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LANGEVIN EQUATION*

Mengrui Xu, Shurong Sun? and Zhenlai Han?

Abstract We investigate impulsive fractional Langevin equation involving
two fractional Caputo derivatives with boundary value conditions. By Banach
contraction mapping principle and Krasnoselskii’s fixed point theorem, some
results on the existence and uniqueness of solution are obtained.
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1. Introduction

The states of many processes are often subject to instantaneous perturbations and
experience abrupt changes at certain moments of time. The model of impulsive
differential equations is better than pure continuous-time or discrete-time model
for describing those processes [3,16,17]. Although fractional differential equation is
developing rapidly owing to its wide applications of science and engineering in recent
decades [1,8,9,13,15,18,20-23, 25|, the study of fractional impulsive differential
equations has been started quite recently ( [17,25]).

There are some ways to consider the concept of a solution to fractional differ-
ential equations with impulses. In 2012, Feckan et al. [5] gave a new concept which
is to keep the lower limit ¢ of the fractional derivative for all ¢ > to but consider
different initial conditions on each interval (¢, tx41). Fractional derivative provides
an excellent instrument for the description of memory and hereditary properties of
processes. This is the main advantage of fractional derivatives in comparison with
classical integer derivatives [15]. This concept can reflect that fractional derivatives
have global property and the memory accumulated by the long time effects in the
whole process including impulsive moments. This approach is used in some papers
(for example, [2,5-7,14,19,24]).

In this paper, also in this way, we consider the boundary value problem of two-
term Caputo fractional impulsive Langevin equation

Dou(t) + AD°“tu(t) + f(t,u(t) =0, t€J = J\{t1, - ,tm}, (L1

Au|t=tk = Ak, Aul|t=tk = bk) k= 17 e, M, (12)
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Au(0) = u(1), u'(0) = d, (1.3)

where D% and D%~! are the standard Caputo fractional derivatives with the lower
limit zero and 1 < § < 2, J =10,1], f: J x R — R is a given continuous function,
apy b, Nand d € R, 0 =tg < t1 < -+ <ty < tmy1 = 1, Aufry, = u(td) —ulty),
Au|i=y, = u’(t:) —u'(t),).

The Langevin equation was introduced by Langevin in 1908 to give an elaborate
description of Brownian motion. It has been widely used to describe the evolution
of physical phenomena in fluctuating environments [4]. The nonlinear fractional
Langevin equation involving two fractional derivatives as a kind of generalization of
Langevin equation has been studied by many researchers [10-12]. In addition, A.
Kilbas et al. [8] considered the fractional differential equation with two fractional
derivatives of the type: Dz(t) — ADPz(t) = f(t), where A € R, D® and D? denote
the Caputo fractional derivatives with the lower limit zero. However, there are less
results about multi-term fractional impulsive differential equations and no paper
considered the solution for two-term Caputo fractional impulsive Langevin equation
with boundary conditions (1.1)-(1.3). What’s more, the equation we studied can
reduce to single-term fractional differential equations by letting parameter A = 0
and reduce to classical Langevin equation by letting order § = 2. In this article,
we will study the existence and uniqueness of solution for BVP (1.1)-(1.3), using
Banach contraction mapping principle and Krasnoselskii’s fixed point theorem.

The paper is organized as follows. In Section 2, we recall some necessary con-
cepts and results and present preliminary results. In Section 3, some results on
the existence and uniqueness of solution are obtained. Two examples are given in
Section 4.

2. Preliminaries
In this section, we give some definitions and lemmas which are required for building
our theorems.

Definition 2.1 ( [15]). The fractional integral of order o > 0 of a function f :
[0,400) — R is given by

o) = g [ (=9 s, >0

where I'(«) is the Gamma function, provided the right side is pointwise defined on
[0, 4+00).

Definition 2.2 ( [15]). The Riemann-Liouville fractional derivative of order & > 0
of a function f : [0,4+00) — R is given by

RL na _ 1 i t 7snfoz+1 s)ds
D0 = ey () [ = s, >0,

where n is the smallest integer greater than or equal to «, provided that the right
side is pointwise defined on [0, +00).

Definition 2.3 ( [15]). The Caputo fractional derivative of order a > 0 of a func-
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tion f : [0,400) — R is given by

n—1

Dg f(t) = D" lf(t) - Zﬂ’“)(m] L t>0,

k=0

where n is the smallest integer greater than or equal to «, provided that the right
side is pointwise defined on [0, +00).

Lemma 2.1 ( [3]). (Compactness criterion) The set F € PC([0,T],R"™) is relatively
compact if and only if:

(1) F is bounded, that is, ||z|| < ¢ for each x € F and some ¢ > 0;
(2) F is quasiequicontinuous in [0,T].
Lemma 2.2 ( [15]). (Krasnoselskii’s fized point theorem) Let M be a closed,

bounded, convexr and nonempty subset of a Banach space X. Let A, B be the
operators such that

(i) Az + By € M whenever x,y € M;

(i) A is compact and continuous;
(#ii) B is a contraction mapping.
Then there exists z € M such that z = Az + Bz.

Consider the piecewise continuous functions space
PC(J,R) ={u:[0,1] = R:u € C((tg, tx+1],R) and there
exist u(t)), u(ty) with u(t;) =u(ty), k=0,1---,m}.

with the norm [|u|| = supy<;<; [u(t)]. Denote PC'(J,R) = {u,u’ € PC(J,R)} with
the norm ||u||; = ||u|| + ||«/]]. Obviously, PC*(J,R) is Banach space.

Definition 2.4. A function u € PC?(J,R) is said to be a solution of (1.1)-(1.3)
if u satisfies the equation D%u(t) + AD°~tu(t) + f(t,u(t)) = 0, t € J', and the
conditions Auly=¢, = ag, A |i=¢, = bg, k=1--+,m, Au(0) = u(1) and «/(0) = d.

Lemma 2.3. Let h : J — R be continuous. A function u is a solution of the
boundary value problem

Dou(t) + AD°“Lu(t) + h(t) =0, te.J, (2.1)

Au(0) =u(l), v'(0) =d, Auli=y, = ag, AU|t=t, =br, k=1,2,--- ,m, (2.2)

if and only if uw € PC(J,R) is a solution of the integral equation

p(t) + A [y H(t,s)u(s)ds + [, G(t,s)h(s)ds, t € [0,t1],
u(t) = p(t) +q(t, k) + A [ H(t,s)u(s)ds + [;y G(t,5)h(s)ds, t € (ti, tpra],
k=1,2,---,m,
(2.3)
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where

m

p@)=—4M+ﬂ)<§:0u+(m+Amxl—u»>%{—At+t—md

i=1

k

q(t.k) = (ai + (bi + Aa;)(t — 1)),
=1

{M,O§s<t§L

H(t,s) =
(t;9) M+1,0<t<s<l,

and

G(t,s) = {(1 M1 -8t —(t—s)PL 0<s<t<1,

(1+M)(1—s)P0"1 0<t<s<l.

Proof. Assume u satisfies (2.1)-(2.2). If ¢ € [0,#;], applying I° on both sides of
(2.1), one has

u(t) = Ao + Bot — )\/0 u(s)ds — ﬁ /0 (t —5)°"h(s)ds. (2.4)

Note that u(0) = Ag. By boundary condition «’(0) = d, one has By = d + A\Ay.
Furthermore, in general, if t € (ty,tx + 1], k=1,2,--- ,m, then
t 1 t
u(t) = Ay + Byt — A/ w(s)ds — —/ (t — 5)°~1h(s)ds, (2.5)
0 I'(d)

0

u'(t) = Br — Au(t) — ﬁ/o (t — 5)°~2h(s)ds. (2.6)

By the impulsive conditions u(t;) = ay +u(ty ) and v’ (¢]) = by +1/(t;, ), we deduce
that

A+ Byt = ap + Ap_1 + Br_1tg, (2.7)
B — )\u(t;) =b, +Bp_1 — )\u(t,;)
Thus,
k
Bi =bi + Aa + Br_1 = > _(bi + Aa;) + d + Ao, (2.8)
i=1

Combining (2.8) with (2.7), we get
Ay =ap + Ap—1 + Br_1ty — Bt = ap — (bp + Aag)ty + Ar—1

k
= Z (ai — (bz + /\ai)ti) + Ap.
i=1

Therefore, substituting Ay and By into (2.5), one has, for t € (ti,try1], k =
1327' T, M,

k t
u(t) =Ao + (d+ o)t + 3 (as + (bi + Aai)(t — 1)) — )\/ u(s)ds
=1 0

—i t —5)° " h(s)ds
m)/o(t 1L (s)ds. (2.9)
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In particular, u(l) = u(tm+1) = Ao +d+yA+ 20" (i + (b +va:)(1 — 1)) —

fyfol u(s)ds — 5 fo 5)°~1h(s)ds. From boundary condition Au(0) = u(1), we
have
m 1 1t 5
Ay = 4 (b + Aai)(1 — - — o a—s)t .
0= (o (4 da) (1 1)+ )\/0 ()i~ 7 /0 (1 - 5)°Th(s)ds
For t € [0, 1], substituting Ag into (2.4), one has u(t) = p(t) + )‘fo Ju(s)ds +

fol G(t,s)h(s)ds. For t € (tg,tgs1], k=1,2,--- ,m, accordlng to (2.9) we can get

u(t):p(t)—i-q(t,k)—i—)\/olH(t,s d8+ / G(t,s)h

Conversely, assume that u(t) is a solution of (2. )7 we can easily show that u(t)
is the solution of (2.1)-(2.2). The proof is complete. O
For convenience, we denote H = sup;¢q 1 fol |H(t,s)|ds, P = supse(oq1 [p(t)],

1
G = supsep1) Jo |G(t,8)ds, Q = maxy sup,e (s, 1,1 la(t k)|, b =1,2,---,m.
For the forthcoming analysis, we need the following hypotheses

(H1) There exists a constant L > 0 such that
|f(t,u) — f(t,v)] < Llu—v|, for each t € [0,1], and all u,v € R;
(H2) There exists a integrable function y : [0,1] — R™ such that
[f (@t w)] < p(t), (tu)€[0,1] xR.

3. Existence and uniqueness of solution

In this section, we will show the existence and uniqueness of solution for boundary
value problems (1.1)-(1.3) by Banach contraction mapping principle and Krasnosel-
skii’s fixed point theorem.

Theorem 3.1. Assume that (H1) holds. If |\ H + FL(% <1, then BVP (1.1)-(1.3)
has a unique solution.

Proof. Define operator T : PC(J,R) — PC(J, R) by

)+ A Jy Ht, s)u(s )ds+ Ol [y G(t,)f(s, (s))ds7 t €[0,t1],
Tu(t) = ( )+Q(t k) +>\f0 Ju(s)ds + 5y fo s)f (s, u(s))ds,
te (tk,tqul],k =1,---,m

Then T is well-defined and v € PC(J,R) is a solution to the BVP (1.1)-(1.3), if and
only if u is a fixed point of T'. It is easy to verify that Tuw € PC(J,R) by Lebesgue’s
dominated convergence theorem.

For all u,v € PC(J,R), t € [0,1], by (H1), we have

[Tu(t) — To(t)|

u(t 1 1
’ / H(t,s) —v(s))ds + 1“(6)/0 G(t,s)(f(s,u(s)) — f(s,v(s)))ds

u—v 1
gwnuwn/o (H(t,5)]ds + L”F(é)”/ Gt )lds < (|A|H+ FL(fj)) [
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Hence, T is a contraction mapping and there exists a unique fixed point according to
Banach contraction mapping principle. Therefore, (1.1)-(1.3) has a unique solution.
O

Theorem 3.2. Assume that (H2) holds. If |\|[H < 1, then BVP (1.1)-(1.3) has at

least one solution.

Proof. Define operators E and F from PC(J,R) into itself by

_ p(t)+ A [ H ()dstG[Otl]
Bu(t) = { (t) + q(tok + >\fo Yu(s)ds,t € (tg,tgs1], k=1,--- ,m, (3-1)
Pu(t) = ﬁ /0 G(t, 5)f (s, u(s))ds, t € [0,1], (3.2)

for u € PC(J,R). It is easy to verify that F and F' are continuous on PC(J,R)

by Lebesgue’s dominated convergence theorem. Since |[A|H < 1, we can take r > 0
PrQ+ -G

large enough such that |\[H + M < 1. Set B, = {u € PC(J,R) : ||u]| <

r}. Then B, is a nonempty bounded closed convex subset in PC(J,R). For any

u,v € B, k=1,--- ,m, we have

1
|Eu(t)| = ‘p(t) +q(t, k) + )\/0 H(t,s)u(s)ds| < P+ Q+ |AHr, t € (t, try1),

and |Eu(t)| < P+ |A|Hr, t €[0,t1]. For all v € B,, t € [0,1],

Fo(t) ‘ 6/Gts (5, 0(s))ds F(Gé)||u|. (3.3)

Hence, |Eu(t) + Fo(t)] < |Bu(t)| + |Fo(t)] < P+ Q + |\ Hr + %HMH < r, which
implies that Fu + Fv € By, for t € [0,1]. On the other hand, E is a contraction
mapping since for all ¢ € [0, 1],
1 1
|Eu(t) — Ev(t)] =|)| ‘/ H(t,s)u(s)ds f/ H(t,s)v(s)ds| < |\ H||u—v]]
0 0

<||u —v]|.

Next we prove F' is compact. Take any bounded subset B, = {u € PC(J,R) :
[lul] < n}. According to (3.3), F(B,) is bounded. Taking 7,7 € [0,#] with
T1 < Ty, for any u € B,,, we have

|Fu(re) — Fu(m) ’ / G(7a,$)f(s,u(s)) — G(Tl, s)f(s,u(s))ds

5)
§7||,u|| /(1—1—)\7'2)(1—36 1ds—/ 7'2—5‘S Lds
L'@) |Jo 0

1
— T1 —8618 7_1_36 18
/0(1+)\ )(1— s)—1d +/0 (r — 5)7d

||l
Zm (IM(r2 — 7)) +73 —Tf)~
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As 11 — 79, the right side of the above inequality tends to zero. In general, using the
same way, for 71,72 € (tg,tr41], we can get |Fu(ry) — Fu(m)| — 0 as 11 — 72. Then
F(B,) is quasiequicontinuous on [0, 1]. According to Lemma 2.1, F' is compact. Now
we apply Krasnoselskii’s fixed point theorem to the operators F and F' to get that
there exists at least a u € B, such that u = Fu 4+ Fu, which is a solution to the
BVP (1.1)-(1.3) and the proof is complete. O

4. Examples

Example 4.1. Consider the following BVP for two-term fractional impulsive Lang-
evin equation

Diu(t) + 1Dzu()
Au|t:% = 1, Au’|t,,

s te 0.0\,

S (
=1, 1u(0)=u(1), «'(0) = 1.

(4.1)

We can find |8u(t — 81(5() | < ”“_”” L= l A =

G < w;l 1. Therefore INH + & 1“(5) <1 and (H
Theorem 3.1, (4.1) has a unique solution.

L H<S|N+1=23,6=3,
1) are satisfied. According to
Example 4.2. Consider the following BVP for two-term fractional impulsive Lang-
evin equation

{DSU@ +1D3u(t) = sinz(t) +t, te[0,1\1, (4.2)
1

AWy =1, u(0) = u(1), w/(0) = 1.

Let pu(t) = 1+t. Obviously, (H2) are satisfied and |A\[H < 3, where A = %
Furthermore, ||u|] = 2, P = (JA| + D[a1 + (b1 + Aa1)(1 — %)} + (JAl +2)d = %,

o
Q= a1 + (b + Aag)(1 — %) = %, where a; = by = d = 1. Because %T};lm” <

@ + f’ we can chose r > = + % Then by Theorem 3.2, (4.2) has at least one

ot
ot

solutlon
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