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Abstract: We consider the nonlinear fractional Langevin equation involving two fractional orders
with initial conditions. Using some basic properties of Prabhakar integral operator, we find an
equivalent Volterra integral equation with two parameter Mittag—Leffler function in the kernel to the
mentioned equation. We used the contraction mapping theorem and Weissinger’s fixed point theorem
to obtain existence and uniqueness of global solution in the spaces of Lebesgue integrable functions.
The new representation formula of the general solution helps us to find the fixed point problem
associated with the fractional Langevin equation which its contractivity constant is independent of
the friction coefficient. Two examples are discussed to illustrate the feasibility of the main theorems.

Keywords: fractional Langevin equation; Mittag—Leffler function; Prabhakar integral operator;
existence; uniqueness

1. Introduction

Dynamical behavior of physical processes are usually represented by differential equations. If the
model of physical system in some ways possesses a memory and hereditary properties, for instance,
viscoelastic deformation [1], anomalous diffusion [2], stock market [3], bacterial chemotaxis [4] and
complex networks [5], relaxation in filled polymer networks [6], relaxation and reaction kinetics
of polymers [7], description of mechanical systems subject to damping [8], Behavior of Biomedical
Materials [9]; the corresponding models can be described by the fractional differential equations.

Langevin equation is a fundamental theory of the Brownian motion to describe the evolution
of physical phenomena in fluctuating environments [10,11]. Fractional Langevin equation as a
generalization of classical one gives a fractional Gaussian process parametrized by two indices,
which is more flexible for modeling fractal processes [12-16].

The virtually simultaneous development of fractional derivatives, various generalizations of the
Langevin equation were proposed and studied by various researchers during recent years. Despite the
widespread use of many of the applications [17-22], the fractional Langevin equation is extensively
studied in literature both from theoretical and numerical points of view. Authors in [23] studied
nonlinear fractional Langevin equation involving two fractional orders in different intervals as a
generalized form of three point third order nonlocal boundary value problem of nonlinear ordinary
differential equations. In [24], the authors have studied fractional Langevin equations with nonlocal
integral boundary conditions. Recently, anti-periodic boundary value problem for Langevin equation
involving two fractional orders has been studied in [25]. Existence and uniqueness results for coupled
and uncoupled systems of fractional Langevin equations of Riemann-Liouville and Hadamard types
has been discussed in [26]. Guo et al. [27] gave an efficient numerical method for solving the fractional
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Langevin equation with or without an external force. Some more recent work on Langevin equation
can be found in [28-37].

In the current paper, we mainly focus on the existence and uniqueness result for the fractional
Langevin equation involving two fractional orders:

DF (D*+A) x(t) = f(t,x(t)), 0<t<1,
x(i) (O) = Uj, 0<i< l, (1)
X (0) = v, 0<i<n,

wherem —1 <a<m,n—1<p <mn, | =max{m,n}, mn €N, D"is the Caputo fractional derivative,
x(t) is the particle displacement, x((+®)(0) equals D'D*x(0), in the sequential sense, A € R is the
friction coefficient and f : [0,1] x R — R s a given function which represents a noise term.

Based on the criteria specified in [38], the problem (1) is a general form of anomalous systems
governed by a generalized Langevin equation with long-range memory. In contrast to the classical
Langevin equation, we use DPx(t) and DPD*x(t) instead of the ordinary definition of the velocity and
acceleration as the first and second derivatives of the displacement to derive a generalized Langevin
equation involving friction memory kernel. For example, if 0 < § < 1, = 1, then according to the
standard definition of the Caputo fractional derivatve operator, we have a special case of generalized

Langevin equation involving friction memory kernel equal to mtﬁ ~1. Based on the calculations

in ([39], Section B), in this case, the resulting motion is in fact subdiffusive. Furthermore, it is worth
noting that, if & + § > 2, then we do not have any physical meaning for the main problem. For this
case, it is only a valuable problem in the thory of fractional differential equations as a sequential
fractional differential equation with initial conditions.

As we have seen in the papers cited above about analysis of fractional Langevin equation,
using various classical fixed point theorems is a common and useful technique for obtaining the
existence and uniqueness results for fractional Langevin equation involving different initial or
boundary conditions. In the mentioned papers, the contractivity constant of the fixed point problem
associated with the fractional Langevin equation depended on the friction coefficient A. For example,
in the obtained existence and unique results in [33,34], the contractivity constants Ry, R, satisfy the
following conditions

_ *(t—s) b Al )
Ry = Oséutlgl (/0 Tt p) a(s) ds + ACES)) <1, ()
and
B llallp A
Rz—"(w“*rw)“' )

Q=

where k = (qu(lﬂ) and p ' +¢7! =1, respectively. As stated in relations (2) and (3),
the contractivity constants Rj, Ry depend on the friction constant A. Therefore, from (2), we can
not discuss the problems involving the friction constant [A| > I'(a« 4 1). Similarly, from (3), we can
not study the problems involving the friction constant [A| > T'(«). Note that0 < 1 —g(1 —a) < 1.
Therefore, we cannot discuss the existence and uniqueness of solutions for the problems involving
large friction coefficient A. In this paper, we strive to overcome this major limitation. First we propose
a new construction of the general solution for the Equation (1) using two parameter Mittag—Leffler
functions and some of the basic properties of Prabhakar operator. This is done in Section 2. Then we
obtain a new existence and uniqueness results under some weak conditions by using contractive
mapping theorem and Weissinger’s fixed point theorem. This is content of Section 3. Two examples
are given in Section 4 to illustrate our results.
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2. Preliminaries and Auxiliary Results

30f10

In the following section, we apply some technical calculations related to fractional calculus to
build a new general solution corresponding to initial value problem (1) which provides an extremely

powerful tool for the proof of the main result. Furthermore, we present some preliminaries and

notations regarding fractional calculus for the reader’s convenience. For details, see [40—46].

Definition 1. The Riemann-Liouville fractional integral of order « > 0 for the function x : [0,1]
x € LY0,1] is defined as

I"x(t) = I“(lac) /Ot(t —5)* Lx(s)ds.

Definition 2. The Caputo fractional derivative of order « > 0 of a function x : [0,1] — R is defined as

D%x(t) = F(nl—oz) /ot(t =) (s)ds,

wheren —1 < a < nandn € N, provided that the right-hand-side integral exists and is finite.

Definition 3 ([46]). Leta,f > 0, A € Rand x € L'[0,1]. The Prabhakar integral can be written as

t
Ela, B, Alx(t) = / (t— s)ﬁ_lEa,ﬁ (A(t—s)*) x(s)ds,
0
where E, g(+) is the so-called two parameter Mittag-Leffler function, defined by

() Z‘]/l

Eﬂé,ﬁ(z) = ;} m,
and Eq(-) = Ey1(-). Like the Mittag—Leffler function Ey(z), E, g(z) is an entire function of order *.
Lemma 1 ([46]). Leta, B,y > 0and x € L! [0,1). Then
I"Ela, B, A|x(t) = E[a, B, A|T7x(t) = E[a, B+ 7, A]x(¢),
holds almost everywhere on [0,1]. Furthermore, E[a, B, A]t7 =T (7y + 1)tV PE, g (At*).

Lemma 2. The general solution of (1) is given by

—1 n—1 . n-l 1
Z Ty (M) + 5 B (A + T gt (B ()
= = ri+1)
+/ $) BBy 0 g (—A(E—5)") £(5,%(s)) ds.

Proof. Let x(t) be a solution of the problem (1), we have

(D*+A)x Z a1t1+/ tr(s/;)ﬁ 1f (s, x(s))ds.

— R,

)
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By using the initial conditions for the initial problem (1), we find thata; = ?Jﬁ’ )’ ,i=0,1,---,n—1.

Therefore, we have

(D*+A)x i 111 JHW’ l+/ tis f(s,x(s))ds. (5)

Now, using the approach of Kilbas et al. ([40], Section 3.1), the solution of the Equation (5) is
given by the following expression

th]EMH )+ [ =9 B (- A(t—s)“)( LS A x <>><s>>ds. (6)

Note Eqo(z) = aE(z) and s0 (£ —s)* 1 Eq o (—A(t —5)%) = 4 ( Eo (—A(t— s)"‘)). This yields that
fo )¥ 1 Ega (—A(t—s)*)ds = L (1 — Eq (—A#%)). On the other hand, an integration by parts reveals

t

/Ot(t — ) E,  (—A(t—5)") s'ds = % <siEa(—A(t -, -

t ‘
i/ Ea(—A(t— s)”‘)slld5> .o
0
for each i € N. Applying Lemma 1 to the second term in the right-hand side of (7), we conclude
't . 1 /. .
/ (=) Eun (<A —5)%) s = 1 (F = T(i+ DEE(-A1)),
J0

for each i € N. Therefore

m—1 n—1 v; ot . o
x(t) = ,g) Uit Eqjir (— Atw)+§)m/o (F— )5 B (<A(t—5)%) s d
L " R A=) e /ot(t 8 B (A= 5)) (IPF( () (5)) ds
m-l nfl ) .

/ SV E g (—A(E—5)%) £(5,x(5)) ds

m—1 .
= Z UiV Eg iy (—AEY) + Evit”l}sm( AY) + Eyf( (111) E. (—/\t"‘))
i=0

= 9P B (A= 9 fx(5) s,
which is the desired result. O

Now, we state Weissinger’s fixed point theorem ([41], Theorem D.7) as a generalization of the
so-called contraction mapping theorem which is needed to prove Theorem 3.

Theorem 1. Let X to be a Banach space and let 6, > 0 for every n € NU {0} such that }_,_ 6, converges.
Furthermore, assume T : X — X is a nonlinear mapping which satisfies the inequality ||T"x — T"y|| <
0, ||x — y|| for every n € N and every x,y € X. Then, T has a unique fixed point x*. Moreover, the sequence
{T"x0}5> ) converges to this fixed point x*, for any xo € X.

3. Existence and Uniqueness

Our aim in the following section is to deeply investigate the existence and uniqueness results for
the main problem (1) in the Lebesgue space.

Theorem 2. Let max{1, ﬁ} < p < oo, p~t 4 g7 = 1and the following hypotheses 1-3 hold:
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Hypothesis 1. f(t,0) € L7[0,1].
Hypothesis 2. There exists nonnegative a € LP[0,1] such that | f(t,x2) — f(t,x1)| < a(t)|xa — x1|, for each
t€[0,1] and x1,x3 € R.

My |allp

Hypothesis 3. R := T
(1=g+q(a+p))T

< 1 where My = sup;c (g |Eqarp(—ALY)].

Then the integral Equation (4) has a unique solution in L1[0, 1].

Proof. We define the operator T as follows:
t
Tx(t) = /O (t =) P Egaip (=A(E—9)") f(5,(s))ds + ¢(t), ®)
where
n—1 ) 1
Z y]t]E,X]H( A+ Y vt P Ey o (—AEY) + Z it ( NESIN (—)\t"‘)). )

Let M(t) = ta+ﬂ_1Ea,a+/S(_)‘ta)r M = SUP;e(o,1] ‘Ea,a-&-ﬁ(_/\ta) ’ and My = SUP;eo,1) ¢ ().
Note that the generalized Mittag-Leffler functions are entire functions [43,44]. For each x € L7[0,1],
we have

ITx(t)] < /OtM(t—s)f(s,x(s))ds—i-Mz
< [ 1M = 1701+ MG = )] £(5,x(5)) ~ £(5,0)] s+ My
< /t|M<t—s>|%|f<s,o>||M<t—s>%ds+/t|Mt—s)\\x<s>||u<s>|ds+Mz
< (/ |Mt—s||f(sO|‘7ds) (/ |Mt—s|ds)
F ()l T ’
+My </O (t_s)”(aw)ds) (/O |a(s)|r’ds) + M,
A M% E x(s)]f G
= M </0 (ts)l“"*ﬂds) .(a+[5) + Mallally </ (t—s)q—q(a+ﬁ)ds) +M,
M BCOIEAY ()l g
" g (a2 emses)+ wutal ( <ts>q—q<w+ﬁ>d5) M

Therefore, we have

1
q
ITxll, < 1(// tisl Mdsdt) +M1||a|p(// o qa+ﬁ)dsdt> + My

tx—i-,B )P

1
q
— (// t—sl Mdtds) + Mallall, (// e M+ﬁ)dtds> + M,

oc—i—ﬁ
M
! llallplixlly + Ma,
(1—qg+q(a+p))a

= m”f(sfo)nq +
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which yields T : L7]0, 1] — L7[0, 1]. Now, for x,y € L[0, 1], we obtain
| Tx(t) — Ty(t)] ,x(s)) = f(s,y(s))] ds

()l a(s)] ds
([ )’ (f o)

B Ex(s) —y(s)|? !
= Myllallp (/o MMds)

A IA
S~ S
= =
| |
1¥)) wv
V=
O

=

IN

which implies that

1
q
-1yl = wl, () / )dsdt)
1| :
X q
= Millel, <// q e ﬂ)dtds>

1
1(1— 1—g+q(a+p) q
-l [ =2 1) -y

q+qa+p)
My ||a|
< T lx =yl
(1—g+q(a+p))7
= Rlx—ylg

Note that 1 — g+ g(a + B) > 0 because of p > ﬁ Therefore, T is a contraction since R < 1.
By the Banach contraction principle, T has a unique fixed point, which is the unique solution of the
initial problem (1). O

Remark 1. We recall from [43,44] that E, g(—2z) is completely monotonic function for0<a<landp > «,
that is, E, g(—z) possesses derivatives 4 (Ea,ﬁ(—z))for alln=0,1,2,- and (—1)" 4 (Ep(—2)) > 0

dzn
forall z > 0. Therefore, Ey 5 g(—At") < Eqnyp(0) = for A>0,0<a<land0<t<1.

oc+ﬁ
Theorem 3. Let 1 < g < oo and the following hypotheses 4 and 5 hold:
Hypothesis 4. f(t,0) € L7]0,1].

Hypothesis 5. There exists L > 0 such that |f(t,x2) — f(t,x1)| < L|xp — x1], for almost every t € [0,1]
and x1,xp € R.

Then the integral Equation (4) has a unique solution in L1]0,1].
Proof. With notations as in the proof of Theroem 2, and using the same arguments, we obtain

My EOFs0 NG MLt k()] \
|Tx(t)|§(“+ﬁ)% (/0 (t_s)lwds> +(Hﬁ)% (/0 (t_s)lwds) + My,
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and therefore,

1 1
f(s, 0 |q a ML Lot x(s)| 7

A

1x+/3? Y
_ |f(s,0)]1 7 ML (Ut k()] 1
_ “*ﬁé(f/ (F=s)T7" ﬁdtds) T wtpy (/0/ (t—s)laﬁdtds) + M,
< "‘A‘/ilﬁ (”f(O/S)Hq -l-LHxHq) + My,

which yields T : L7]0, 1] — L7[0, 1]. On the other hand, for every n € N and for each t € [0, 1], we have

T - Ty < [ MG sl [ T (o) = Flon T y(sn))|dsy
< ML /ot(t — )M T () — T"fly(sl)‘ dsq
< (MlL)Z /Ot(t _ Sl)a+ﬁ71 <'/051 (51 _ Sz)oﬁrﬁfl Tn72x(52) _ Tnizy(sz)’ d52> dsy
= (ML) /0 t /S'f(t—sl)“ﬁ*l(s1 —5y) B T2y (sy) — T"*Zy(sz)‘ ds, ds,
= (ML)? ./Ot (/St(t —sy)e (s, — sz)‘”lj’ldsl) T"2x(sy) — T"’zy(sz)‘ ds,
2t
— (r(lfl(;(ﬁ—zl\z/fl;;) /0 (i‘ _ 52)2a+2ﬁ71 Tn—Zx(SZ) _ Tn72y(52)‘ ds,
= (F(Fa(:aﬁlj\:;%)m /;(* = 5)" T x(50) — y(su)| dsn
= QDM 0™ faton) o0l (- 50 ™,
= 4@(;(:“@%*) ( /Ot<f = 5n)" 7 x(50) — y(sn)|" d) E (/Otﬁ - sn>”“*”’*’1ds"> ﬁ
(T(a+B)M;L)" f —— 1\
< (t—su) [x(sn) —y(su)|Tdsn | .
(! )

(na + nﬁ)%l“(mx +np
Therefore, we conclude

- (vc +B)MiL)"

T'x —T" — ,
for every n € N and all x,y € L7[0,1]. Now let 8, = % From the definition of the

generalized Mittag-Leffler functions, we have }_7° 40, = Eyp (I'(a + B)M;L) and hence the series
Yoo 6x converges. Therefore, the existence of the unique fixed point of T follows from Weissinger’s
fixed point Theorem. [

4. Illustrative Examples

In this section, some examples are provided to show the applicability of the analytical
achievements of the paper.

Example 1. Consider the initial value problem

sint + arctan x () O<t<i

et I/t - (10)

{ D} (D} +A)x(t) =147+
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Here f(t,x) = 1+ 2  sinftarctany - — 1 g — % and the friction constant A > 0.

2et I/t )
Let p = q = 2. Clearly, f(t,0) = 1+ + % and f(t,0) € L?[0,1]. In fact, it is easily seen
1\ 1 (T) : 1 :
that ||f(£,0)]2 < 1+ (g) +tal% ) - On the other hand, |f(t,x) — f(t,y)| < 2et%|x — y| with
1
1 2
a(t) = 2*3/2 Similarly, we see that a € L2[0,1] and ||a||; < } (%\;;) . Further, from Remark 1 it follows
1
that My = supyc(q ‘E%,%(—)\tz) < r(l%s) Therefore,
M b
R= el V2 064226 < 1.

(1—g+aa+p)t  Vier($)

Note that the contraction constant R is independent of friction constant A. Thus, by Theorem 2, the initial
value problem (10) has a unique solution in L2[0,1].

Example 2. Consider the initial value problem
(11)

where g € L*[0,1] and the friction constant A € R.
Observe that f(t,0) = 0and |f(t,x) — f(t,y)| < L|x — y| for almost every t € [0,1] with L = ||g]|co-
Thus, by Theorem 3, the initial value problem (11) has a unique solution in L*[0, 1].

5. Conclusions

In this article, we have considered initial value problem of nonlinear fractional Langevin equation
involving two fractional orders. As a first step, by applying the tools of fractional calculus and
using some basic properties of Prabhakar integral operator, we build a general structure of solutions
associated with our proposed model. Once the fixed point operator equation is available, the existence
results are established by means of contraction mapping theorem and Weissinger’s fixed point theorem.
Finally, two examples were presented to support the result.
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