f4m(|x(t)|+l+tan Lat) +e ) (17)

Clearly f(t,x) is continuous and satisfies the condition (H;) with

T+2(1+et)

YO = S e

Also
Ay =~ 0.645956 < 1.

Thus all the conditions of Theorem 3 are satisfied and consequently there
exists at least one solution for the problem (16) with f(¢,z) given by (17) on
[0,2].
In order to illustrate Theorem 3, we choose

—t

flt,x) = 5 (sinx—i—cost). (18)

(12+1)
It easy to check that f(¢,x) is continuous and satisfies the Lipschitz condition
with £ =1/144. Also

LA; + Ay = 0.7879314 < 1.

Thus the hypothesis of Theorem 3 holds true. Hence the problem (16) with
f(t,z) given by (18) has a unique solution on [0, 2].

4 Conclusions

We introduced a new form of Langevin equation involving conformable dif-
ferential operators of different orders and studied it subject to the integral
boundary conditions. The existence results for the given problem are derived
with the aid of standard fixed point theorems. Our results are new and reduce
to the ones for a second-order integral boundary value problem when «, 5 — 1.
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