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Abstract

In this paper, we study boundary value problems for sequential fractional differential
equations and inclusions involving Hilfer fractional derivatives, supplemented with
Riemann-Stieltjes integral multi-strip boundary conditions. Existence and uniqueness
results are obtained in the single-valued case by using the classical Banach and
Krasnosel'skii fixed point theorems and the Leray-Schauder nonlinear alternative. In
the multi-valued case an existence result is proved by using nonlinear alternative for
contractive maps. Examples illustrating our results are also presented.
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1 Introduction and preliminaries
Differential equations of fractional order describe many real world processes more ac-
curately as compared to classical order differential equations. For this reason differential
equations of fractional order with initial/boundary conditions have been studied by many
researchers. Fractional differential equations arise in lots of engineering and clinical disci-
plines which include biology, physics, chemistry, economics, signal and image processing,
control theory, and so on; see the monographs [1-8].

Several different definitions of fractional integrals and derivatives exist in the literature.
The most popular ones are the Riemann—-Liouville fractional derivative of order o > 0

defined for a continuous function by
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and the Caputo fractional derivative of order « > 0 defined by

CDY(t) := I""*D"u(t) = ﬁ /at(t — gyl <%>nu(s) ds, n—-l<ac<n.

In the above definitions I*) is the Riemann-Liouville fractional integral of order o > 0
which is defined by

IPu(t) = ﬁ /t(t —8)*u(s)ds, n-l<a<n,

provided the right-hand side is point-wise defined on (a,c0). Other less-known defini-
tions of fractional integrals and derivatives are the Hadamard fractional derivative, the
Erdélyi—Kober fractional derivative, and so on. Hilfer in [9] generalized both Riemann-—
Liouville and Caputo fractional derivatives. This derivative, known as the Hilfer fractional
derivative, is defined by

HDa’ﬂM(L‘) - Iﬂ(”*a)Dnl(lfﬁ)(n*a)u(t)’

wheren-1<a<n,0<pB<1,t>a,D= %. Fractional differential equations involving
Hilfer derivative have many applications, we refer to [10] and the references cited therein.
There are actual world occurrences with uncharacteristic dynamics such as atmospheric
diffusion of pollution, signals transmissions through strong magnetic fields, the effect of
the theory of the profitability of stocks in economic markets, the theoretical simulation
of dielectric relaxation in glass forming materials, network traffic, and so on. See [11, 12]
and the references cited therein. We refer to [13, 14] and the references cited therein for
some properties of the Hilfer derivative, and to [15—17] for initial value problems involving
Hilfer fractional derivatives.

In contrast to classical boundary conditions, nonlocal conditions help to formulate the
changes happening on certain positions and segments of the given domain [18]. On the
other hand, boundary conditions involving derivatives and integrals provide a decent ap-
proach to describe non-uniformities on segments of curved boundary structures. Exam-
ples include fluid problems [19], biomedical applications [20], engineering applications
[21, 22], etc.

In [23] the authors initiated the study of nonlocal boundary value problems for Hilfer
fractional derivative by studying the boundary value problem of Hilfer-type fractional dif-
ferential equations with nonlocal integral boundary conditions

Heyab y(r) :f(t,x(t)), tela,bl,1<a<2,0<B<1, (1.1)

x(a) =0, x(b) = ZS;I‘“x(Ei), 0; >0,8; € R, & € [a,b], (1.2)

i=1

where #D%# is the Hilfer fractional derivative of order «, 1 < & < 2, and parameter f3,
0 < B <1,Z% is the Riemann—-Liouville fractional integral of order ¢; > 0, &; € [a,b],a > 0,
and §; € R. Several existence and uniqueness results were proved by using a variety of fixed
point theorems.
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In a series of papers [7-27] nonlocal boundary value problems involving Hilfer frac-
tional derivatives were studied with a variety of boundary conditions. Thus, in [7] the
authors studied Hilfer—Langevin three-point fractional boundary value problems, in [24]
pantograph Hilfer fractional boundary value problems with nonlocal integral boundary
conditions were studied, in [25] Hilfer fractional boundary value problems with nonlo-
cal integral integro-multipoint boundary conditions were studied, in [26] Hilfer fractional
boundary value problems with nonlocal multipoint, fractional derivative multi-order, and
fractional integral multi-order boundary conditions were studied, and in [27] sequential
Hilfer fractional boundary value problems with nonlocal integro-multipoint boundary
conditions were studied.

In the present paper, motivated by the recent interest in studying boundary value prob-
lems involving Hilfer fractional derivative operators, we discuss a new class of sequen-
tial Hilfer-type boundary value problems for fractional differential equations involving

Riemann—Stieltjes integral multi-strip boundary conditions of the form

(D% + KD VP )x(t) = f(t,x(t)), t€ [a,b),

x(a) =0, x(b) = A f: x(s)dH(s) + D1y [i ffi‘ x(s) ds, (13)
where ’D*# denotes the Hilfer fractional derivative operator of order o, 1 < o < 2, and
parameter 8,0 < B <1, f:[a,b] x R — R is a continuous function, fab x(s) dH(s) is the
Riemann-Stieltjes integral with respect to the function H : [a4,b] - R, a > 0, k,u; € R,
a<n;<&<b,i=12,...,n.

We establish existence and uniqueness results by using the basic tools from fixed point
theory. The existence of a unique solution is proved by using the Banach contraction map-
ping principle, while in the two existence results we make use of the Krasnosel’skii fixed
point theorem and the nonlinear alternative of Leray—Schauder type. The main results are
presented in Sect. 2. The obtained results are well illustrated by numerical examples. The
results obtained in the present paper are new and significantly contribute to the existing
literature on the topic.

We also cover the multi-valued case of problem (1.3) by considering the following se-

quential inclusion boundary value problem:

HD*P 1+ kH D LB)x(t) € F(t,x(t)), t€ [a,b],

) L (14)
x(a) =0, x(b) = [ x(s)dH(s) + Y7y s fm‘ x(s) ds,
where F : [a,b] x R — P(R) is a multi-valued function, (P(R) is the family of all nonempty
subsets of R).
An existence result is proved in Sect. 3 for the sequential Hilfer inclusion boundary value

problem (1.4) via nonlinear alternative for contractive maps.

2 Existence and uniqueness results for problem (1.3)
The following auxiliary lemma, concerning a linear variant of the boundary value problem
(1.3), plays a fundamental role in establishing the existence and uniqueness results for the

given nonlinear problem.
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Lemma 2.1 ([14]) Letf € L(a,b),n—1<a <n,neN,0<p <1, ["90-Pf ¢ AC[a,b].
Then

(I DEf) (8 = f(0) -

2l (f— q)kre(-p)

i (1-B)(n-a)
2T (- pem (O,

Lemma2.2 Leta>0,1<a<2,y=a+28—-af, heC(a,b],R), and
b n
Aw=(b-a) ™ -a / (s—a)™ dH(s)—%Zm[@i—a)V—(m—a)y] 70. (21
a i=1

Then the function x is a solution of the sequential boundary value problem

(D*P + KMD*VP)x(t) = h(t), telabl,l<a<2,0<B<1, (2.2)
x(a) =0, x(b) = 1 f: x(s)dH(s) + Yo Wi f"ii x(s)ds, .
if and only if
¢ o ) )
= k/a xs)ds + (t+)y [_}‘ /; [/(/ﬂ x(u) du — Iah(s)] dH(s)
" & s " 6
_kgm-/m /ﬂ x(u) duds + ;Mi/m *h(s) ds
b
’ k/ x(s)ds — I“h(b)}. (2.3)

Proof Let x be a solution of the nonlocal sequential boundary value problem (2.2). By
Lemma 2.1, applying on both sides of equation (2.2) the fractional integral I*, we have

(t — a)" &0 (t — @)l-2-)01-p)
Ta-C-w1-p)  Te-2-«0-p)
(t—a)y (t—a)y?!

— AN o
= ¢ Ty 1) +c T0) kI"x(t) + I*h(t),

x(t)=c — kI'x(t) + I h(t)

since (1 — B)(2 — o) =2 — y, where ¢y and ¢; are arbitrary real constants.
From x(a) = 0 we have ¢y = 0. Then we get

(t—a)”

1
x(t) =1 ) — kI'x(t) + I* h(2). (2.4)

From the boundary condition x(b) = A f: x(s)dH(s) + > g [i fri’ x(s) ds, we found

b s
¢ = %[_x/ﬂ |:k/a x(u) du—l"h(s):| dH(s)

n & ps n & b
- kZ,ui/ / x(u) duds + Z ,u,'/ I°h(s)ds + k/ x(s) ds —I“h(b):|.
i=1 noJa i=1 “

ni
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Substituting the value of ¢; in (2.4), we obtain solution (2.3). The converse can be proven
by direct computation. The proof is finished. d

We denote by C([a, b],R) the Banach space of all continuous functions from [, b] to
R with the norm |x[| = sup,,; [*(¢)|. In view of Lemma 2.2, we define an operator A :
C([a,b],R) — C([a, b],R) by

(Ax)(e) = I°f (£ 2(2)) - k / x(s) ds
_a)-1 b s
+ % |:_x/a |:k/a x(u) du — 1af(s,x(s))} dH(s)

3 S " &
kY dnd [ oo a
;M /Vh‘ /; x(u) uas+ ZM / f(S x(s)) s

i=1 i

b
vk / x(s) ds - I“f(b,x(b)):|. (2.5)

It is obvious that the sequential boundary value problem (1.3) has solutions if and only
if the operator .4 has fixed points.
For computational convenience we use the notations:

o - b o
(b-a) +(b_“)y1[|/\|/ 59" )

"T+1) N T(a+1)
- E—-a) Tt -mi—a)t  (b-a)®
+;"’”" T(a+2) * r(a+1)}’ 26)
and
= K-+ L= |x||k|/b(s—a>dH<s>
b Al .

¥ %w > (& - a)* = (ni - a)?) + |k|(b—a>}. (2.7)

i=1

By using well-known fixed point theorems, we prove existence, as well as existence and
uniqueness results, for the sequential Hilfer-type boundary value problem (1.3) in the fol-

lowing sections.

2.1 Existence and uniqueness result
In our first result we prove the existence of a unique solution for the sequential Hilfer
boundary value problem (1.3) via Banach’s contraction mapping principle.

Theorem 2.1 Assume that:
(Hy) |f(t,x)—f(t,y)| <Llx—9|,L>0,t € [a,b],and x,y € R.
If

L+Q:1<1, (2.8)
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where Q and Q2 are defined by (2.6) and (2.7) respectively, then the sequential Hilfer bound-

ary value problem (1.3) has a unique solution on [a, b].

Proof With the help of the operator A defined as in (2.5), we transform the sequential
Hilfer boundary value problem (1.3) into a fixed point problem, x = Ax. We shall show
that the operator A has a unique fixed point by applying the Banach contraction mapping
principle.

Set sup,c(, 4 [f (£,0)| = M < 00, and choose r > 0 such that

M
rz—
T1-LQ -

Let B, = {x € C([a,b],R) : ||| < r}. We show that AB, C B,.

For any x € B,, we have

|(Ax)(@®)| < I°|f (£,2(1)) | + |/<|/ |x(s)| ds
_ -1 b s
+ ¢ |Aa_T” [W/ |:|k|/ }x(u)]du+1“[f(s,x(s))‘]d]—[(s)
+|/<|Z|Mi|/ / |(u) |dudS+Z|le| 1 If (s, %(s5)) | ds
i-1
b
+|k|/ |x(s)|ds+1"‘[f(b,x(b))|:|
= ([ (6:x0) ~£6 0| + 6, 0)) + 16 [ [s60)] ds
b a1 b s
+%|:|A|/ |:|k|/ () | ds + 1 (|f (5,%(5)) = f (s, 0)|
" & s
+lf(s’0)|)i| dH(S)+|k|Z|Mi|/ / |%() | dus ds
i-1 ni Ja
" &
+ I /n *([f (5,%(5)) =f(5,0)| + |f(5,0)]) ds
i-1 i
b
+ |k|/ |x(s)| ds + I°(|f (b, x(b)) - f(b,0)| + [f(b,o)|)i|
(b-a) (b-a)! b (s—a)
[F(a+1) MY ['“/a ra+n

n (El _ d)oprl _ (ni _ a)cwl (b _ ﬂ)a
+;|Mi| [(a+2) * r(a+1)i|}(L||x||+M)

IA

{|k|(b a)+%|:|)\||k|/ (s—a)dH(s)
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1 n
+ Ikl Zl il (& = a)* = (g — a)?) + |k|<b—a)“||x||

<Lr+MQ+Qqr<r,

and consequently || Ax|| < r, which implies that 4B, C B,.
Next, we show that A is a contraction. Let x,y € C([a, b],R). We have, for ¢ € [a, b],

|(Ax)(®) ~ (AY)(2)]
= I"[f (6,%(0) = f (£.3@®) | + Ik f |x(s) - 5(s)| ds
(b-a)y1 b s 3
|A| |:|)‘|/a |:|k|/a | () — y(u) | dua + 1% |f (s, %(s)) —f(s,y(s))|]dH(s)
- §iors " &
+ |k|Z|Mi|/ / |x(u)—y(u)|duds+2|m| I*|f (s,x(5)) = f (s,¥(5)) | ds
i=1 i Ja = 0

+ |k| /b‘x(s) —y(s)| ds + I°|f (b, x(b)) —f (b, y(b)) ‘:|

b-a) (b-a)! b (s-a)
S{F(a+1)+ Al ['“/a a1

)oz+l _ (771‘ _ a)oz+l (b _ a)“
+Z| = Mo +2) +F(oz+1):|}L”x_y”
- b
+ {|k|(b—a)+ %[Ik”ﬂ/a (s—a)dH(s)

+ §|k| D lwal(E - a)® - (ni-a)?) + |k|(b—a>} } llx =yl
i=1

= (L2 +Q1)llx - yll.

Hence || Ax— Ay| < (L2 +1)|lx—y|. Consequently, A is a contraction as, by assumption,
LQ + 21 < 1. We deduce, by the Banach contraction mapping principle, that A has a fixed
point, which means that the sequential Hilfer boundary value problem (1.3) has a unique

solution. This completes the proof. O

Example2.1 Consider the sequential boundary value problems for Hilfer-type sequential

fractional differential equation involving Riemann-—Stieltjes integral multi-strip boundary

conditions
32 D2 2042
(HD2'3 +% 23 )x(t) = 8t+175 (x (1t+rx\x(t\)+ te [1 15]
x(3) =0,

15 . (2.10)
x(2) =15 ff x(S) d(e”*s?)

+ 3 ! x(s)ds+ 1l x(s)ds+ = fu x(s) ds.
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The above problem is a special case of problem (1.3), by taking a = 1/8, b = 15/8,
a=3/2,=2/3k=1/9, A =1/16, H(s) = e=s2, n = 3, u, = 3/13, o = 5/14, us = 7/15,
m =1/4,n2=3/4,n3=11/8,& =5/8,& =5/4,& =7/4,y =3/2+ (2 - (3/2))(2/3) = 11/6.
From these constants, we can compute that A ~ 1.179406838, 2 ~ 4.551972757, and
Q1 ~0.5203741066.

Since

1
8e~ 50" /a2 4 2x 1
f(t,x)= ad + =,
8t+175\ 1+ |x| 2

we get the inequality |f(t,x) — f(t,y)| < (1/11)|x — y| satisfying condition (H;) of Theo-
rem 2.1 with L = 1/11. On the other hand, obviously we have

L+ Q2; ~0.9341898118 < 1.

Hence all the conditions of Theorem 2.1 are satisfied. In consequence, by Theorem 2.1,

problem (2.10) has a unique solution on [1/8,15/8].

2.2 Existence results
Two existence results are presented in this subsection. The first one is based on the well-

known Krasnosel’skii fixed point theorem [28].

Theorem 2.2 Letf: [a,b] x R — R be a continuous function such that:
(H) |f(&,w)] < (1), V(t, w) € [a,b] x R, and ¢ € C([a,b],R*).
Then, if Q1 < 1, where Q1 is defined in (2.7), the sequential Hilfer boundary value problem

(1.3) has on [a, b] at least one solution.
Proof We set sup,c(,, ¢(t) = ||, choose

- llelis2
- 1 -Q’

and consider B, = {x € C([a,b],R) : ||x]| < p}. We define the operators A;, A, on B, by
(t-a) ! b
Aqx(t) = I"f(t,x(t)) + — A/ I“f(s,x(s)) dH(s)

+Zu,/ Ifsx(s))ds—[“f(b x(b )):| t € la,b],

and

Aox(t) = —k/tx(s) ds + ———— (e~ |: Ak/ / x(u) du dH (s)

—kZu,/ /ax(u duds+k/ x(s)ds:|, t €la,b].
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For x,y € B,, we have

(A1) (@) + (A29) ()|
51"‘[f(t,x(t))| + |k|/ |y(s)|ds
(b—d)y_l b s "
T|:|M/a |:|k|/a ‘y(u)’du+1 [f(s,x(s))‘:|dH(s)
n & ps " &
Kl [ [ ol duds e Yl [ 1) (s.a09)
i=1 ni Ja i=1 ni
b
+|k|/ |y(5)|ds+1°‘[f(b,x(b))|:|

o - b o
S[(b—a) +(b_myl[M[/ (s —a) dH(S)

(o +1) N Ma+1)
" G (- (b-a)
+;|ui| Ta+2) + F(Ml)“IIwII
_ b
. {|k|(b—a)+%[w|k|fﬂ (s — a) dH(s)

¥ %|k| D lwal(E - a)* - (ni-a)?) + |k|(b—a)} } ]
i=1

< llellS2+Q1p < p.

Therefore || A1x + A2y < p, which shows that A;x + Ay € B,. It is easy to see, using the
condition 5 < 1, that A, is a contraction mapping.
The operator A; is continuous since f is continuous. Moreover, the uniform bounded-

ness on B, of the operator A, follows from the relation

b-a) (b-ay! b (s-a)
| A < M@+ D) + A |:|)»|/a M+ D) dH(s)

o+l

- E-a) - (mi—a)®t  (b-a)
+;Iml Ta+2) *r(a+1)“”<"”'

Now we prove the equicontinuity of the operator A;. Let ¢, ¢, € [a, b] with #; < £,. Then

we have

’(ANC)(tz) - (Alx)(tl)‘

1
< —

(@)

/ 1 [(tz —s)* (- s)"“llf(s,x(s)) ds + / 2(t2 - s)"“lf(s,x(s)) ds

(tr—a) ' =t —a)!
+

Al ['“ / 1l (s 56| a0

Page 9 of 19
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n &i
+ Z [1eil /n I“ [f(s,x(s))\ds +1¢ [f(b,x(b)|:|
i=1 i

< ('(';’1” S0 0)" 4 (-0 - (- )]
(tr—a) ™ = (t —a)’ ™! b (s—a)
+ N ||¢|||:|)»|  T@+1) dH(s)
- E—a) T —mi—a)  (b-a)
+§y“” Ta+2) +FW+D}
— 0,

as tp —t; — O and is independent of x. Therefore, the operator A4, is equicontinuous. By the
Arzeld—Ascoli theorem, A; is compact on B,. Consequently all the assumptions of Kras-
nosel’skiii’s fixed point theorem [28] are satisfied. Hence the sequential Hilfer boundary
value problem (1.3) has at least one solution on [a, ]. The proof is completed. O

In our second existence result we apply the Leray—Schauder nonlinear alternative [29].

Theorem 2.3 Let Q; < 1. In addition, we assume that:
(Hs) |f(&;w)| < p(O)y(w]) for each (t,w) € [a,b] x R, where v : [0,00) — (0,00) is a
nondecreasing and continuous function and p € C([a, b], R*);

(Ha) % > 1 for a constant K > 0.

Then the sequential Hilfer boundary value problem (1.3) has at least one solution on [a, b].

Proof Consider the operator A defined by (2.5). We shall show that bounded sets are
mapped by A into a bounded set in C([a, b],R). For r > 0, let B, = {x € C([a,b],R) : ||| <
r}. For any ¢ € [a, b], we have
|(Ax)(®)|
t
<I* [f(t,x(t))‘ + |k|/ ‘x(s)! ds

(b-ay!

b s
A |:|)»|/a |:|k|fa |x(u)‘du+1 [f(s,x(s))|]dH(s)
n & ps n &
k i dud. i I* : d.
bl |;|u|fm /ﬂ\x(u)! . H;Iulfm 1 (5,x(5))| s

b
+|k|/ |x(s)|ds+1°‘[f(b,x(b))|:|

S[(b—a)" (b-a)t |:|A| b (s—a)

Ta+l) Al T+ H

n (%.l _ a)ot+1 _ (m _ a)oHl (b _ a)a
’ Zl i Fa+2) *Tas 1)} } el (lx1)

(b-a)yr

+{|k|(b—a)+ Al

b
[ww / (s — a) dH(s)
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1.\ 2 2
+ Ikl Zl il (&~ @)* = (1~ a)”) + |k|(b—a)} } I
<lply (=) + Qi llxl < r,
and consequently,

I Ax[ < liplly (DIplI2 + Q7.

In the next step we will show that bounded sets are mapped by the operator A into
equicontinuous sets of C([a, b],R). Let t1, £, € [a, b] with #; < £, and x € B,. Then we have

|(Ax)(82) = (Ax)(t)]

/ l[(tz —8)* (- s)"‘_l]f(s,x(s)) ds

~ I'a)

+ /tz (ty — S)a_lf(s,x(s)) ds

5]

-1 -1 b o
Sz a —h-ay ||p||¢(r)[|k| / B9 ins)

+ |k|r(t, — t1)

|A| INa+1)

)a+1

- E—a) "t —mi—a)t  (b-a)
+;“’“"| T(a+2) * F(oz+1):|

(t—a) " —(-a)!
+
|Al

b
r|:|A||k|/ (s—a)dH(s)

¢ oD (=0 — (=) + |k|(b—a>}
i=1

= ﬁ’l’l"fﬂ [2(62 - 00)" + |12 - @) = (&1 = @)*[] + IKIr (2 — 1)
(-a) ™ = (t —a)! b (s—a)"
+ A ||p||w(r)[|x| 4o
Nt - (-t (b-a)
+;'””' M +2) * l"(oz+1):|

-1 -1 b
+(t2—6l)V |1—\|(t1—a))/ ’”|:|}‘||k|/a (s—a)dH(s)

1 n
+ §|k| ;|Mi|((§i—ﬂ)2 —(ni—a)’) + |k|(b—ﬂ):|

— 0,

as ¢y — t; — 0 and is independent of x € B,. By the Arzela—Ascoli theorem, the operator

A:C([a, b],R) — C([a, b], R) is completely continuous.

Finally we will prove that the set of all solutions to equation x = 6 Ax for 6 € (0,1) is

bounded.

Page 11 of 19
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Let x be a solution of the sequential Hilfer boundary value problem (1.3). Then, as in the
first step, for ¢ € [a, b], we have

%) < (Ilx01) 1212 + Q1]

or

(1 =<2l <
Y(leDlpll2 =

By (Hy), ||x]| # K for some K. We set
U={xeC([a,blR):|x] <K}.

The operator A : Il — C([a,b],R) is continuous and completely continuous. There is no
x € dU such that x = 6 Ax for some 6 € (0,1), from the choice of U. By the nonlinear
alternative of Leray—Schauder type [29], we conclude that the operator .4 has a fixed point
x € U. Obviously this fixed point is a solution of the sequential Hilfer boundary value
problem (1.3). This finishes the proof. d

Example 2.2 Consider the sequential boundary value problems for Hilfer-type sequential
fractional differential equation involving Riemann-Stieltjes integral multi-strip boundary
conditions

(DE3 + LADI (e = f(6,2(2)), £ [, 4],

17 979
x(3) =0,
v - 5 (2.11)
x(y) = f—lf; x(s)d(s”3 sins) + o %9 x(s) ds
7 10 13
+ 2 gg x(s)ds+ = gg x(s)ds + gf%? x(s) ds.

By putting, @ = 1/9, b = 14/9, & = 7/4, B = 1/2, k = 1/17, » = 2/11, H(s) = 5”3 sins, n = 4,
w1 =4/21, uy = 6/31, us = 8/41, g = 10/51, 91 = 2/9,n2 =5/9, 13 = 8/9, n4 = 11/9, & = 4/9,
£,=7/9,63=10/9,&, =13/9,y =7/4+ (2—(7/4))(1/2) = 15/8, we verify the conditions that
A ~1.206968182, Q2 = 2.635069870, and 2; ~ 0.1932006417.

(i) If the nonlinear function f(¢,x) in (2.11) is given by

8

X 1
ft,x) = e + 2t cos?xt + =, (2.12)
1+a8 3

then f is continuous on [1/9,14/9] x R and |f(¢,x)| < t* + 2t + (1/3) satisfying condition
(Hy) in Theorem 2.2. Since 2; < 1, we conclude by Theorem 2.2 that problem (2.11) with
(2.12) has at least one solution on [1/9, 14/9].

(ii) Let the nonlinear function f(£,x) in (2.11) be defined by

9 x12 x10 > 3
t,x) = + e’ +—|. 2.13
Stx) 9t+89(1 +x10 4(1 + x1°) 4) (2.13)

Thus f fulfills condition (H3) in Theorem 2.3 that |f(¢,x)| < (9/(9¢ + 89))(x* + 1) with
p(t) = 9/(9t + 89) and ¥ (x) = x* + 1. Since |p|| = 1/10, there exists a constant K €
(0.371742602, 2.690033358) satisfying inequality in (H4). In consequence of Theorem 2.3,
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the sequential boundary value problem (2.11) with (2.13) has at least one solution on
[1/9,14/9].

3 Existence results for problem (1.4)

In the following we use the notation P, .(X) = {Y € P(X) : Y is compact and convex} for
anormed space (X, || - ||). For details on multi-valued analysis, we refer to the monographs
[7,30-32].

Definition 3.1 A function x € C?([a, b],R) is a solution of the sequential Hilfer boundary
value problem (1.4) if x(a) = 0, x(b) = A fab x(s)dH(s) + Y iy i fnsl’ x(s) ds, and there exists
a function v € L'([a, b], R) such that v(¢) € F(t,x(¢)) a.e. on [a, b] and

x(£)

t (t _ a)y—l b s
=I1v(t) —k/ x(s)ds + A —A/ |:k/ x(u)du—]“v(s):| dH(s)
n & s n & b
—kZ/J,[/ f x(u)duds + Zui/ I°v(s)ds + k/ x(s)ds —I*v(b) |. (3.1)
i=1 ni Ja i=1 ni a
Theorem 3.1 Assume that Q, < 1. In addition, we suppose that:
(A1) F:la,b] x R = Py (R) is an L'-Carathéodory multi-valued map, i.e., (i) t —

F(t,x) is measurable for each x € R; (ii) x —> F(t,x) is upper semicontinuous for
almost all t € [a, b); (iii) for each o > 0, there exists ¢, € L'([a, b), R*) such that

HF(t,x)” = sup{|v| :VeF(t,x)} < @qu(t)

forall x € R with ||x|| <« and for a.e. t € [a,b];

(A2) IF(t 2)|lp :=sup{ly| : ¥ € F(t,2)} < p(e)¥(||zll) for each (t,z) € [a,b] x R, where r :
[0, 00) — (0, 00) is a nondecreasing continuous function and p € C([a, b], R");

(A3) There exists a constant M > 0 such that

M 1
> ,
Iplly (M) 1-2

(3.2)

where Q and Q1 are given in (2.6) and (2.7) respectively.
Then the sequential Hilfer boundary value problem (1.4) has at least one solution on [a, b].

Proof We transform the sequential Hilfer boundary value problem (1.4) into a fixed point
problem. To do this, we define an operator N : C([a, b],R) — P(C([a, b],R)) by

heC(a,b],R):
I°v(t) - kf; x(s) ds
N@=1,0_1 + L [Pl [ () du - I°v(s)] dH(s)
kY a2 () duds + Y s [ 1V(s) ds
+k f: x(s) ds — I*v(b)]

for v e Sg,.

Page 13 0of 19
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Next we introduce the single-valued operator A : C([a,b],R) — C([a, b],R) and the
multi-valued operator 5 : C([a, b],R) — P(C([a, b],R)) by

Ax(t) = —k/ x(s) ds+ |: Ak/ / (u) dudH(s)

(3.3)
n & s b
kY Wduds+k | x(s)ds|,
;M /ﬂ\i /&;xu uas + /; X\S S:|
and
h e C(la, b, R) : h(z) = I"v(®) + 2. (2 1%v(s) dH (s)
o= { e S [ ) ds - )] } o4

Observe that A/ = A + B. To prove our existence result, we make use of the nonlinear
alternative for contractive maps [33, Corollary 3.8].

Step 1: First we show that A is a contraction on C([a,b],R). We have, for x,y €
C([a, b, R),

b
|Ax(t)—Ay(t>|s{|k|(b— @)+ %[mw / (s— a) dH(s)

+%M1§;UMK@r—@2—(m—ﬂﬁ)+Mﬂb—aq}ﬂx—yﬂ
= Sullx -yl
which yields
A% — Ayl < @ lx - yll.
Hence, since ©; < 1, the operator A is a contraction.

Step 2: For all x € C([a, b],R), B(x) is convex. Let z1,z, € B(x). Then there exist v;,v, €
Sk such that

(£ —a) ! b " &
zi(t) =I"v;(t) + A A/ I"vi(s)dH(s) + Z/L,«/ I*vi(s)ds — I*vi(b) |,
a i=1 ni
i=1,2,
for almost all ¢ € [a,b]. Let 0 < 0 < 1. Then we have

[0z1 + (1= 0)z5](2) = I*[0v1 + (1 = 0)v2](0)

(t—a)yr!
Lizar

b
X |:A/ﬂ I’ [01/1 +(1- 9)1/2](5) dH(s)

+ Zu,/ 91/1 +(1- 9)1/2]( )ds—l“[@vl +(1 —G)VZ](b):|.

Page 14 of 19
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The fact that F has convex values implies that Sg, is convex, and thus 6v;(s) + (1 —
0)vy(s) € Sg. Hence 0z; + (1 — )z, € B(x), which proves that the operator B is convex-

valued.
Step 3: Now we will prove that the operator B is compact and upper semicontinuous.
First, we prove that bounded sets are mapped by I into bounded sets in C([4, b], R). Let
B, ={x € C([a,b],R) : |x|| <r}. For each & € B(x), x € B,, there exists v € Sg, such that

oyl b
h(t) = I*v(t) + %[A f I Z Wi / s)ds — I (b)},

t € [a,b)].

We have, for ¢t € [a, b],

b— y-1 b
o] < v(0] + %[m [ ol

" &
+Z|m|/ 1“}v(s)|ds+1“|v(b)|:|
i=1 i

b-a) (b-a)! —a)
snpnw(nxn){ﬁ(af)lf( . [l l/ o 4HO)

_a)a+1 ( i_a)oul (b—&l)a
+Z| 1 M +2) +F(a+1):”'
Thus,
b—a) b— y-1 b _ o\
k) < ||p||w(r){;(a f)l) . |;\Z)| [m / f(a f’l) dH(s)
a a+1 _ (771’ _a)a+1 (b _a)a
+Z| 1 T(@+2) +1“(o¢+1)”‘

Secondly we prove that bounded sets are mapped by the operator I3 into equicontinuous
sets. Let t1, t, € [a, b] with #; < £, and x € B,. Then, for each & € B(x), we obtain

|h(t2) - h(t1)| =

ﬁ / 1 [(tz -5t —(t - s)"‘_l]v(s) ds

+ |k|r(t - t1)

+ ftz(tz —8)*Yu(s)ds

(t-a) ' = (h —a)! b (s—a)
+ N ||p||w(r)[|x|fa o ary

_a)a+1 _ (’7 _a)oul (b—a)“
+Z| 1 T(a+2) +F((x+1)i|

G

< s 2=0) + [t —a) - (0 —a)*[]
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(-a)' - (ti-a)" (s—
‘ = I () [| [ e

'y G =i (b }
i=1

Mo +2) IN'a +1)
— 0,
as t — 11 — 0 and is independent of x € B,. By the Arzeld—Ascoli theorem the operator
B: C([a,b],R) — P(C([a, b], R)) is completely continuous.
By [30, Proposition 1.2] we know that a completely continuous operator is upper semi-
continuous if it has a closed graph. Thus in the following we will prove that the operator
B has a closed graph.

Let x, — x., h, € B(x,) and &, — h.. We shall show that /4, € B(x.). Since A, € B(x,),
there exists v, € S, such that, for each ¢ € [a, b],

_ _ b n &
h(t) = 1%, (t) + % {,\ / 1%v,(s) dH(s) + ZI: i fn i I%v,(s)ds —I"‘v,,(b)].

It is suffices to show that there exists v, € S, such that, for each ¢ € [4, 5],

_ - b n &
h(£) = I%v,(£) + %[A/ﬂ I"‘v*(s)dH(s)+izzlp,i/ I"‘v*(s)ds—l"’v*(b)].

Ni

Let us consider the linear operator ® : L!([a, b],R) — C([a, b],R) given by

-l b
Vi OW(O) = I*v(e) + %{,\ / v Z " / 9ds— I (b)}

Observe that

|n(6) = @) =

-1 b
Pl -vo] + 0 [w f I [ra0) = v ()] dH()

+Zul / “[n®) — va(0)] ds - I [v(b) - v*(b)]]H

— 0,

as n — 00.
Thus, it follows by a closed graph lemma [34] that ® o Sr is a closed graph operator.
Moreover, h,(t) € O(Sg,,)- Since x, — x,, we have that

- b
ha(t) = I*v.(2) + %[x/ Iv,(s) Z“t/ Iv,(s ds—]"‘v*(b)]

for some v, € Sr,,. Thus the operator B has a closed graph.

Thus the operators A and B satisfy all the conditions of the nonlinear alternative for
contractive maps [33, Corollary 3.8]. It implies that either (i) A has a fixed point in [a, ]
or (ii) there is a point x € 3By = {x € C([a, b],R) : ||x|| < M} and 6 € (0,1) with x = ON (x).
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In the next we will show that conclusion (ii) is not possible. If x € 8. A(x) + 6 B(x) for
0 € (0,1), then there exists v € Sg, such that

x(t)

v(t) — k/ x(s)ds + _A)y : |:—)\. /ab[k/:x(u) du —I"‘v(s)] dH(s)
-k x(u)duds + i Iv(s)ds+ k | x(s)ds—I%v(b)
S [ s S [t [ i)

and

dH(s)

(b-a) (b-a)! b (s—a)
[ t)|—{ @+1) Al {'” , T@+1)

)a+1 _

- (i-a (mi—a)**t  (b-a)
+;'“f' Far2 T 1)]}npnw(nxn)

b-a)!

[|k|(b a) + Al

b
[mw / (s — @) dH(s)

1 n
+ 1K Zl il (& - a)* = (i — a)?) + |k|(b—a)} } ]|
< lplw (Ix)) K2 + 2 1]l

Thus

(1 -Q)lxll < lply (lxl) . (3.5)

If condition (ii) holds, then there exist 6 € (0, 1) and x € 9B, with x = N (x), which means
that x is a solution of (1.4) with ||x|| = M. By (3.5), we have

M1
Iplly M)~ 1-2

’

which contradicts (3.2). Consequently, A/ has a fixed point in [a, b]. We deduce that the

sequential Hilfer boundary value problem (1.4) has a solution. The proof is completed. [J

Example 3.1 Consider the boundary value problems for Hilfer-type sequential fractional

differential inclusion involving Riemann-Stieltjes integral multi-strip boundary condi-

tions
Hpbd ., Liph 113
("D35 + 5 D35)x(t) € F(t,x(t), telz %],
x(3)=0,

& 3 11 (3.6)
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where

7 ¥ 1 a1 7 1 , 1
Ftx)=|———+-¢" +—|,——— ——+=cos“x+ =) |. (3.7)
7t+279\1+x° 8 16 ) 7t +209\1+x* 2 2

Here, a=1/7,b=13/7,a = 4/3, B = 2/5, k = 1/12, A = 5/44, H(s) = s> + 25> + 573, n =3,
1 =6/55, iy =7/66, w3 =8/77, n1 =2/7, 1, =6/7, 13 =9/7, & =5/7, & = 8/7, & = 12/7,
y =4/3 + (2 — (4/3))(2/5) = 8/5. From the information, we find that A ~ 0.7779234866,
Q~5.215399915, and ©2; ~ 0.4643521842.

It is obvious that F is an L!-Carathéodory multi-valued map. In fact, we get || F(¢,x)||p <
(7/(7t +209))(x? + 1). By setting p(¢) = 7/(7t +209), ¥ (x) = x> + 1, we obtain ||p|| = 1/30, and
there exists a number M € (0.368665581,2.712485383) which satisfies inequality (3.2) in
Theorem 3.1. Therefore, all the assumptions of Theorem 3.1 are fulfilled. Thus the Hilfer
boundary value problem (3.6)—(3.7) has at least one solution on interval [1/7,13/7].

4 Conclusion

This paper discussed a new class of boundary value problems for sequential fractional
differential equations and inclusions involving Hilfer fractional derivatives, supplemented
with Riemann-Stieltjes integral multi-strip boundary conditions. Existence and unique-
ness results are established in the single-valued case by using the classical Banach and
Krasnosel’skii fixed point theorems and the nonlinear alternative of Leray—Schauder type.
In the multi-valued case, an existence result is proved by using nonlinear alternative for
contractive maps. By suitable numerical examples we verified the derived analysis. The
results of the present paper are new and significantly contribute to the existing literature
on the topic.
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