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Abstract

This paper is concerned with Hadamard fractional Langevin differential equation
subject to fractional integral and derivative boundary conditions and which involves
three different fractional orders. By using Schaefer’s fixed point theorem and Banach
contraction principle, existence and uniqueness results of solutions for the proposed
equation are obtained. An example demonstrating the consistency to the theoretical
findings is also presented.
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1 Introduction

Fractional differential equations have attracted the attention of many researchers work-
ing in different disciplines. The existing literature on the topic not only covers its
theoretical aspects, but also describes its wide range of real applications. The tools of
fractional calculus, in particular, are effectively used and applied in modeling many
engineering and scientific processes and phenomena; see for instance the monographs
[6,16,26], and references therein.

Boundary value problems of fractional differential equations have been exten-
sively studied over the last years. Many interesting results regarding the existence-
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uniqueness, stability and controllability of solutions have been elaborated by many
researchers. However, most of the considered problems have been treated in the frame
of fractional derivatives of Riemann-Liouville and Caputo types [1,7,9,11,12,21-
23,27,29]. The Hadamard derivative is another type of derivatives of non-integer order
[14]. Indeed, it differs from the Riemann—Liouville and Caputo derivatives in the sense
that the kernel of the integral (in the definition of Hadamard derivative) contains a
logarithmic function of arbitrary exponent [8,10]. The qualitative investigations with
respect to Hadamard derivative have gained less attention compared to the analysis in
terms of Riemann-Liouville and Caputo settings; see [2,3,13,19,20].

Langevin equation is an important equation of mathematical physics that is used
in modeling the phenomena occurring in fluctuating environment such as Brownian
motion. The classical form of this equation was derived in terms of ordinary derivatives
by Paul Langevin in [17]. Langevin equation is also known as a stochastic differential
equation as it governs the fast motion of microscopic variables (degrees of freedom)
of the dynamical systems. Recently, fractional Langevin equations have been studied
by some scholars. In [4], the authors studied a nonlinear Langevin equation involving
two fractional orders in different intervals with three-point boundary conditions. The
contraction mapping principle and Krasnoselskii’s fixed point theorem are applied
to prove the existence of solutions for the problem. In [5], the authors developed the
existence theory for a nonlinear Langevin equation involving Caputo fractional deriva-
tives of different orders and Riemann—Liouville fractional integral supplemented with
nonlocal multi-point and multi-strip boundary conditions. They make use methods of
functional analysis to obtain the existence and uniqueness results for the given problem.
In [18], Li et al. investigated the infinite-point boundary value problem of fractional
Langevin equations. By means of the nonlinear alternative and Leray—Schauder degree
theory, they obtained some existence results for the boundary value problem. Zhou
and Qiao in [30], discussed a class of fractional Langevin equations with integral and
anti-periodic boundary conditions by using some fixed point theorems and the Leray—
Schauder degree theory. The reader is invited to consult the papers [28,31] for further
study on fractional Langevin equations. On the other hand, the study of fractional
Langevin equations in frame of Hadamard derivative has comparably been seldom;
see the papers [15,25] in which the authors discussed Sturm-Liouville and Langevin
equations via Hadamard fractional derivatives and systems of fractional Langevin
equations of Riemann-Liouville and Hadamard types, respectively.

Inspired by the above discussion, we consider the existence and uniqueness of
solutions for the following Hadamard fractional Langevin equation:

DA (D* + M) ut) = f(t,u(t), D u()), t € J =[1,T],
u(l) =0,

A a—1 y(s 1.1
u(T) + m flT (10g %) %ds =0, (4.1
Du(g) +ru(é) =0, & €]1,T],

where l < <2, 8-l <a<1, 0<y <B+a—2, 1> 0,D"denotes the
Hadamard fractional derivative of order v € {«, B, y}and f : [1,T] x Rx R — Ris
a continuous function. It is to be noted that Eq. (1.1) is subject to fractional integral and
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derivative boundary conditions and involves three different fractional orders defined
on different intervals. Our approach is new and the current results are totally different
from the ones obtained in [15,25].

This paper is organized as follows: in Sect. 2, we present some necessary definitions
and lemmas that are needed in the subsequent sections. In Sect. 3, we adopt some fixed
point theorems to prove the existence of solutions for problem (1.1). An illustrative
example is presented in Sect. 4.

2 Essential preliminaries
In this section, we introduce some notations and definitions of fractional calculus and

present preliminary results needed in our proofs later. For more details, the reader is
recommended to refer to the monograph [10].

Definition 2.1 The Hadamard fractional derivative of order « for a function g is defined

by
DYe(t) 1 (t d )n t <1 E)n—a—l g(s)d 1
§ F'n—a) \ dt /] B3 s o " Lo+ 1,

provided the integral exists.

Definition 2.2 The Hadamard fractional integral of order « for a function g is defined
by

w 1 ! A\ g(s)
1 g(l) = m/; (10g ;) Tds, o > 0,

provided the integral exists.
The following two properties of the above derivative and integral operators follow.

Lemma23 Ifo, B > 0, then

y £\ r'(8) x\B-a—1
(Da <10g 5) ) (x) = m (10g ;) s

and

" 1\ r'(8) x\pta-l
<Ia (10g ;) ) ()C) = m (log ;) s

where a > 0 is the starting point in the interval.
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Lemma24 Leta > Oandu € C[1,4+00) N Ll[l, 400), then the Hadamard frac-
tional differential equation

D*u(t) =0,

has a solution

u(t) = cr(log)**,
k=1

and, further, the following formulas hold

DIPu(t) = I %u(®), p> a,

and
n
19D%(t) = u(t) — ch(logt)“_k,
k=1
wherec, e R, k=1,2,....,n and n — 1 < a < n.

In what follows, we present the solution representation associated to problem (1.1).

Lemma25 Letl <f <2, f—1<a <1, A>0heC[l,T)and LBt # el

logé B
Then the problem
D (D* + M) ut) =h@t), te(l,T),
u(l) =0,
u(T) + A1*u(T) =0, 2D
Du(&) +ru(§) =0, & €], T],
is equivalent to the integral equation
u(t) + r%u(t) = 1°TPh(t) + w@)IPh(E) + v() I*TPh(T), (2.2)
where
N () log(t/T) (log 1)P o2
T +a =1 [[(6—DlogT — (B +a— Dloge] | (logé)i2
and

v(t) =

(B+a—1)logé — (B — 1)logt <10gt )'““‘2
[(B—1DlogT — (B+a—1)logé] \logT ’
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Proof Applying the integrator operator I# to (2.1) and using the result of Lemma 2.4,
we get

(D + 2 u(t) = c1(og )P~ + c2(log P2 + 1Ph(r), r € (1, T1.  (2.3)

We apply again the operator /% and use the results of Lemmas 2.3 and 2.4, to get the
general solution representation of problem (2.1)

u(t) = I Ph(r) — A%u(r) + co(log 1) ™!
cal'(B) (logr)f+e—1 4 ol (-1

- B+a—2
I'(B+a) rB+a—1) (logt) s 2.4)

where g, c1, ¢2 € R. By using the boundary conditions in problem (2.1) and the above
equation, we observe that co = 0, and

a1’ (B) B+a—1 ol'(B-1)
FG+a 080 T TBtra-)

(log T)P+*=2 4 1**Pp(T) = 0.
Moreover, we obtain
c1(log€)P~' + cr(log &) 2 + IPh(E) = 0.

Solving the last two equations in c¢; and ¢z, we end up with

_ (BHa—DI(B—1)(og T2 1Ph(E) —T(B + a)(log&)P21*Ph(T)
© T(B- 1) log T2 (log&)P2[(B— 1)1og T — (B +a — 1) log£]

and

(B (ogT)** 1 IPh(E) —T(B+a)(log&)P ' 1*HPn(T)
2T 0B 1) (log TP (log§)f 2 [(B+a— Dlogé — (B — DlogT]’

Substituting ¢1 and ¢; in (2.4), we get the desired solution representation (2.2). Besides
and by the help of the results in Lemmas 2.3 and 2.4, one can easily figure out that
Eq. (2.2) solves problem (2.1). This finishes the proof. O

We will need the following properties for the functions i and v defined in Lemma
2.5.

Lemma 2.6 The functions p and v are continuous functions on J and satisfy the
following properties:

_ _ (B (ogT)P
(1) Mmax = ]réltaSXT lu ()] = T(B+a) (log€)P—2

_ _ (B+a—1D)logé
(2) vimax = max V(D] = [F=Tylog T—(p+a-DTogel’

4 _ _T®  [Bre=Dlogi—(B+a—y—DlogT ] (ognfte—r—2
3) D"u@) = T(B+a—y) [ (B—DlogT—(Bta—T)logé Gog P T

’

1
(B—1)logT—(B+a—1)logé
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— )4 '(B) (log T)ﬂﬂv—y—l y

@) pinax = max DY (O] = [ra (0P~ | D ToeT=(FFa—TTogk | °
14 ' (B+a) (B+a— 7])log§'7(57])]ogt:| (logt)/“"")/*z

5) D’v(t) = I'(B+a—y) [ (B—DlogT—(B+a—T)logé log TYP7 a2

Yy o _ y _ I'(B+w) 1 (B+a—y—1)log&
(6) vimax = max [D"v(D] = 13— Tog 777 | B log T—(F+a— D Togk |

The proofs of the above statements are straightforward and can be achieved via
simple computations.
3 Existence and uniqueness results

LetC := C([1, T], R) be a Banach space of all continuous functions defined on [1, T']
endowed with the usual supremum norm. Let

F={u:ueC, D'uccC).

Then F is a Banach space equipped with the norm

”u”F:maX{ sup |u(t)|, sup |D”u(t)]}
I=<t<T 1<t<T

By virtue of Lemma 2.5, we may define the operator W by

1 ! 2! ds
Wy(t) = m/l (log —) f(s,u(s),DVu(s))?

t a—1
[ o)
'w) Ji s s

p@o 50 &\ , . ds
Tﬂ) <10g ;) f(s,u(s),D u(s))?

v(t)

T T a+p—1 ds
v T L ds
Fe+p (I"gs> £ s, u(s), D'us) =

It can be easily shown that

a+p—y—1 ds
DY (Vu(t)) = m/ (log ) S, u(s), DVM(S))?

a—y—1
[ )2
F(a—y) s

t
5
DY (1) y ds
+ e ) < ) fs,u(s),D M(S))?

DY vu(t)
I'(x+ B)

T a+p—1 ds
<log—> Flsau(s), D u(s)™,
1 s §



On nonlocal integral and derivative boundary value... 309

where D” u(t), and DY v(t) are described in Lemma 2.6. The continuity of the func-
tional f would imply the continuity of Wu(¢) and DY (Wu(z)), foreacht € J. Hence
the operator ¥ maps the Banach space F into itself.

In what follows, we employ fixed point theorems to prove the main results of this
paper. For more details about fixed point theorems and functional analysis, the reader
may refer to the book of Smart [24]. Throughout the remaining part of this paper, we
assume that the following conditions hold.

(H1) There exists a constant L > O such that
|f(t,u,v)| <L, foranyte[l,T], u,velR.
(H2) There exists a constant N > 0, M > 0 such that
L@ ur,v1) = f(tuz, v2)| < Nluy —uzl + M vy — vl
foranyr € [1,T], uy, v, uz, v2 € R,andletd = 11;1IanT | f(,0,0)].

Lemma 3.1 Let (HI) hold. Then V : F — F is completely continuous operator.

Proof We first show that W : F — F is uniformly bounded: For any bounded set
U C F,thereexists r > OsuchthatU = {u € F, |u|| <r}.Thenforanyu € U, we
obtain

1 t 0(+,371 d
[Wu(t)] < F(a——i-,B)./l (10g g) | f(s,u(s), DY u(s))| ?s

L t(] f)a_l|( |d_s
+F(a)/1 Ogs u(s) s

@l (£ &\ ds
NG, (log;) !f(s,u(S),D’”u(S))}?
O T<1 Z)M—l s, D7 ()] &
Fatp )i Ogs s, u(s), u(s 5

By using (H1), we get

()| < L (logt)a+ﬁ Mlul log)*  pmax L (logé)ﬂ Umax L (log Ty« +h
" TF(a+B8+1) Ma+1) T(B+1) NCEY.ES)

Similarly, we obtain

LogH)* P~ 3 ful (logt)*™
(a@+B—-—y+1D Fl@—y+1)
/LglaxL (log E)ﬂ UrjrflaxL (log T)OH_ﬁ

reg+1n F'a+B+1)

DY (Wu®)| = ¢
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Hence, we get

log T)” 1
|[Wul| < L (log T)* A~ max< (og ) )

Fa+B+1)'T(@+B—y+1
L (log T)*+P
Fa@+pB+1)
1 (log T)”

Fa—y+1)’ r(a+1)>r’

L (log&)?
———m
rg+n

+X (log T)*~7 max <

ax (ﬂmax» ,ur);lax) + max (UmaXa Ur)l/lax)

which implies that ¥ (U) is uniformly bounded.
Next, we show that W : F — F is equicontinuous: for any #, ©» € [l,T],
1<t <tp <Tandu € U, we deduce

) a+p—1
Kwuﬂa)—(W““””-r( +ﬂ)/‘[< 7>

a+p—1 d
- (log %) } | f (s, u(s), D" u(s))| ?S

PR (1 ”)Mlm (). D u(sy)| &
NS og s,u(s), DV u(s))| ~

a—1
/ [( ) _(logg> }mnds
F(Ol) s Ky
A n\*" ‘|u(s>|
+F(a) 1 (log s) s

_ £ p-1
w <log %) |f(s,u(s),DVu(s))|ds

[v(t2) —v(t)|
I'(e+B)

+
T T a+p—1

(log —) }f(s,u(s),Dyu(s))|ds.
1 N

Therefore, we have

L 1 I a+p—1 f a+p—1 ds
[(Pu) (t1) — (Yu) ()] < m[ (10g *) - (log T) o
L I3 5 at+p— ldé
Terp ), ( ?) s
Alull n\*! n\* | ds
T@ [(k’gs - (lOg s) } 0
A||u||f2 6\ ! ds
T (lOg ?) N

L Iu(tz) w(t)| ( )ﬂ : ds
I'(B) 1
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N N

lu(r) —v@n)| [T ( T)“““ ds
=< -7 log — -
Fe+p) N
I a+p
(log 1)*** — (log 1)*+F +2 <1og )

.t 2}
F'ae+p+1 1

A (log )%™ — (log 1) +2 (1o 3 !
Tt | 082 gl &
Lu(t) — p(t)l [u(t2) — v(t)]

— e PR By 2l TV Qoe THYHA
rprn ) g rpr tgD)

Similarly, we obtain

L
y _ DY _—
|D (Wu(t)) — D (\Ilu(tl))| = T@+p—y+1)

t a+p—y
+2 | log =
1

[(log )P~ — (log1)* TP~

Ar _ - 2\’
A a—-y _ a=y —
Te—y+1D [(logm et 72 (log z ) }
L |D? u(t2) — DY ()l B
|
rpen g
|DYu(ty) — DY u(ty)] (log T)**#
F@+p+1)

From Lemma 2.6, we conclude that |w(t2) — w(t1)|, and |v(f) — v(t1)| converge
to 0, as |fp — ;] — 0. In similar manner, |DY u(t;) — DY u(t;)| — 0, and
|DYv(ty) — DYv(t1)| — 0 as |tp — 1] — 0. Hence |(Wu) (t1) — (Wu) ()| and
DY (Wu(ty)) — DY (Wu(ty))| converge to 0 as [t, — t;] — 0, which implies that
W (U) is equicontinuous. Thus by the Arzela—Ascoli theorem ¥ : F — F is com-
pletely continuous. The proof is completed. O

Theorem 3.2 Let (Hy) hold. If

o 1 (log T)Y
2= A (log T)*~7 max , <1,
Fa—y+1)" T(@+1)

then problem (1.1) has at least one solution.

Proof Lemma 3.1, we proved that the operator ¥ : F — F is completely continuous
by . It remains to use Schaefer’s fixed point theorem to prove that the set

Q={ueF:u=cVu ¢ el01]},

is bounded. Let u € F and ¢ € [1, T] such that u(¢) = {Wu(t), for some ¢ € [0, 1].
We deduce as in the proof of Lemma 3.1 that
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lull = I¢Wull < [[Wull

log 7)Y 1
SL(logT)OH_ﬂ_ymax( (log ) >

Fa+B+D)'T(@+B—y+1
L (log T)*+P
Ma+B+1)
1 (log T)Y

Fa—y+1) T+ 1)) el

L (log&)?
rg+n

+X (log T)*~Y max <

v

max (MmaXv Mmax) + max (UmaXy Ur)l/lax)

It follows that
lull <o+ slull,

where

log T)Y 1
w:L(logT)oH_ﬂ_ymax( (og 1) )

Fa+B+D)'T(@+B—y+1
L (log T)*+F
Fa+p+1)

L (log&)P
rg+n

4

max (MmaXa Mmax) + max (UmaXv Ur);ax) .

Hence, we get

ull <
el < +—.

which means that 2 is bounded set in F. Therefore, by the Schaefer’s fixed point
theorem, we conclude that problem (1.1) has at least one solution in F. The proof is
completed. O

For the sake of convenience, we set

~ (og D) ey (10g )P Umax (log TP

S T@+B+1D) rB+1) Fa+B+1) "’
(log 7Y~V pltax (log€)P  vfiax (log T)*+F

Ca+B—-y+1 C@B+1) Fa+p+1) "

02 =

Theorem 3.3 Let (H2) hold. If

A (log TH? A(ogT)*™Y

— max { Noi + 22" Moy, Nos + ,
e { AT T+ T T =y 1D

MQQ} <1,

then problem (1.1) has a unique solution in F.
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Proof By (H2), for any u,v € F andt € [1, T], we conclude that

1 t ¢ a+p—1 y
[(Wu) (1) — (Vo) ()] < m/l (log ;) | f (s, u(s), D7 u(s))

ds
—f (s, v(s), D v(s))| 7‘

A t | e ! ds
+@/1 (og;) u(s) = )] =

3 B—1
T <log §) |/ (s, u(). DV u(s)) = f (s, v(s). DV v(s))]| &
@) i s 2
lv(@®)] T 7\ A1 L
C+B) )i (1°g ;) | £ (s, u(s), D" u(s))

d
—f (s, v(s), DY v(s))| TS

1 ! £\ ath-l )
m/l (log;) (N u(s) = v(s)| + M [D” u(s)

IA

ds A ! £\ ! ds
—DVU(S))D?'Fi (log ;) |u(s)—v(s)|7

T() /i
@l [5( &\
+F(ﬂ) 1 (IOg;) (N fu(s) — v(s)|

+M | DY u(s) — DY v(s))|)

ds
s

[v(®)]
F+p) N
ds
s

T a+p—1
<10g ;) (N lu(s) = v(s)| + M [ D" u(s)

—D"v(s))])

_ N (logt)**t# A (log)®
“\lF(@+B+1) T@+])

N @)l g Nlv@) (log T>“+f’>

rg+1 F'ae+B+1D
x sup u(s) — v(s)]
1<s<T
u (log1)* A N (0] (log &)? N lu(®)| (log T)**#
F'e+B+1) rg+1n F'e+B+1)
X sup |Dyu(s)nyv(s)|.
1<s<T

Similarly, we obtain

N (log 1)*™#~7 A(ogH)*™” N I|DYu(t)| (log§)”
F'e+B—-—y+1) MNae—y+1) rg+1

DY (Wu) (1) — DY (W) (1) < (

N DY v(t)| (log T)*+ )

NCEY FE) sup lu(s) —v(s)l

I<s<
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Yy (log 1)*H#=7 IDY u(1)] (log &)°
Fae+B—y+1) rg+1i)
IDYu(1)| (log T)* 7
F@+B+1)
X sup |DVu(s) — Dyv(s)} .
1<s<T

Taking the supremum of the last two estimates, and then the maximum of the four
components, we deduce that

[Wu —Woll < ollu—vl.

Since o < 1, then W is a contraction on F'. It follows from the Banach contraction
mapping theorem that W has a unique fixed point in F. The proof is completed. O

Consider againtheset U = {u € F : ||u|]| < r}, forsomer > 0, then U is a closed
ball in the Banach space F', hence it is also a Banach space. The restriction of ¥ on
U is still a contraction by Theorem 3.3. Then, the BVP (1.1) has a unique solution in
Uifw(U)CU.

Theorem 3.4 Let (Hy) hold. If

A (log TH* A(logT)*™7
—’ M 9 N —’ M 1’
Mt TeniNext e =

- N
¢ max{ er+ Fa—y+1)

then problem (1.1) has a unique solution in U.

Proof By (H2), forany u € U and ¢ € [1, T], we conclude that

a+p—1
|(wu)<t)|s; “(10g " £ (s, u(s), DY us)) — f(5.0,0)| &
T+ p) 5 s

a+p—1 ds
F<a+/3)/ (k’g ) 1765, 0.0 =

) ds
+m/ (og—) (o) <

|#((2)| ( )ﬂ 1|f(S,u(S),Dyu(s))_f(s,0’0)|i_s
lliL((;))l ( %)ﬂllf(s,0,0)|ds_s

FLZ(:B'/B f <log?>a+ﬂ1|f(s,u(s),DVu(s))_f(s,0,0)|‘Z_S
Sy / (bg?)w l'f(s’o’o)'ds_s'
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It follows that

a+p—1
|(\pu>(;)|5; "(10g " (N ()] + M [D7u(s))]) &
T@+p) g5 5

a+p—1 ds
F(a+ﬂ)/ (log > 17,0, 001

1 ds
+m/ <0g—> Iu(s)IT

IIfLE;))l ( >ﬁ 1 NIM(S)|+M|DVM(S))|)?
?EZ)' ( %)ﬁ 1If(s 0, 0)|_

FLZ(ZIﬂ / (10g >“+ﬁ ! N|u(s)|+M|pyu(s))|)ds_s
F|(Z(2|ﬂ / <1°g )Hﬁ 1If(s 00)|_

Thus, we have

sup |u(s)| + Moy sup |Dyu(s)|+dgl.

P! o
(W) (1)] < (NQl+ (log?) )
1<s<T 1<s<T

Fla+1)

Similarly, we obtain

sup |u(s)|+Moz sup |D"u(s)|+doo.

A (log T)*™7
|Dy(w><r>\s<Ngz+ (log 7) )
1<s<T 1<s<T

MNa—y+1)
Therefore, we obtain

Wull < or +dmax{o1,02} <or+ (1 -0 =r,

d max{o1,02}
I—o

whenever r > . This completes the proof. O

4 An example

Consider the following Hadamard fractional Langevin equation:
DY (DY + ) u(t) = f(t,u@®), DO%u®), t € (1, e]
u(l) =0,

0.2
u(e) + F(08) fl (1 0g 5 ) @ds =0,
DO8u2) + tu(2) =0,

“4.1)
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where 8 = 1.5, = 0.8 and A = % Let

f ) logs  |ul [v]
LU, V) = .
2t 2+ |u| 10(1 4+ 6)2(Jv| + 4)

Using the given data, we observe that

)] <
7u’v p— 407

and

1 1
L f(t ur,v) — f(t,uz, v2)| < 2 lur — uz| + T v — v2f,

for any + € [1,e]. Then f satisfies (H1) and (H2) with L = %, N = 1, and
M = %. Moreover, we find that > >~ 0.28 < 1. Hence, the conditions of Theorem
3.2 are satisfied; thus, we conclude that there exists at least one solution for problem
“4.1)in[1, e].

On other hand, we find that tmax = 1.6408, Vnax = 4, thax = 0.86, viax = 3.7,
o1 = 2.03, and g = 2.127. After simple computations, we get o = 0.907 < 1.
Therefore, all conditions of Theorem 3.3 are satisfied. Thus, problem (4.1) has a
unique solution in [1, e].

Conclusion

The Langevin equation has been proposed to describe dynamical processes in a fractal
medium in which the fractal and memory properties with a dissipative memory kernel
are incorporated. However, it has been realized that the classical Langevin equation
failed to describe the complex systems. Thus, the consideration of Langevin equation
in frame of fractional derivatives becomes compulsory. As a result of this interest,
several results have been revealed and different versions of Langevin equations have
been under study. Following this trend, we considered different version of Langevin
equation in frame of Hadamard derivative. We consider the main equation subject
to fractional integral and derivative boundary conditions and within three different
fractional orders. We claim that the results of this paper are new and have not been
considered before. The main results are proved by the implementation of Schaefer’s
fixed point theorem and Banach contraction principle. We present an example to
demonstrate the consistency to the theoretical findings.
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