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Abstract

In this paper, we consider a nonlinear sequential g-difference equation based on the
Caputo fractional quantum derivatives with nonlocal boundary value conditions
containing Riemann-Liouville fractional quantum integrals in four points. In this
direction, we derive some criteria and conditions of the existence and uniqueness of
solutions to a given Caputo fractional g-difference boundary value problem. Some
pure techniques based on condensing operators and Sadovskii's measure and the
eigenvalue of an operator are employed to prove the main results. Also, the
Ulam-Hyers stability and generalized Ulam-Hyers stability are investigated. We
examine our results by providing two illustrative examples.

MSC: Primary 34A08; secondary 26A33; 34A34
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1 Introduction

In several areas of sciences, such as biology, chemistry, economics, physics, and engineer-
ing, fractional calculus and its relevant differential equations and BVPs have been used
extensively [1-3]. Indeed, fractional derivatives are not only a generalization of ordinary
derivatives, but also they explain dynamical behavior of various physical processes specif-
ically and effectively (real life phenomena) in contrast to integer order derivatives. Refer-
ences [4—18] are available for some improvements on the fractional differential equations
theory.

By virtue of developments in fractional quantum calculus (g-FC), a number of scientists
and researchers [19, 20] were attracted to a study of fractional g-difference equations,
beginning in the nineteenth century, and wide interest lately [21-23].

In 2007, Atici et al. [24] studied some notions in relation to fractional g-calculus on
time scales. Then in 2012, Annaby and Mansour presented their investigations by pub-
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lishing a book on equations and BVPs in the context of fractional g-calculus [25]. Jarad et
al. [26] turned to the stability notion on g-fractional non-autonomous systems and after
that, Abdeljawad et al. [27] introduced Gronwall-type inequality in g-operator settings. By
combining the two above notions, Butt et al. [28] investigated Ulam stability for a Caputo
delay g-difference equation by means of g-Gronwall-type inequality. Also, some fascinat-
ing insights concerning IVPs and BVPs containing g-difference equations can be found
in [29-35] and the references therein. Ahmad, Nieto, Alsaedi and Al-Hutami [36] turned
to the g-difference FBVP with nonlocal integral conditions and implemented an existence

analysis on the solutions of the proposed g-BVP which takes the format

DI (D + b)u t) =f(t,u(t)),

_ s 2)
w(0) = diI} " u(0) = dn fy G2 u(s) dys, (1)
u(1) = doI” 1u(n) dy [} %u(s) dgs, y>2,0>0,m<1,

where f € C([0,1] x R,R), p,B €(0,1], 4 € (0,1), b,d;,d, € R and CDS, CD‘: denote the
g-fractional derivatives in Caputo sense of orders p and .
In 2014, Ahmad et al. [37] studied the existence criteria of the following g-difference

equation involving two nonlinear terms and four-point nonlocal boundary conditions:

CDLCDE 4 byult) = mf (¢, u(t)) + nIl glt, u(t)),
wiu(0) — kl(tl‘ﬁCD:}u(O))Iho =cu(r), O<r <1, (2)
wou(1) + kZCD;u(l) =cou(ry), 0<ry<l,

in which f,g € C([0,1] x R,R), p,B € (0,1], g € (0,1), b,m,n,wy,wy, k1,k2 € R, ¢1,¢5 €
(0,1) and D, CDﬁ denotes the g-fractional derivatives in Caputo sense and I, denotes
the fractlonal q- 1ntegral in Riemann-Liouville sense of order y € (0,1).

In continuation to the investigation of the g-variant of fractional problems and inspired
by the aforementioned work, we aim to examine this area from another angle. Several
known methods of functional analysis are used to establish required results on the exis-
tence of solutions for a class of g-difference problem. More specifically, we consider the
sequential four-point Caputo fractional g-difference boundary value problem (g-CFBVP)
of the format

Dy (Dyult) - g(t, u(t) =f(t,u(®)), te]:=[0,T],

’ (
a,u(0 )+b1'Dy (0) = My n %u(s) ¢ me(0,T),01>0, (3)
ayu(T) + by Dl u(T) = 2y 7 Mu(s) dgs, me(0,T),00>0,

where Dy is the juth-g-difference derivative in the Caputo structure with i € {y, 8,a} such
thatO<a,8 <1,0<y <1land Ig is the Oth-g-difference integral in the Riemann—Liouville
structure with 6 > 0 subject to 6 € {07,0,} and also f,g : ] x R — R are continuous func-
tions. ai, az, b1, by, A1, A are suitably chosen constants in R*.

Regarding to the novelty of the paper, in comparison to above g-problems, our sup-
posed sequential g-CFBVP is more general. Under the given boundary value conditions,
we have used both Caputo and Riemann-Liouville g-fractional operators in four different
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points of domain of the unknown solution function # simultaneously, in which the lin-
ear combinations of the unknown function and its fractional derivative is corresponding
to a multiple of g-Riemann-Liouville integral in two mid-points. In this paper, we have
designed an extended form of Langevin equations by providing a nonlinear function g in
the left-side hand of the given boundary value problem (3). Also, to prove the existence of
solutions for such an applied g-problem, we shall utilize some pure notions of functional
analysis based on the measure of non-compactness, condensing operators and eigenvalue
of the operator, which have been used in papers limited in this regard so far and this dis-
tinguishes our research from the work of others. Moreover, we here emphasize that this
paper may have useful and effective applications in physics and quantum mechanics such
as Langevin systems in the context of quantum operators.

The remaining part of this paper is organized as follows: Sect. 2 is devoted to the prim-
itive notions of g-FC. At first, in Sect. 3, we give an auxiliary lemma which provides the
solution of the supposed g-CFBVP (3) and then based on the obtained integral equation,
by using fixed point theorems due to Sadovski, Krasnoselskii—Zabreiko and O’Regan, we
establish the existence of solutions for the g-CFBVP (3) and also for its uniqueness, we
utilize the famous Banach principle. In Sect. 4, the stability criteria of Ulam—Hyers type
and its generalized type are checked. Additionally, in Sect. 5, we provide two examples
which ensure the usability of the results presented in Sect. 3. The manuscript is ended by

our conclusions in Sect. 6.

2 Preliminaries regarding gq-operators
We collect some important basic notions of g-FC in this section. For details, we refer to
[19, 21, 38, 39]. Let g € (0, 1). A g-real number is denoted by [m], and is defined as

[m], = 1 meR.

The g-power function (m — n)* with m,n € R is
k-1
m-n)©=1, (m - n) l_[ m— nq’ ke NU {0},
j=0

and, if 8 € R, then

m-—n
(Vl’l n) = mﬁ 1_[ m — nqgﬂ

On the other side, [c¢(m—n)]#) = ¢? (m — n)®) holds for ¢ € R and also notice that m'®) = m#
if n = 0. The g-Gamma function is given by

(1-g)@D

Fale) = e

a e R\{0,-1,...},
and satisfies I'y(or + 1) = [a], T4 (c0).
The 1st-g-derivative of an arbitrary mapping ¢ is defined by the following rule:

P(gx) — P(x)

Do) ==

x 0,
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and for the higher orders, it becomes
Dip=¢,  Dip=D,(D7¢), keNuf{o}

The 1st-g-integral of an arbitrary mapping ¢ given on the interval [0, #] is given by

(1,$)®) = /0 6 dgr=31-0) 3 $(xd )", xe0,n.

k=0

If m € [0, n], then

/mn o(r)dyr = /0”¢(V) dgr - /Om o(r)d,r.

Similarly, for the higher orders, it becomes
D¢=¢, ILp=I(I"¢), keNU{o}.

For two first order g-operators D, and I, we have
Dqlq‘p(x) = ¢(x)

Here, we assemble some definitions about such g-operators from the fractional point of

view.

Definition 1 ([39]) Let & > 0. The ath-g-integral of the Riemann-Liouville type for ¢
defined on [0, 00) is given by I0¢(¢) = ¢(¢) and

;o) = fot(t —qn)*Vp@)d,r, a>0.

Fq(a)

Definition 2 ([19]) The Caputo ath-g-derivative for an absolutely continuous mapping
¢ is formulated by

o _ jlal-a ple]
D2 (r) = 1D o),
where [«] denotes the integer part of «.

For more information on the fractional g-operators, we refer the reader to [38].

Lemma 3 ([19]) Let o, B € R,. Then we have the following formulas:
(1) 1917 ¢() = 15" $(0);
(2) DEI2(E) = B(0).

Lemma 4 ([40]) Let o € R, and B8 € (-1,00). One has

Fq(lB + 1) tcx+ﬁ

, t>0.
Fgla+pB+1)

agf _
It" =
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In particular, if = 1, then

1

I;l(t) = m

@), forallt>0.

Lemma 5 ([19]) Let o,0 > 0. Then

o-1
IEDSp(t) = DJISp(e) =)

j=0

ta—aﬂ'

D} ¢(0).

Lyla+j—0+1)

Lemma 6 ([30, 40]) Letk -1 <o < k. Then

k-1
LDgo(0) =¢(0)- )

Jj=0

t .
UERRGa,

For the homogeneous g-difference equation D7¢(¢) = 0, the general series solution by
Lemma 6 is given as ¢(£) = o + (i1t + pat? + -+ + 12571 via p; € Rand k = [er] +1 [19].

So, we have

(I2DE) (@) = P(®) + o + puat + paot™ + -+ + puy £

3 Results regarding existence property
In the present section, before moving to our fundamental results, we define || - || on X =
C(,R) as ||u|| = sup,; |u(t)|, which in this phase, X transforms into a Banach space. Now,

in the first place, we provide the next auxiliary lemma.

Lemma 7 Let € C(J,R), o, 8,y €(0,1), 01,02 >0, ay,az,b1,b3, 11,12 € RY and g,(t) =
g(t,u(t)). Then the solution of the linear sequential four-point q-CFBVP defined by

D(Dju(t) - gu(0) =¥ (®), te]:=[0,T],
a1u(0) + b1 Dy u(0) = MIg u(m), O0<m <T,01>0, (4)
aru(T) + boyDyu(T) = M1 u(nz), 0<na<T,02>0,

is given by

ult) = IPgu(0) + Py ()
+ O[5 gy (m) + 1P 4 () ]
+ 12O (17 gu2) + I H 724 ()

= by (1877 gu(T) + P77y (T)) = ag (1D g (T) + I3 Py (T) ], ®)
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where
(A=A AT, (B+1)—tPA LA
1 (t) = 1 z 3 d 22,
AMT (B +1)
Attt + AT (B +1)
Ha(t) = 1 ,
AT, (B +1)
)\' o1 )\' p+o1
Ap=ay— —2h Ag=—tn
(o1 +1) L,(B+01+1)
Aang?
As =y 21,
Fq(Ug + 1)
ay Tk szﬁ_y )\,27’]2/3+02
Ay

and A is given by

Proof By using Lemma 6, we obtain the integral equation corresponding to (4):

Using the given boundary conditions in (4), we may obtain

an Tk by Th-v )\,27]2ﬂ+62

“T,B+D) " T,B-y+l) T,Btop+1)

)»177{3“71 ( Aany?
” -
Fg(B+o1+1) [glo2 +1)

8
u(e) = 12O + I YO + ko +hi, Kook € R

«(B+1)

B+oi

- (Fq(ﬂ+ ) ' T,B-y+1) T,8+02+) )\ T o1+1)

) = A4A1 + A2A3 7’0

I7u(t) = 1777 g, (6) + 17 P (2) + ko -

fori=1,2and

By categorizing similar terms, we obtain the expressions

and

tB-r
— JB- a+f—
Dyx(t) =1, gu@) + 1777 (t) + ko

Avki = Aoko = M I P g, (m) + Aadg Py (1)

Asky + Aako = Ay (177 g () + 1774 (1))

— s (I8 gu(T) + 1Y (T)) = b (1P gu(T) + I 7y (T)).

Therefore, from (9) and (10), we get

_ﬁ(

ko = A MIT g, (m) + MIT Py ()

J
JBroit1) T+ 1)

Fq(ﬁ—}/+l).

(6)

(8)

(10)

Page 6 of 23
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A
+ [ (17 gulna) + 1727 (1)

— ay(IPgu(T) + IP** Y (T)) = by (1P 7 gu(T) + IV (1),

and, by inserting k, into (9), we obtain

A—NAxAs o1+B o1 +B+a
ki = T(A«llqﬁ' 2u(m) + M I Py ()
A
+ 2[RI gulna) + 1779 (12)) = aa (I ulT) + 179/ (1)
= b (177 g (T) + 1777y (T)) ]
Substituting the value of ko, k; in (8), we get (5), which completes the proof. O

Note that, for simplicity, we set g(¢, u(t)) = g,(¢t) and f(¢, u(t)) = f,(t) throughout the

manuscript.

3.1 The first existence criterion
In this subsection, we prove an existence result for the sequential four-point g-CFBVP (3)
by making use of Sadovskii’s fixed-point theorem. Before moving towards it, we would like

to recall several auxiliary facts which are our main tools. X is supposed as a Banach space.

Definition 8 Consider a bounded subset M of (X,d). The Kuratowski measure of non-

compactness, denoted by «(M), is defined by

n
a(M) :=inf{ € > 0: 3 finitely many sets M; s.t. M = UM,' and D(M;) <€y,
i=1

where D(M;) = sup{|u — ut| : u,zu € M;}.

Definition 9 ([41]) Consider a bounded and continuous function ® : Dom(®) C X — X
on X. For an arbitrary bounded set M C Dom(®), the map & is condensing if

a(®M)) < a(M),
in which « is introduced above.

Lemma 10 ([42]) Let K1, Ky : E € X — X. The operator Ky + Ky is condensing if
i. K1 is k-contraction; that is,Vu,v € E and 3k € (0,1), so that

1Kru = KCavll < kllu —vi;
ii. ICy is compact.

Theorem 11 ([43]) Consider the bounded, closed and convex subset B of X and the con-
densing mapping ® : B— B. Then ® has a fixed point.
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From now on, we put

B aspeoy
O=——+ TN|—m—m——
! Fjla+p+1) |M1( )|Fq(a+,3+01+1)

a+f+oy Ta+ﬂ—y

P
T)|| A
+ [ a )|< zrq(a+ﬂ+02+l)+b2Fq(Ol+,3—)/+1)

TD!+/3
+@F‘q(a+ﬁ+1)) ()
and
B T n{}ﬂn
2= r,B+1) (7)) T,(B+o1+1)

pros By 5
Ny T T

a3 LB+onrD PTGy +D) PTG ;) 12

Theorem 12 Counsider the following assertions:

(By) 3L >0 so that |f,(t) —f,(&)| < Llu(t) —v(¢)|, Ve €], u,veR;

(Bo) i) <0 (8) and gu()] < p(t), where 7, p € CJ,RY).
Then the sequential four-point q-CFBVP (3) has a solution on J if Q := L®; < 1, by intro-
ducing ©1 as (11).

Proof Consider a bounded, closed and convex subset B, = {u € X : ||u|| <r} of X = C(J,R)
for a fixed constant r. With regard to Lemma 7, define K : X — X as follows:

Ku() = 1g.(0) + I £.(®)
+ O g (m) + 1P f(m)]
+ 12 (O) [ Ao (1077 g (m2) + I3 P72f,(2))

= by (I8 g (T) + IZ PV £(T)) = an (I8 gu(T) + I2*P£(T)) . (13)
We split the operator K on the set B, into KC = Iy + KCy, where

Kau(t) = I £,0) + ma (0 (127 £, (m))

+ Mz(t)[)»z(fgwwzfu(ﬁz)) —-by (15+ﬁ_yfu(T)) ) (1;+ﬁﬁ4(T))] (14)

and

Kaut) = gu(e) + i (O (12 gu(m)

+ 1a(8)[ 22 (17728 (m2)) = Ba (1877 @u(T)) = as (1 gu(T)) ]- (15)

We want to prove that the operators K; and X, follow all the assertions of Theorem 11.

We proceed to implement the proof in four steps.

Page 8 of 23
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Step 1: KB, C B,
Let us select r so that r > ||o||®1 + || p||®2, where ©,, ®; are given by (11) and (12) and
llo |l = sup;; lo(£)] and || |l = sup,; | o(¢)|. For any u € B,, we have

(U@ < sup{] )]+ 15 £

+ [ @[22 gumn)| + L4 )] + |12 ()| [ 22 (1272 | gu (o) |
+ 1242 £ () |) + ba (187 |gu(D)| + I [fu(T)]) + aa(1F (D)

+ IZP1f(T)))]} < Oallpll + ©1llo |l <1,

which implies that B, C B,.

Step 2: K5 is compact

In view of Step 1, we observe that the operator X, is uniformly bounded; indeed for any
u € B,:

|(ICau)(®)| < 1] @u(0)] + |12 ()| (257 | gu (1) |)
+ |12 (0| [A2 (172 |gu(m2)|) + B2 (1077 | @u(T)|) + aa (1] |€u(T)) ]

) T+ T) np
_||,0|||:m+|ﬂl( \m
B+oy B-v B
U3 T T
+ |“2(T)|<*2 TG o) Ty T OB 1)”

< Oqflpll.
Now, take 1, t; € J by assuming t; < ¢, and u € B,. Hence we have

| Kau(ts) — Kau(t)|
<18 |gu(ts) — gu(®1)] + |11 (82) — pua (80) | (16 | gu(m1) )

+ | pa(t2) = pa(8)|[22 (Ing lgu(m2)]) + b2 (1,‘;7’/ |lgu(T)]) + blz(fé,‘3 lgu(T)))]

: %Vﬁ =1 +2(6 = 0)" ]+ [ (82) - a8 | (1 1)

+ | a(ta) = 2 (80| (2 (I 1)) + (I 1 011) + ax (1211 01)). (16)

The right-hand side of (16) tends to zero (not depending upon u) as t, — t;. This shows

that I, is equicontinuous. From the above reasons, it is clear that /C; is relatively compact

on B,. Application of the Arzela—Ascoli theorem proves the compactness of K, on B,.
Step 3: Ky is Q-contractive.

From (B;) and (B,) and for each u,v € B,, we have

|Kiu(t) - Kv(t)] < stu?{l,‘;”ﬂlﬂ{ =Jl@) + | @) (L7 = £l (m))

+ |2 )| [ A2 (177 fy = £ (12)) + b2 (1P 1fes = £I(T))

Page 9 of 23
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+ax (Il =£I(D)])
<10y flu-v.

So, ||KCiu — Kyv|| < LO1]||u —v||. Thus K; is Q-contractive because of Q := L®; < 1.

Step 4: K is condensing.

As K; and K, are continuous Q-contraction and compact, respectively, thus by
Lemma 10, K : B, — B, with IC = K; + 5 is a condensing map on B,. From the above
arguments, by Theorem 11, we conclude that the map /X has a fixed point, which leads to
the existence of at least one solution for the sequential four-point g-CFBVP (3) in X. O

3.2 The second existence criterion
We now use another fixed point result due to Krasnoselskii—Zabreiko to demonstrate the

following existence criterion for the sequential four-point g-CFBVP (3).

Theorem 13 ([44]) Consider a completely continuous map K on a Banach space X. If a
bounded linear map L exists on X so that 1 is not an eigenvalue of it and

1K) - L6l _

lll|—o00 [z
then K has a fixed point in X.

Theorem 14 Counsider the following assertions:
(H1) f:J x R — R is continuous and for some t € ], f(¢,0) #0 and

AL

lul—oo  u

A(t). (17)

(H2) The function g :] x R — R is continuous and 3A € R, so that

e(tu0)| = AJu).

Then there exists at least one solution for the sequential four-point qg-CFBVP (3) on ] such
that

1-A0,

0, (18)

Amax = max‘)»(t)‘ <
te]

where ®1 and ©, are, respectively, given by (11) and (12).

Proof Consider a sequence {u,} C B, which converges to u. We know that f and g are

continuous, so, by letting n — 0o, we get

fuen, = ful (£) = O, 18w, — gul(t) = 0.

Thus, for t € J, we write

|(Ku)(2) = (Ku)(0)| < I g, — ul (£) + I3 P f, = ful (£)
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+ 1 (O (I g, = ul (m) + I+, = ful (1))

4 120 (A2 (1P guy - ul (1) + P40 £, — £l 1)

+ by (1877 |gu, — gul(T) + 1777 |, = £ul(T))

+ ay (101, — gul(T) + I3 P |fo, = £ul(T))) — O. (19)
Therefore the right-hand side of (19) tends to zero. Therefore, the continuity of C is es-

tablished. Now, for r > 0, we set N = {u € C(J, R); [lu|| < r} and [[f*|| = sup, ,ersn fu(E)]-
Thus,

|(Ku)(6)| < 28| gu(0)| + I3 |fu(2) |
+ [ @[ | gulm) | + 1P fu(m) ]
+ |2 @) [22 (177 |gu(n2)] + 2572 fu(n2)])
+ b (17 (D) + I ful D) + o (1 ()| + P (T )]
<{IZP1(&) + ia )| [P 1(000)] + |20 [A21g P21 (p2)
+bo ISP UT) + an 3P LT}
+{IP1@) + [ |17 1(n0) ] + |2 () |[A2df 7 1(02) + bo I 7 1(T)

+a [P 1(T)|JAr < O [f*] + @24,

which yields || Ku|| < O1]f*|| + A®yr. This shows the uniformly boundedness of . We
now claim that X is equicontinuous.
Let t1,t; €] via f; < t. Then, by setting |[f*|| = sup(, )7 [fu(£)], we obtain

[Ku(ts) - Kulty)|
< 1P]gu(t2) — gu(01)] + 1P |fult2) — fu0)|
+ | pat2) = s ()| [1°7guCn)| + 172 ) ]
+ a(t2) = pa(e0) (A2 (1272 gu2)] + 1272722 funa) )
+ b2 (1777 |gu(D)| + 1577V [fu D)) + @ (17 |@u(T)| + 1P £u(T)] )]

Ar
ry(8+1)

”f*” a+f a+f
=[5 P f 2ty — )P
Fq(oz+/3+1)[2 ! (t2 =) ]

+ | () - Ml(t1)|[1§+011(771)14r+1;+’3+011(771)|lf* I
+ | matz) = pa(tr)| [Ra (1577 1(n2) Ar + I 1(n2) | £*]))

+by (1;H 1(T)Ar + 1;;+ﬁ*V L)) + a2(151(T)Ar + 1;‘;Hg o]

< [6 -] +2(t, - 11)*]

Itis clear that | Cu(t,) — Ku(t;)| — 0 as t; — t; independent of u. In consequence, from the
above arguments, K is relatively compact on N. Application of the Arzela—Ascoli theorem

proves the compactness of C on N.
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Now, by considering the sequential four-point g-CFBVP (3) to be linear by taking f,(¢) =
f(t,u(t)) = A(t)u(t), the operator L, by Lemma 7, is formulated by
Lu(t) = 18g,(£) + I P Me)u(t)
+ @O gu(m) + I (m)u(m) ]
+ 2 (O [ Ao (17 g (m2) + 1P+ 2 1 (n2)u(n2) )
= by (1077 gu(T) + 1P M(T)u(T))

— ay (10 gu(T) + IZPM(T)u(T))].
Our next claim is that 1 is not an eigenvalue of L. If it is so, by (18), we estimate
lluell = sup|(Lua)(2)]|
te]
< su}){lf |gu (@] + 127 |2.(8) || ()|
te

+ || guln)| + 1573 3| e ]
+ |2 @) 22 (172 |gu(n2) | + 77 [ A (n) | |u(na)])
+ba (1577 |@u(T)| + I3 M| |(T) )
+as(If]gu(D)] + 17 [1(D)| (7)) ]}
< (Amax®1 + A®) [|u|l < [|ue]],
which is not possible. Hence we established our claim.
Finally, we show that [|KC(x) — £()||/||]| vanishes as || u|| — oo. For ¢ € ], one may write
|(Kuw)(2) - (Lu)(2)|
<IPf(0) = A(@)u()|
+ [ @127 fo(m) = M) ()| ]
+ |2 (t)| [MIZWWZ |fu(n2) = A(n2)us(ma)|

+ bo ISP |f(T) = MT)u(T)| + ax P |f(T) = M(T)u(T)|]

ng(ﬁm
fu(n1)

u(t)
+ |m(t)|[1;+ﬂ+“1( )

oa+p+0o) f’:{(r] )
*lu m'[“@ ' ( )

A(t)‘ |u(t) |>

- x(m)

)
)

- A(n2)

wspy [ |Ju(T) wsp [ |u(T)
o (8 ) 55 sl

This means that

1w — Lu|| <1a+ﬂ(

(17—

fu(t)
(o) ‘W)D

Page 12 of 23
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+ | (0)] |:1;17Hﬂw1 < JZ:((ZII))

+ }Mz(t)| |:)»z (I;”ﬁ“’2 ( f"—(m)

u(n2) ))
oa+f— ﬁl(T) a+ fM(T)
(e (o)) ) e (57 (P -0)) |

By (17) and letting ||u|| — oo, it is concluded that |f"7(') — A(-)] = 0. Thus we obtain

- A(m)

)

- A(n2)

AMT)

IKC(u) = L(w) |

llull—o00 1|

=0.

Consequently, by Theorem 13, the supposed sequential four-point g-CFBVP (3) admits a
solution in X. The proof is ended. O

3.3 The third existence criterion
We now present our last existence criterion based on the O’'Regan theorem [45].

Theorem 15 ([45]) Consider a closed and convex set E # () belonging to a Banach space X
containing an open set O. Define K : O — E as K = K1 + KCy subject to K(O) being bounded.
Moreover, K, : O — E is continuous and completely continuous, K, : O — E is nonlinear
contraction (i.e, a nonnegative nondecreasing function Y : [0,00) — [0,00) exists which
satisfies Y (t) < t for t >0, and || ICou — ICou/|| < Y (||lu — o/'||), Yu, u’ € O.) Then either

(C1) K has a fixed point u € O;
or

(C2) there exist u € 00 and p € (0,1) such that u = uk(u).

Theorem 16 Letf,g € C(J x R,R) and assume that:
(D1) there exist a nonnegative mapping b € C(J, [0,00)) and a nondecreasing function
T : [0, 00) — (0, 00) such that

If (&, w)| < b@OT(llull), V(t,u) €] x R;
(D2) there exist a continuous function ¢ : [0,00) — [0, 00) and k > 0 such that

lg(t,u) - gt v)| < pr(lu—-vl) and ¢1(jul) <clul, Vi€l uveR;

(D3) there exists € > 0 such that SupSG(OyOO)[Glb*Tia)Jrl@Z] > 1-Kl<~)2’ where [ = sup,; |g(£,0)|
and k®4 < 1.
Then there exists a solution for the supposed sequential four-point q-CFBVP (3) on ].

Proof We consider K : X — X defined by (13) as
Ku(t) = Kiu(t) + Koult), te],

where the operators K; and K, are, respectively, given in (14) and (15). By (D3), 3¢ > 0 so
that

& 1
0,6 T(e) + 10, 1-kOy’
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and take B, = {u € X : ||u|| < ¢}. We demonstrate the continuity and complete continuity
of KC;. Before this, we prove the uniform boundedness of XC;. Taking any u € B,, we have

0 (©)] < I £ul6)] + [ O] (27 fu)
a0 [ (52 o)) + b D))+ an (152 T ]
< 0:1b"T(e),

in which 5* = sup,; |b(¢)|. Thus K; is uniformly bounded. Let 1,2, € J such that #; < £,.
Then

|(’C1M)(f2) - (’Clu)(tl)|
< IPfu(t) = fultr)| + e (82) — pa () [ (1P £ (m) )
+ |2 (t2) = pa ()| [ (1;”3”2 fu(m2)])

+ by (I |fu(D)]) + ax (1P [fi(T)])]
B C
Fyla+pB+1)

+ |na(t2) — pa(8)| [ﬁ‘;ﬂswl 1(n)b*T(e)]
+ | pa(t2) — pa(8r)| [)»21;’+5+021(n2)b*11“(8)

+ bzlf{"*ﬁ_yl(T)b*']I‘(e) + a21;+ﬁl(T)b*'IF(8)],

7 42ty - 1)+ ]

which tends to zero as £, — ¢ free of u. This gives the equicontinuity of XC;. Application
of the Arzela—Ascoli theorem proves the compactness of KC; and consequently its com-
plete continuity. Furthermore, the continuity of ; can be deduced from that of f by the
hypothesis.

We now show that /C; is a nonlinear contraction. By (D2) and for u, v € B;, we have

|(Kau) (1) — (K)()|
<IPlg, - &l(®) + |1 (O)|[1* g - &1 (m)]
+ | (0| [Madl " g — go|(n2) + b2lE 7 |gy = go|(T) + an1f g — gI(T)]
< 029 ([Jut) - v(0)])
< Ouic||u(t) - v(1)|.

By setting T () = ®2ku, note that Y(0) = 0 and Y () = Ok u < u for u > 0 since kO, < 1.
Thus

1KCam — Kol < Y (Il = vll).
Hence K, is a nonlinear contraction. Now again, by (D2), for arbitrary u € B,, we estimate

gu(®)] = |g(t,w)| < |g(t,u) - g(t,0)| + |g(£,0)| < @1 (lull) + |g(t,0)| < ke +1L.

Page 14 of 23
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where [ = sup,, |g(¢,0)|. Hence, we get
1Kaull < Os(ke +1),

which confirms the boundedness of /C,. Thus, K = K1 + K, is bounded.

In the final step, we prove that the assumption (C2) of Theorem 15 does not hold. To
prove this, consider the existence of u € (0,1) and u € 3B, such that u = uKu. So |u| =¢
and

lu(@)| = 1| (Ku)@)|
= 1| Kyua(t) + Kou®)|
< |/C1u(t)| + |K2u(t)|
< O1b*T(e) + Oz(ke + 1).

Taking the supremum for all ¢ € ] yields
llull < ©16*T(e) + (ke + [)O,.

Hence, we get

& 1
<
0b*T(e) + 10y ~ 1-xO,

which contradicts (D3). Thus K; and /C; satisfy all the assertions of Theorem 15. There-
fore, a fixed-point of K in B, exists, which is the same solution of the sequential four-point
q-CFBVP (3). The proof is finished. O

3.4 The uniqueness property
Finally, we investigate the uniqueness property for the solutions of the sequential four-
point g-CFBVP (3) by referring to the Banach principle.

Theorem 17 Let
(Hs) 3Ja > 0 satisfying

, VYeel,u,vel;

|gu(®) ~g,(0)] < alul) - v(t)
(Hs) 3¢ >0 satisfying
[ful®) =£,(8)] < €|lu(®) -v(®)|, Vte ,u,veR.
Then the sequential four-point g-CFBVP (3) has a unique solution on ] if
€0 +aB, <1, (20)

where ©1, © are given in (11) and (12), respectively.
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Proof To prove the relevant result, define the ball B, = {u € X : ||u|| < r} for some r >0
satisfying

. Oy + 0285 ,
- 1—@@1—61@2

where g = sup,; |g(¢,0)| and f" = sup,; |[f(¢,0)| and ®; and ©, are, respectively, given by
(11) and (12). Now, we prove KB, C B, in which the operator K : X — X is illustrated as
(13). Similar to Step 1 in Theorem 12, for u € B,, we get

|Cuw)@)] = 1 ]gu®)] + I |fi0)]
+ @[ gu(m)|
137 )] + |2 (0] [ (172 @ Ora) | + 1572 fulna) )
+ by (177 ()] + I P (D)) + ax (1] |gu( T + I P £u(D)) ]

< (€l +£5) sup {10 + [ @15 1)

+ | a2 ()| [AadZ P2 1(n0) + boI S PV UT) + an 2P U(T)] )

+ (allull +g) sug){lfl(t) + |M1(t)|[15+011(771)] + |M2(t)|[)»21,’;+621(772)
te
+ bl U(T) + an Il 1(T)]}
<O (br+fy) +Oz(ar+gf) <r,

which implies || ()| < r. Thus, K maps B, into itself. Next, we prove that /X is a contrac-
tion. For u,v € X, and applying (11) and (12), we have

|(Ku)(@) = (Kv)(8)| < IF |gu — gl (8) + I2 P |fys — 21®)
+ | (0)|[28+ g — gl (m) + 1P £y, = £l (m) ]
+ |12 (6| [M2 (177212 = @1 (12) + L3P+ 2 fyy = £y (m2))
+ by (1077 1gu = g\(T) + I fy, — fl(T))
+ay(IP1gu - g (T) + I | = £1(T)) ]
< (O +a®,)|u-v|.

Consequently, we get
|K@)(@) - KOO < (£©1 +a®y)llu—v|.

Since £®; + a®, < 1, the above inequality proves that K is a contraction. Thus application
of the Banach principle shows that /C has a unique fixed point, corresponding to unique
solution of the sequential four-point g-CFBVP (3) on J. This ends the proof. d

4 The criterion of Ulam-Hyers stability
Due to the importance of the notion of stability for possible solutions of different dynam-
ical systems, in this section, we review two Ulam—Hyers and generalized Ulam—Hyers
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stabilities for solutions of the sequential four-point g-CFBVP (3). For more information,
see [46—48].

Definition 18 ([49]) The sequential four-point g-CFBVP (3) is Ulam—Hyers stable if c* €
R, such that Ve > 0 and Vu*(£) € C(J,R) as a solution function satisfying

|D;‘ (Dqﬂu*(t) —g(t, u*(t))) —f(t, u*(t))| <e, (21)

Ju(t) € C(J,R) as the solution of the sequential four-point g-CFBVP (3) with

Definition 19 ([49]) The sequential four-point g-CEBVP (3) is generalized Ulam—Hyers
stable if 3H € C(R*,R*) with H(0) = 0 such that Ve > 0 and Vu*(¢) € C(J,R) as a solution
of

’D‘; (Dg u*(t) —g(t, u*(t))) —f(t, u*(t)) ‘ <e,

Ju(t) € C(J,R) as a solution of the sequential four-point g-CFBVP (3) with
|u*() —u(®)| <H(e), te].

Remark 1 ([49]) It is evident that Def. 18 = Def. 19.

Remark 2 ([49]) It is notable that u*(¢) € C(J,R) is a solution for (21) iff 3G € C(J,R) de-
pending on u* such that

(1) 1G@) <e, te].

(2) DEDEu(0) - glt,w* (1)) = f (&, u*(8)) + G(8), £ €.

Now, we can discuss the above stabilities for solutions to the sequential four-point g-
CFBVP (3).

Theorem 20 If (H,) and (Hs) are fulfilled, then the sequential four-point g-CFBVP (3) is
Ulam—Hyers stable on ] and accordingly is generalized Ulam—Hyers stable whenever

{01 +aB, <1,
where ©1, © are in the same forms given in (11) and (12), respectively.

Proof For each ¢ > 0 and each function u#*(¢) € C(J,R) as a solution of the inequality

|Dg (Dqﬁu(t) —g(t, u(t))) —f(t, u(t)) | <&,

a function G(¢) exists which satisfies

DY (Dl u(e) - g(t,u(t))) =f (¢, u(®)) + G@)
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with |G(¢)| < e. It gives

u*(t) = 10 (6) + IXPfe () + 2P G (2)
+ O g (m) + 157+ fr ()]
+ 1 (O)[Aa (12 g (m2) + 1P 72 f(n2))
= by (1077 g (T) + I PV £ (T)) = an (I g (T) + IS £ (T)) ].

On the other side, let a unique function u(t) € C(J,R) be the solution of (3). Then u(¢) is
written by

u(t) = 10 g () + I3 P (0)
+ O gy (m) + 1P f (m)]
+ 12 () [ Mo (107 g (m2) + I P72, (2) )

= by (1P g (T) + I PV £(T)) - an (I8 gu(T) + I2*P£,(T)) ).
We estimate

| () — u(@)| < IP|G@)| + I g — gul (8) + I3 P fir — gl (8)
+ | @15 gur = ul (m) + L foe = ful(m)]
+ |20 M2 (L2 g = gul(12) + 3P fie — £1(12))
+ by (177 1gur = gul(T) + 17777 |for = £ul(T))
+ ay(IP\guee — gul(T) + 15" |fir — (D)) ]

8Ta+ﬂ

e — *_
< M@ BrD) +(£O, +a®2)||u u”

Hence

Pyl T
|t —ul <
Fja+p+1)

’

+ (€01 +a®,)|u* —u

where ©1, ©, are the same constants as represented in (11) and (12), respectively. In con-

sequence,

o+
Ju* —u] = = .
Iyl + B+ 1)[1-(£0O; +a0,)]

To+B
a+p+1)[1-(£O1+a®7)]’

By assuming ¢* = T
fied. Also, for

the Ulam—Hyers stability for g-system (3) is satis-

8Ta+,6
Fyla+B+1)[1-(£O; +aBy)]

H(e) =

with H(0) = 0, the condition of the generalized Ulam—Hyers stability is fulfilled for solu-
tions of the g-system (3). This completes the proof. d
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The graph of the function f(t,u) The graph of the function g(t,u)

Figure 1 Graphs of the functions f(t,u) and g(t, u)

5 Two examples
Here, we aim to present some examples to examine the obtained results.

Example 1 Let us consider the sequential four-point g-CFBVP with the following data:

Dy DY qu(e) - g6, u®))] = f(tu(®), te]=[0,1],
u(0) + 2D}/7u(0) = 2/5I3/4 u(1/2), (22)
2u(1) + Dy 2u(l) = 3/71})u(3/4),

wherew =1/3,8=2/3,q=1/4,T =1,y =1/2,a1=by =1,ay, = by =2, 01 = 3/4, 05 = 1/4,
A =2/5, 3=3/7,m =1/2,n, = 3/4 and g(t, u), f (¢, u) are defined by

. tu lul +2) 1 _se ]
Ju) = e s (|u| ¥ 1) +y and glbu)= ?(W)’

The continuity of f is obvious and we reach f(z,0) = % (see Fig. 1). Now, we divide f (¢, u)
by u and we get

ft,u) t ( 1 1
= 1+ +—.
u 56(1 + t)5 lul +1 2u

Hence

fm LEM
lul—>oo  u  56(1+£)5

Setting A(f) = m, we get Amax = 0.0179. On the other side,

lg(t,u)| < %Iul-

Letting A = 1/6, we obtain ®; = 3.5597 and ©; = 4.8600. since (1 - AB,)/®; = 0.0548 >
Amax, where ©; and ©, are, respectively, given by Eqgs. (11) and (12). therefore, by Theo-
rem 14, the sequential four-point g-CFBVP (22) has a solution on [0, 1].

Example?2 By consideringo =1/3,8=2/3,q=1/4,T=1,y =1/2,a1=by=1,a, =b; =2,
01 =3/4,00 =1/4, A1 =2/5, Ay = 3/7, n1 = 1/2, ), = 3/4 the sequential four-point g-CFBVP
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The graph of the function f(t,u) The graph of the function g(t,u)
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Figure 2 Graphs of the functions f(t,u) and g(t, u)

is then given by

DD u(t) - g(t, u()] = f(t,u(t)), te]=[0,1],
u(0) + 2D}2u(0) = 2/5I3/u(1/2), (23)
2u(1) + Dyzu(l) = 3/71}/{u(3/4),

where f (¢, u) and g(¢, u) are given by (see Fig. 2)

(arctanu +e*) and g(t,u) =

1
flbu) = 34/900 + £2

1 .
10001+ 22) U T o5

By usual computations, we obtain ®; = 3.5597 and ®; = 4.8600. Taking « = 1/100 and
£ =1/90, itis clear that (Hy) and (H5) are verified. Moreover, {01 +a®, ~ 0.8775 < 1. Thus,
Theorem 17 is fulfilled and hence based on it, one can find that a unique solution exists
for the sequential four-point g-CFBVP (23) on [0, 1]. On the other side, as £0; + a®, < 1
is valid, so, by Theorem 20, the given sequential four-point g-CFBVP (23) is Ulam—Hyers
and also generalized Ulam—Hyers stable on J.

6 Conclusions

In the present research, we considered a new boundary problem in the context of the
quantum fractional operators. In other words, we defined a sequential g-fractional sys-
tem of g-difference equation in which boundary conditions are designed as a linear com-
bination of an unknown function and its g-derivative corresponding to a multiple of g-
integrals in four points. The main focus of this research is on the solution’s existence and
its uniqueness with the help of some methods inspired by several pure concepts in func-
tional analysis. We used three different fixed-point methods for this aim relying on the
measure of non-compactness and condensing operators and compact operators. The ex-
istence of a unique solution is investigated based on the Banach criterion. The investi-
gation of stability of the given g-CFBVP system in two formats based on Ulam—Hyers’
conditions is implemented. Lastly, two examples are provided to ensure the findings. It
is evident that this structure is more general and has many special applied cases. By as-
suming g(¢, u(¢)) = —nw € Rand a; = by =ay = by =1 and 07 = 03 = 1 and by letting g — 1,

our proposed sequential four-point g-CFBVP (3) is transformed into a fractional Langevin
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equation with integral conditions

D(Dju(t) + ) =f (6, u(®)), te]:=[0,T],
u(0) + D u(0) = A; 0’“ u(s)ds, mn €(0,7T),
w(T) + DY u(T) = Ay [ uls)ds, n2€(0,T),

which is considered as one of the most important equations in mathematical physics.
Therefore, one can observe that the research study presented in the manuscript is not
only new in the existing structure, but will also lead to other various quantum fractional
problems as special cases. In future studies, we can generalize our boundary conditions to
multi-point ones and investigate similar results in the context of newly-defined fractional

(p, g9)-operators in both cases of difference equations and inclusions.
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