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1 Introduction

Jackson [1] initiated quantum calculus or g-difference calculus that can describe many
phenomena in various fields of science and engineering. Basic definitions and properties
of g-difference calculus can be found in the book [2]. For the fractional g-difference cal-
culus originating with Al-Salam [3] and Agarwal [4], we refer to the book of Annaby and
Mansour [5].

A class of integral boundary value problems appeared in different areas of applied math-
ematics and physics. For instance, blood flow problems, population dynamics, heat con-
duction, underground water flow, thermo-elasticity, plasma physics, chemical engineering
and so on can be reduced to nonlocal integral boundary problems. For comments on the
importance of integral boundary problems, we refer the reader to the papers by Webb and
Infante [6, 7], Gallardo [8], Karakostas and Tsamatos [9], Lomtatidze and Malaguti [10],
and the references therein. For information as regards the theory of integral equations and
their applications to integral boundary value problems, we refer to the books of Agarwal
and O’Regan [11] and Corduneanu [12].
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For some recent works on g-integral boundary value problems, we refer to [13—29]
and the references cited therein. For example, Ahmad et al. [21] considered the follow-
ing boundary value problem of nonlinear fractional g-difference equation with nonlocal

and sub-strip type boundary conditions:

“Dux(t) = f(t,x(2)), te[0,1],

L (1.1)
x(0)=xo +g(x),  x(§) =b [, x(s)dys,
where1<v <2,0<g<1,0<&<n<], CD; is the Caputo fractional g-derivative of order
v,f € C([0,1] x R,R), and g € C([0,1], R) are given functions. The existence results for the
problem (1.1) are shown by applying Banach’s contraction mapping principle and a fixed
point theorem due to O’Regan.
Almeida and Martins [26] proposed the following fractional g-difference equation with

three-point integral boundary conditions:

‘D5 [x](t) = g(t,x(2)),  te[0,1],

1.2

x0)=y0,  Dglxl(0)=ys,  x(1) =y, [y x(s)dys, -
where 2 <a <3,0<n <1, CDZ is the Caputo fractional g-derivative of order «, g €
C([0,1] x R, R). They presented the existence and uniqueness results for the problem (1.2)
by employing Banach’s contraction mapping principle, Krasnoselskii fixed point theorem
and Leray-Schauder alternative.

Presently, there is a development of boundary value problems for fractional g-difference
equations showing an operation of the investigative function. The study may also have an-
other function, related to our interest. These creations are incorporating nonlocal condi-
tions that are both extensive and more complex.

The results mentioned above are the motivation for this research. In this article, we dis-
cuss the existence and uniqueness results of solutions to a nonlinear fractional g-difference

equation with nonlocal three-point fractional g-integral boundary conditions of the form

D;‘x(t) =f(t,x(t),D,x(t)), tel0,T],
x(n) = p(x), 1.3)
Iﬁg(T)x(T) = % fOTg(s)(T —ps)#Vx(s)d,s = 0,

and a nonlinear fractional g-integrodifference equation with nonlocal three-point frac-
tional g-integral boundary conditions of the form

Dix(t) = f(t,x(t), Wix(2)), te[0,T],
x(n) = p(x), (1.4)
Iﬁg(T)x(T) = % fOTg(s)(T - ps)PVx(s)d,s =0,

where p,q,w € (0,1), « € (1,2], v € (0,1], B,y > 0, and 5 € (0, T) are given constants, Dy
and D}, are the Riemann-Liouville fractional g-derivative of order & and w-derivative of
order v, respectively, f € C([0, 7] x R x R,R) and g € C([0, T],R*) are given functions,



Sitthiwirattham Boundary Value Problems (2016) 2016:12 Page 3 of 19

p € C([0, T],R) — R is a given functional, and for ¢ € C([0, T] x [0, T, [0, 00)),

Wrx(t) = (13(, (px) (t) =

/t(t —ws) " Do (¢, s)x(s) dyys.
Tw(y) Jo

The plan of this paper is as follows. In Section 2, we recall some definitions and basic
lemmas. In Sections 3 and 4, we prove the existence and uniqueness results for the bound-
ary value problems (1.3) and (1.4) by employing Banach’s contraction mapping principle
and Krasnoselskii’s fixed point theorem. Some illustrative examples are presented in the
last section.

2 Preliminaries
In the following, there are notations, definitions, and lemmas which are used in the main
results. Let g € (0,1) and define

The g-analog of the power function (a — b)™ with n € Ny := [0,1,2,...] is
n-1
(a-b):=1, (a-b)" .= n(a—bqk), a,beR.

k=0

More generally, if « € R, then

(@a-b)® :=a” 1_[ a-ba”

_ a+n’
o @ bq

Note that, if b = 0 then a® = 4. We also use the notation 0 = 0 for & > 0. The g-gamma
function is defined by

(1-gq)"

A—gq1’ x€R\{0,-1,-2,...},

Ly(x) =

and satisfies I'y(x + 1) = [x],T4(x).
Remark [13] We note thatif @ >0 and a < b <t, then (t —a)® > (¢ — b)@.

Definition 2.1 [4] For @ > 0 and f defined on [0, T], the fractional g-integral of the
Riemann-Liouville type is defined by

(Iof) () := e /0 (x—qt)* Vf(t)d,t
_ x(l - GI) iqn(x _xn+1)(a—1)f(an)
Iy(e) —~
“(1-q) o , i (o }
- S L ) )
n=0

and (I0f)(x) = f (x).
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Definition 2.2 [15] For « > 0 and f defined on [0, T], the fractional g-derivative of the

Riemann-Liouville type of order « is defined by
(Dgf)(x) = (DZ’I;”_"‘ Yx), a>0,
and (Dgf) (%) = f(x), where m is the smallest integer that is greater than or equal to «.

Definition 2.3 [2] For any x,5> 0,
1
B,(x,s) = / (51— gt)s ¢
0

=(1-gq) Zq" (1 _ qn+1)(l¥—1) (qy,)(x—l)

n=0

_ Fq(x)rq(s)
C Tyx+s)’

is called the g-beta function.

Lemma 2.1 [4] Let o, B > 0 and f be a function defined on [0, T]. Then the next formulas
hold:

O (1)) = (17F) (),
(i) (DY) @) =f(x).

Lemma 2.2 [15] Let @ > 0 and N be a positive integer. Then the following equality holds:

. " N-1 xoz—N+k
(I3 D5f) @) = (D If ) () - kX(; W(Dﬁf)(o)'

Lemma 2.3 [16] Let o, B > 0 and 0 < p,q < 1. Then the following formulas hold:

]
(i) / (n—gt)* Ve d t = n*PB (o, B +1),
0

B
B,(a, B +1).
q

1 s o+
W /o /0 (n=p)* s~ )" dytdys = 1

To define the solution of the boundary value problems (1.3) and (1.4), we need the fol-
lowing lemma, which deals with a linear variant of the boundary value problems (1.3) and

(1.4) and gives a representation of the solution.

Lemma 2.4 Let p,q € (0,1), « € (1,2], B >0, n € (0, T), functions y € C([0, T],R) and
g€ C([0, T],R"), and a functional p : C([0, T],R) — R. Then the boundary value problem

Dix(t) = y(t), te[0,T], 2.1

x(n)=p&),  Ig(T)x(T)=0, (2.2)
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is equivalent to the integral equation

x(t) =

/ (- 45)*Vy(s)dys

_ t*=2(t —n)
Ty(@) fy g(s)(T = ps)B-Dse=2(s — ) dys

Fyg(e)

T s
_ )B-D (¢ _ 4\ @1
X /0 /0 g(r)(T - ps) (s—gr) " y(r)dyr dps

1272 1 g(s)(T = ps)BVs*2(t - 5) s
U“izrq(“) fng(S)(T —pS)(ﬂfl)s"‘*Z(s -n) dps

0
x [ / (17— ) Vy(s) dys - Fq(a)p(x)]‘ (2.3)
0
Proof Consider m = 2. By Definition 2.2 and Lemma 2.1, we obtain

(g DRI x)(®) = (I77)(®) (2.4)

and

x(t) = Clta_l + Czta_z +

1 @-1)
Fq(a)/o (£ —gs)*y(s)dys. (2.5)

The first condition of (2.2) implies

1
Fq(a)

n
Cin*™ + Con™™2 = plx) - / (- qs)“ Vy(s) dys. (2.6)
0

Taking the fractional p-integral of order 8 > 0 for (2.6) and the second condition of (2.2),

we get
G T D) e 0} T D e
W) / (T = ps) P Vs s 4 T3] /0 g)(T - ps)f s 2 ds
= ,3 T / / )T — ps) YD (s - qr) @ Vy(r) dgr dps. (2.7)
Solving the system of linear equations (2.6) and (2.7), for the unknown constants C; and
C,, we have
1
C=-

12T (@) [, g(s)(T — ps)B-Dse=2(s — ) s

T ps
x [’7&_2/0 /0 gO)(T = ps)P V(s = qr)“Vy(r) dyr dys

T
- /0 )T — ps) P Vs 2 ds < /o n(n —5) @ Vy(s) dys — Fq(oe)p(x)ﬂ,
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1
n*2Ty(@) [y g6)(T - ps)BDs=2(s = n) ds

T s
X |:’7a_1/0. /(‘) g)(T = ps) PV (s — qr)* Vy(r) dyrdys
T n
— /0 gs)N(T — ps)B-Dgal dps </0 (n— qS)(a_l)y(s) dygs - Fq(oc),o(x)>:|.

Substituting the constants C; and C; into (2.5), we obtain (2.3).
This completes the proof. g

3 Existence results of the problem (1.3)
Let C4 = C([0, T],R) be a Banach space of all continuous functions from [0, T] to R, en-
dowed with the norm defined by

lxllc, = max{llx[l, | D)

b

where [|x|| = sup,¢(o 71 [%(¢)| and | D x|| = sup,¢(o 7] |D;,x(t)|. Define the operator A:C4 —
Ca by

(Ax)(2) :=

Fq1<a) /ot(t = 5)“f (5,%(5), Diyx(s)) dys

_ t*=2(t - n)
Ty(@) fy g(s)(T = ps)B-Dse=2(s — n) s

T s
X / / gr)(T —ps)(ﬂ_l) (s— qr)(o‘_l)f(r,x(r),D;x(r)) dgrdps
o Jo

£ 1 g(s)(T = ps)BVs*2(t - 5) s
n2Tg(@) o gO)(T = ps)FDse=2(s = ) s

n
X [ /0 (n — g9)“™Vf (s,%(s), Dl,x(s)) dygs — Fq(a)p(x):|. (3.1)

Observe that the problem (1.3) has solutions if and only if the operator A has fixed
points.

Now, we are in the position to establish the main results. Our first result is based on
Banach’s fixed point theorem.

Theorem 3.1 Assume that a functional p € C([0, T],R) > R, f:[0,T] x R x R — R and
g:[0, T] — R are continuous functions satisfying the following conditions:

(Hi1) There exist positive numbers Ly, Ly such that, for each t € [0, T] and x,y € C 4,
|f (6., D)%) = f(:3:D}y) | < Lilx = y| + Lo | D}x — Dy .
(Ha) There exists a positive number t such that, for each x,y € C 4,

lo@) = p)| < Tlx - yllc,
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(Hs) Foreachte[0,T],0<n<g(t)<N.
(Ha) ©:= (2 +A) + L3 A <1,

where

A =max{L; + Ly},
o= T . NI|T —n|T*Tp(a +1) ’
Fyla+1)  n|Tla-1], —nla + B —1plla + ], Ty + DI'p(e — 1)
__ NT* P fla 1], — e + B 1],
n|Tla -1, —nla + B —1],ITy(a +1)

(3.2)

Then the boundary value problem (1.3) has a unique solution.

Proof We transform the boundary value problem (1.3) into a fixed point problem x =
Ax, where A :C4 — C4 is defined by (3.1). Assuming that sup, (o 7} [f(£,0,0)| = M and

sup,cc , |o(x)| = K, we choose a constant R satisfied with

M(Q+A) + @A
n

R> ) . (3.3)

Now, we will show that ABr C Bg, where Bg = {x € C4: |lx]lc, < R}. Forall x,y € C4 and
for each t € [0, T'], we have

| Ax|

1
Fq(a)

tot—2(t _ n) T ps (6-1)
T—
* (@) fif g6)(T - ps)P-Dsa=2(s — ) dys /0 ./0 T =ps)

X (s — qr)(“_l) ([f(r,x(r),D;,x(r)) -f(r,0, 0)’ + [f(r, 0, 0)!) dyrdys
o2 fOTg(s)(T —ps) PV 2(t —5)dys
2T y(@) [y g6)(T ~ ps)B-Ds*2(s — ) s

n
+ /0 (- g5)“ P (|f (s, %(s), Dx(s)) — £ (5,0,0)| + |f(5,0,0)]) dqs]

=

/0 (t - g9)*V(|f (s,x(s), DLx(s)) —£(5,0,0)| + |f(5,0,0)|) dys

[Fq(a)({p(x) - p(0)] + |p(0)])

< (Lyllxll + Lo | DL || + M)[ } + (Lillxll + Ly | Dl + M)

[ylo +1)

|: Nt*2T?|t — n|Tp(e + 1) ]
nlp(a —)g(a + e + Bl,| T — 1], — nla + B — 1],

20-2 _ _ .
+(L1||x||+L2||D:)x||+M)[ Nyt |t[a + p — 1], — Tl — 1], | ]

nlg(a + )| T o — 1], — nlo + B —1],]
Nt 2|to + B~ 1], — Tlo = 1],
n| Tl 1], = nla +  —1]] }
NT|T - n|Tp(a +1)
nlp(o =Dy + e + Blp| T — 1], — nla + B — 1],

+ (Illxlch +K)|:

< (Mixlic, + M){
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T N?T* Mo+ B -1, — [ — 1], }
+ +
Pyl +1)  nly(a+D)|T[a—1], —nla + B —1],]
NT* o + B - 1], — [ —1],] }
n|Tle - 1]p -nla+ B - 1]p|
Iyl +1)
2

+(tllxlc, +1<){

=RO+M(Q+A)+ KA

and
| Dy, Ax|
- Dul x|

‘ { Jo Jo 8T = ps)P V(s = qr)*~f (r, 5(r), Dyyx(r)) dgr dps
[y —v)y(a fo ()T - ps)B-Vs=2(s — ) dyps

t
X / (t —ws)™Vs22(5 — n) dys
0

Joltn = qs)*72f (s,x(s), DYy x(5)) dys — Tg(et) p(x)
N2y (1 - v)Tg(e) fOTg(s T - ps)B-Ds®2(s — ) dyps

[/t ws”“ld/ Tpsﬁlazds

t
- /0 (t — ws) V)22 dws‘/o gls)(T —ps)(ﬂ*l)s"‘*1 dps]

+ F,I(a)[‘;—v /t /S(t —ws) V(s = qr)“’lf(r,x(r),D;,x(r)) dgr dws}

o we - ws)( v)g= 2(5 n) dys — fo £ —ws) Vs 2(s — n) d,ys]
(1= w)tyu( fo WT — ps)B-Ds*=2(s — ) dys

x [ / / (T = ps) PV (s — gr)*7(If (r, %, Dlyx) — £(r,0,0)] + £ (r,0,0)]) dqrdps]
0 Jo

. Jo = g9)* X (|f (s,x, D}yx) = f(5,0,0)] + [f(s5,0,0)]) dys + Tgle)(|0(x) — p(0)] + |p(0)])
1= w)tn*2Ty, (1 - v)Ty(a fo $)(T - ps)B-Vse=2(s — ) dps
dl

wt t
f (wt —ws)Vse g, / (t—ws)Vse g,
0 0
T
X / gls)(T — ps)Plse2 dps +
0

wt
(wt —ws) V22 g,
t
- / (t —ws)"Vs* 2 g4,
0
1

T A=W (@) T —v)

T
; g(s)(T —ps)ﬂ"ls"‘"1 dps]

/OM fos(wt — ws) (s — qr)=L

X (Lf(r,x,DL’vx) —f(r,0,0)| + V(r,0,0)|)dqrdws

- /[/s(t —ws) ™) (s = gr)*(|f (.2, DLx) — £(r,0,0)| + |[£(r,0,0)|) dyr diys
0 Jo

< (Lillxll + L2 IDyxl| + M)

y [ NT V2T (o + 1) ]
nly(a + e + Blppla — Do —1]p - Ta + B —1]p]
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trw(a)(l — WW_V) Fw(a _ 1)(1 _ th—u—l)
’(1—W)Fw(a—v+1) 1 - w)Ty(a — )

+ [(Ll ll%ll + L2 | Dyl + M)

< Nn2ta—v—2 )
“\ ATl + D@ —D)[je— 1], — Tler + f— 1],

K N
+ (T“x“CA + )<nTFp(0t [ - 1]}7 ~Tla+B- 1]p|>]

@@ -w* "o+ B -1, Tyla-1)1-w*"NTla-1],
’ A-wyl@-v+1) A-w)y(a—-v)

Tyl +1) 1—wovil
+(L1||x||+Lz||D;x||+M)[ = ]' -

Lgla + DIy —v +2)

NT* (e +1) ]

< (Mixllc 4 +2M) { [nr‘q(a + Dl + Blplpla - D[ -1, - Tla + - 1],|
T, ()1 —w*") B Ty — 1)1 = w*=v-1)

1-wlyl@—-v+1) A -wIy(a-v)

|: NUZTa—v—l ]
nly(a + Do = D|[a —1], - Ta + B —1]p|

X

+

Tu@) (@ -w*V)a+B -1, yla-1)A-w*"Da-1],
A-wlyle—-v+1) 1= w) Tyl —v)

}

NTa—v—l ]
nlp(a =1 —1]p - Ta + B —1]p]

X

T VT, (a +1) 1—wevl
+
Fgla+DIy(@-v +2) 1-w

+(tlxlle +1<)[

Ty@)A-w*)a+B-1], Tyla-)A-w"a-1],
A-wlyl@-v+1) 1-w) Ty —v)

T )[L Tyl +1) "1—14/“—“1
Fgla+1) /)| TY Tyla-v+2)
.\ ( NT*|T —n|lp(a +1) )
nlpla —1)g(a + D]a + Blp|Tlo = 1]y — nla + B —1]p|
[ 1 Tl -1y —nlo+ B ~1]p]

e Tl + B —1]p — [ — 1]
><|T—77| Twla—v+l) (A-w) Tula—v) (1-w)

( NPT Mo =1]p = @ + = 1]p| )
nly(a +1)|T[a —1]p — nla + B —1]p]

|:i.|T[‘¥—1]p—77[a+13—1]p|. 1
v |T[“+ﬁ—1]p_[a—1]p| |[a+ﬁ—1]p—[a—1]p|

:(AR+M){(

1-w

]

Pule)  (-wr™), 1, - Dwle=D) a-wh
Irala—ven aow P TRy AW

ke (ATt 1)
n|T[a —l]p -nla+p —l]pl

|:i.|T[‘x—1]p—77[a+13—1]p|. 1
v |T[Ol+ﬁ—1]p—[a—1]p| |[a+13—1]p—[a—1]p|
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Pule)  (-wr) g, - Dwle=D @-w)
Tulew—v+1)  (1-w) “rh- P Tyla-v)  (1-w)

Fgla+1)
<RO+MQ+ | M+ 5 A
n

[a - l]p

I

X

Therefore, we obtain || Ax|lc , < R and hence ABy C Bg.
Next, we will show that A is a contraction. Denote

S[t, x,9,D)x,D), y] V(t,x(t),D;,x(t)) —f(t,y(t),D;,y(t)) ‘
For all x,y € C 4 and for each ¢ € [0, T], we have

|Ax — Ayl

<
- Fq(a)

)
- T - /3 1)
Fq(a)fOT (SNT - ps)B-Vse2(s — ) d, s/ f ~s)

X (s— qr)(“_l)S[r, x,9, D) x, D:,y] dyrdys

t
/ (t - q5)*VS[s,x,9,Dlx, Diy] dys
0

- 2f0 WT — ps) P Vs*2(t — 5) ds
ne=2T 4 fo NT — ps)B-Vse=2(s —n) d,s

X(/o (n - 49)* "V S[s,%,, D},x, Dy dgs — Tg(e) | px) - p(y)l)‘

Skllx—ylch{ N NTY|T - n|Ty(a +1)
Fgla+1)  nlp(a—Dlg(e + e + Bl,| T — 1], — nla + B — 1],
+ anTa71|[a+ﬂ_1]p_[a_l]p| }
nly(e + 1) T o — 1], — nla + B —1],]

+ellx—yl {NTQ_I'[““L””_[“_”"'}
YAl Tl -1, - nla + B-11,|

=llx—yllc,®
and
|D;, Ax - D;, Ay|

= [Du(1" Ax = 1, Ay)|

_ ‘D {_ fOT S0 &)(T = ps)BD(s — qr)*1S[r,x,y, Di,x, Dyl dyr dyys
N I(1-v)Ty(a) fOTg(s)(T - ps)BVs*=2(s — n) d,,s

t
X / (£ = ws) ™% 2(s = n) dyys
0

fo (n — g5)* ' S[s, %, 9, Dyyx, D),y dys — Ty(@) | p(x) — p(9)]
n%2T, (1 — v)[y(e) fo NT — ps)B-Vse=2(s —n) dys

t
X |:/ (£ — ws) g1 dW/ gls(T —ps)(ﬁ_l)s"‘_2 dps
0 0




Sitthiwirattham Boundary Value Problems (2016) 2016:12 Page 11 of 19

T
0

L
- / (£ — ws) Vg% 2 dws/ gis)(T —195)(‘3_1)3‘)‘_1 d,,s]
0

1 t s
f— (t — ws)™" (s — qr)*'S[r,x,9,D\x, Dy] d rdws}
rq(onrwu—v)/o fo anSlnany o1,

T s NTY|T - Ty +1)

Pyl +1)  nly(a—DCg(a + e + Bl,| T — 1], — nla +  — 1],
A NPT [+ B - 1], — [ — 1], }

nTy(a + )| T — 1], — nlo + B —1],]

NT* Mo + B -1, - [ = 1], }
n|Tla —1], —nla + B —1],]

< kllx—yIIcA{

+ Tllx—ylch{
=[x -yllc,®.

Thus, | Ax - Ayllc 4 < Ollx—yllc,. From (Hy), we see that A is a contraction.
Hence, the conclusion of the theorem follows by Banach’s contraction mapping princi-

ple. This completes the proof. g
Our second result is based on the following Krasnoselskii fixed point theorem.

Theorem 3.2 (Krasnoselskii fixed point theorem) [30] Let K be a bounded closed convex
and nonempty subset of a Banach space X. Let A, B be operators such that
(i) Ax+ By € K whenever x,y € K,
(i) A is compact and continuous,
(ili) B is a contraction mapping.
Then there exists z € K such that z = Az + Bz.

Theorem 3.3 (Arzela-Ascoli theorem) [30] Let D C R” be a bounded domain, K C

C(D,R) be bounded and the following property of equicontinuity holds. For every € > 0,
there exists § > 0, so that

lx-yl<8 = |ulx)-u@)|<e, VxyeDVuek.
Then K is compact.

Theorem 3.4 Assume that (Hy)-(Hs) hold. In addition, f :[0,T] x R x R — R is a con-

tinuous function satisfying the following condition:

(Hs) Forall (t,%,D!x) € [0,T] x R x R, with 1 € C([0, T], R*),
If (&%, D}x)| < ().
If
®:= ||/L||(Q+A)+(:;—§A<1, (3.4)

then the boundary value problem (1.3) has at least one solution on [0, T].
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Proof Set sup,o 1) |1(¢)] = |14/, and choose a constant

R> ®. (3.5)

In view of Lemma 2.4, we define the operators 4; and .4, on the ball B = {x € C4
l*llc, <R} by

t“'z(t—n)
A =
(Ax)(2) fo )T —ps) ) -Dga-2(s n)dpS

X / / g )(T = ps) P V(s - qr)(“‘l)f(r,x(r),DE,x(r)) dgrdys

t“zfo WT - ps)PVs*2(t —5) dpys
ne=2T fo NT — ps)B-Vse=2(s — ) d,s

x ( /0 (1 — ) 7Vf (s, %(5), D},x(s)) dygs — Fq(a)p(x)>,

1 t
(Ax)(t) = / (t- qs)("“l)f(s,x(s),D”Wx(s)) dys.
Fq (O[) 0
For all %,y € Bg, by computing directly, we have

|A1x+A2y|
- ||M||{ I .\ NT|T - n|Tp(a +1)
- Fgla+1)  nly(a -l (e + e + Bl Tl — 1], — nla + B — 1],
} N T{NT‘XIHIX +B-1], - [ —1],] }

NUZTOFIHO[ +8 _l]p_ [ _1]p|
+
nly(e + 1) T o = 1], — nlo + B — 11|

nTla—1], - nla+ -1,
= @+ A) + = A

n
-d <R

Similarly to the proof above and Theorem 3.1, we obtain || D}, A;x + D}, Ay < R, and hence
[ Ax + Asylic, < R. Therefore,

Ajx + Ayy € Bg.

The condition (3.3) implies that A, is a contraction mapping.
Next, we will show that 4; is compact and continuous. Continuity of f coupled with

the assumption (H4) implies that the operator .4; is continuous and uniformly bounded

on Bp. For 1, t, € [0, T] with #; < £, we have

|.A1x(t2) - «41x(t1)|
(|87 -a7[+nlg™ -7

fo fo r)(T PS)/S (s — gr) e Df(r,x(r ), Dy,x(r)) dgr dps
(@) [y g(s)(T — ps)B-Vs=2(s — ) dps
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n
+ |52 -7 ( / (1 — g5)“Vf (s, %(s), DL,x(s)) dys + Fq(a)p(x))

/0 WT — ps) P Vs*2(t — ) ds
n*=2T (oz)f0 NT — ps)B-Vse=2(s —n) d,s
||H||{ (|e572 - tf"zl + )ty = )NT?T (e +1)
nlpla =)y + Ve + Bl T — 1], — nla + B — 1],
Np?T|t57> =67 [[o + B = 1], — [ = 1], }
nly(o + )| T — 1], — nlo + B —1],]

{NTItS’2 — 872l + B =1y = [@ 1], }
n| Tl —1]p - nla + B — 1], '

+7

Similarly to the proof above and Theorem 3.1, we obtain

|fo,.A1x(t2) - Dh Ax(tr) |
< |-A1x(t2) = Alx(t1)|
| ”{ (18572 = 672 + nles™ = 27 )NT?T (e +1)
FI i@ =)o + D + Bl Tlor — 11, — nloc + B — 11,
anTltS“z—t?‘zll[fHﬁ—l]p—[a—1]pl}
nTy(a + )| T — 1], — nlo + B —1],]
{NT|L‘§“2—tf“2||[a+ﬂ—1]p—[a—1]p|}
71|T[Ol—1]p—7)[0!+/3—1]p|

Actually, as |t — #;1] — 0, the right-hand side of the above inequality tends to be zero. So
A, is relatively compact on Bg. Hence, by the Arzela-Ascoli theorem, A; is compact on Bg.

Therefore, all the assumptions of Theorem (3.2) are satisfied and the conclusion of The-
orem 3.2 implies that the boundary value problem (1.3) has at least one solution on [0, T.
This completes the proof. O

4 Existence results of the problem (1.4)
Let C = C([0, T],R) be a Banach space of all continuous functions from [0, T] to R en-
dowed with the norm ||x|| = sup,(o 7} [#(¢)|. Define the operator B :C — C as follows:

(Bx)(t) = / t(t - g9)“7Vf (s5,%(5), W), x(s)) dys

1
Ty(a) Jo
2t - )
Ty(@) f g()(T - ps)BDs2(s — ) ds

T s
< f / GO = ps) PV (s — qr)eVf (r,x(r), WLx(r) dyrds
0 0

tot—2 fOTg(S)(T _pS)(ﬂ—l)Sot—Z(t _ S) dpS
N"2T () [} g(s)(T — ps)B-Dsa=2(s — 1) dps

X [/On(n - qs)(‘"—l)f(s,x(s), \I/%x(s)) dys — Fq(a),o(x)]. (4.1)

Observe that the problem (1.4) has solutions if and only if the operator 3 has fixed points.
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Our first result is based on Banach’s fixed point theorem.

Theorem 4.1 Assume that a functional p : C([0, T],R) — R is continuous, f : [0, T] x R x
R — R is continuous and maps bounded subsets of [0, T] x R x R into relatively compact
subsets of R, g : [0, T] — R*, and ¢ : [0,T] x [0,T] — [0,00) are continuous functions.
Let 9o = Sup; ycp0,71x (0,719 ()} and (Hs) hold. In addition, p and f satisfy the following
conditions:

(He) There exists a positive number t such that, for all x,y € C,
lo() = p»)| < Tllx - yll.
(H7) There exist positive numbers b, Iy such that, for each t € [0, T] and x,y € C,

If (£, W2 x) = f(t, 9, ¥Ly)| < hlx -yl + b|VLx— WLyl

Hg) Y:=(h+1 (po,,il Q2+ trq Ml IA < 1, where Q, A are defined as (3.2).

Then the boundary value problem (1.4) has a unique solution.

Proof We transform the boundary value problem (1.4) into a fixed point problem x =
Bx, where B : C — C is defined by (4.1). Assuming that sup,.(o 7 |f(£0,0)| = M and
sup,cc o(¥) = K, we choose a constant p satisfied with

M(Q+ A) + amKA

> . 4.2
p= -7 (4.2)

Now, we will show that BB, C B,, where B, = {x € C : ||x|| < p}. For all x € B, we have

| Bx|

AQ%@&*WV@MQJ&MM—f@QOH+W&me@s

2t - 1) f,/ 0
)T - ps) ﬁ )
fo T — ps)B-Ds*=2(s — )

x (s — gr)@?! ([f(r,x(r), W) x(r)) —f(r,0,0)| +|f(r,0,0)|) dgrdps
1272 7 g(s)(T = ps)BVs*2(t - 5) s
2Ty (a) [ gONT — ps) 52— ) dys

+ /On(n - qs)(“’l)([f(s,x(s), W2 x(s)) - f(s,0,0)| +|f(s,0,0)|) dqs)

@oT”
< [(11 + ZZ—FW(]/ " 1)) [l +M]

{ T .\ NTY|T —n|Tp(e +1)
Fjla+1)  nlple - D (e + Dl + Bl Tl — 1], — nla + B —1],]

anTa_l|[a+ﬁ_1]p_[a_1]p| }
+
nTy(a + )| Ta —1], — nlo + B —1],]

1
<
Fq(a)

(FAMUM@—pwH+M®H)
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NT* o + B —1], — [a —1],] }
n|Tlo 1], —nla + B — 1],
Fyla +1)
772

+ (T||x|| +K){

=pYT +M(Q+A)+ KA

<p.

Therefore, BB, C B,,.
Next, we will show that B is a contraction. For all , y € C and for each ¢ € [0, T], we have

|Bx — By

1
Fq(a)

- il r (B-1)
_ -
Fq(a) fOTg(S)(T —ps)(ﬂ—l)sot—Z(S -n) dpS /(‘) /(; g(r)( ps)

x (s = qr) V|f (r,x(r), WL x(r)) —f (r,9(r), 2 3(5)) | dgr dps
t22 [/ g(s)(T - ps) P Vs*2(t — 5) dps
n“2ly() fng(s)(T — ps)BVs*=2(s — 1) dps

n
X (/0 (n- qs)(“’l) [f(s,x(s), W%x(s)) —f(s,y(s), \Dv};y(s)) ’ dgs

<

/0 (¢ - g5) VI (5,2(5), W1 x(s)) = f (5, 9(5), W]y(5)) | dys

—Ty(a)(p(x) - p(y)))‘

TV
< [(11 +lz%)llx—yll]

y { T . NT*|T —n|Tp(a +1)
Fgla+1)  nly(a - Dy +D)[a + B, T — 1], — nla + B — 1],
anTa71|[a+/3_1]p_[a_l]p| }
nlg(e + 1) T o — 1], — nlo + B —1],]

{NTa_l|[a+ﬁ—1]p_[a_1]p|}
n|Tla =1], = nlo + B = 1],

= Tl -yl.

By (Hg), we have B is a contraction. Thus, the conclusion of the theorem follows by Ba-

nach’s contraction mapping principle. This completes the proof. d
Our second result is based on the following Krasnoselskii’s fixed point theorem.

Theorem 4.2 Assume that (Hs) and (Hg) hold. In addition, f : [0,T] x R x R - R isa

continuous function satisfying the following condition:

(Ho) Forall (¢,%,¥yx) €[0,T] x R x R, with o € C([0, T],R"),

[f(t, X, \Il;’,x)‘ <o(t).
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¥

x=loll@+A) + A <1, (4.3)
n

then the boundary value problem (1.4) has at least one solution on [0, T].

Proof Set sup, o 1) |0 (¢)] = [lo|| and choose a constant
P> X. (4.4)

In view of Lemma 2.4, we define the operators B; and B ontheball B, = {x € C : ||x|| < p}
by

72t —1)
(@) Jif g6)(T — ps)P-Dsa=2(s — ) dps

(Bix)(t) = -

T ps
X / / g )(T = ps) D (s — qr) e Vf (r,x(r), WL x(r)) dyr dps
o Jo

72 [ g()(T = ps)PDs*2(¢ — 5) s
72 (@)(fy g($)(T — ps) F-Dse=2(s — ) s

n
X ( fo (1 — g9)“Vf (5,%(5), W x(s)) dys — Tylct) ,O(x)), (4.5)

(B2x)(2) =

1 t
e /0 (t — q9) 7V (s,%(5), W2 x(s)) ds. (4.6)
For x,y € B, by computing directly, we have

|Bix + Byl
- ”G”{ . NT®|T = n|Tp(a +1)
- Pgla+1)  nly(a -l (e + Do + B, T — 1], — nla + B — 1],

L NPTk p-1], - -1 }
nlg(o + | T o = 1], — nlo + B —1],]

{NTa-1|[a+ﬂ—1]p—[a—1]pl}
n|Tla —1], = e + B = 1],

oaT
=[loll(Q+A)+ —A

n
=x <p.

Therefore Bix + Byy € B,. The condition (4.3) implies that [3; is a contraction mapping.

Next, we will show that B; is compact and continuous. Continuity of f coupled with the
assumption (H;7) implies that the operator 5, is continuous and uniformly bounded on B,,.
For 1,1, € [0, T] with £, < t,, we have

|Bix(t2) — Bix(ty) |

= (&7 -8 enlg™ -57))
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fo Iog r)(T )PV (s — qr) @ Vf(r,x(r), Virx(r)) d,r dyys
fo (T = ps)B-Dse2(s — ) dpys

+ |t§"2 - t‘1’"2| ([; (n- qs)("”l)f(s,x(s), \Illﬁ’,x(s)) dgs + Fq(a)p(x))

fng(s)(T —ps) B V52 (¢ —5) ds
N2T(@) [y g($)(T — ps)B-Dse2(s — n) s
| ”{ (18572 = 6272 + )™ — &Y INT?Tp(ex +1)
nly(a — D + De + Blpl Tl — 1], — nla + B — 1],
N?T|t57% — 67| [ + B — 1], — [ — 1], }
nlg(e + 1) T = 1], — nla + B —1],]

t{NT|t§’2 — 872l + B = 1p = [ 1], }
n| Tl —1]p - nla + p 1], '

Actually, as |t — t;] — 0, the right-hand side of the above inequality tends to be zero. So
B, is relatively compact on B,. Hence, by the Arzela-Ascoli theorem, B, is compact on B,,.

Therefore, all the assumptions of Theorem 4.2 are satisfied and the conclusion of The-
orem 4.2 implies that the boundary value problem (1.4) has at least one solution on [0, T7.

This completes the proof. O

5 Examples
In this section, we give some examples to illustrate our results.

Example 5.1 Consider the following fractional g-integral boundary value problem:

|(2) x(0)]

100+e sin2 (27 ¢) : 1+]x(

X(Z) =1+ Zi:l Cl'x(t[), ]

+
¢~ €08 (27Tt) D

D3x(t) =

, tel0,1], (5.1)

W ol ‘J/»M—‘wwm

esm (27t) x(l) O

where 0 < 1,85, ...,t, <1 and C; are given positive constants with Z;’zl'C,' < ﬁ.
Herea_s,ﬂ 2,77_ —%,q:%,p:%,w:%,T:l,g(t):esln(Znt)’andf(t’x):
3
peolamy HOHIDTA0)

20+esin2(2m) ’ 1+|x(2)|

4 4
Since [f (¢, x,sz) —f(t,y,D3y)| < 1(1)—1|x—y| + o7 |D3x nyl (H,) is satisfied with L; =
3

Ly=-L,sor=2
101’ 101
Also, we get | p( x) e =120 Cxl(ts) = >0y Coy(t:)| < Y1, Cilx — y]. So, (Hz) holds

with © —Zl 1 Ci < 705+
Since 1 ; <g(t) <e, (H3) is satisfied with N = ¢, n = %

We can show that

Q ! e|l_i|r%(§) 2.2358
r'i(2) ﬁl[%]%—i[%]%l[?]%r%(%)r%(%) o
e 1 17
ezl = [% L
16't3 6
A=l T fg 3 7 ~5.0088
|[3]%_4[6]%|F%(3)
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Therefore, we get

ly(a +1)
o

O=MQ+A)+ A~0.3668<1.

Hence, by Theorem 3.1, problem (5.1) has a unique solution on [0, 1].
Example 5.2 Consider the following fractional g-integral boundary value problem:

8
@)1+ 3 ()]

—cos? (2rt)

D3x(t)— t€1[0,1],

. 1
20+ 2(2t) 1+]x(2)| ’

] (5.2)
(i)—1+Zl LCx(ty),  17e"@x(T) = 0.
3

where 0 < #y,13,...,t, <1 and C; are given positive constants with } /', C; < zi-.
5 1 1

Herea:%113:85,)7:1,yzg,qzi,ng,W:Z, :1,g()= sin(27t) f(tx)_

(@) +1W 3 x(0)] 8

—cosz(Zﬂt) < (s—t) —(s—t)
22+esin2(2nt) : 1+|x(?)| ‘Ij x(t) = T ( )fo % 1o %(s) dws and ¢(t,s) = 5
Also, we get |p(x) =|>h Cx =30 Gyt < XL, Cilx — yl1. So, (Hy) holds
witht=Y"7", Ci< 555
8 8 8 8
Since [f(t,x,\llfx)—f(t,y,\llfyﬂ < %|x—y| + %l‘llf’x—\llfﬂ and ¢o = 55, (Hs) is satisfied
1 1 1

with [y =1, = %.SOIHW =0.0977.
By Example 5.1, we get 2 ~ 2.2358 and A ~ 5.0088. Therefore, we have

l r
:<h+272>9+f (@) ) ~0.4059 <1.

Hence, by Theorem 4.1, problem (5.2) has a unique solution on [0, 1].
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