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1 Introduction

In this paper, we consider the following boundary value problems (BVPs for short) for

nonlinear fractional differential equations with p-Laplacian operator:
Dy dp(Dgu(t)) = f(t,ult), Dgyu(t), t€[0,1],

u(0) = g / u(s)ds + Mu(€), 1)
Dgu(0) = kDgyu(n),
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where ¢,(s) = |s]P7%s, p>1,0<a, 6<1, 1<a+p<2 pu A keR, & nel0,1], DS
denotes the Caputo fractional derivative of order o and f : [0,1] x R? — R is a continuous
function.

It is easy to know that if A\ = k = £1, £ = n = 1, g = 0, then the Eq.(1) re-
duces to periodic and anti-periodic BVP, respectively. Furthermore, the nonlinear operator
Dg+ ¢p(Dg) reduces to the linear operator Dg+ Dg when p = 2 and the additive index law
Df+D§+u(t) = Dgf “u(t) holds under some reasonable constraints on the function u(t) (see
f1d, 17, l19]).

Fractional calculus is a generalization of ordinary differentiation and integration on an ar-
bitrary order that can be non-integer. More and more researchers have found that fractional
differential equations play important roles in many research areas, such as physics, chemical
technology, population dynamics, biotechnology and economics (see [10, [13, [15, 117, [19]). A
fractional derivative arises from many physical processes, such as propagations of mechan-
ical waves in viscoelastic media (seel4]), a non-Markovian diffusion process with memory
(see[l€]), charge transport in amorphous semiconductors (see[23]), etc. Moreover, phenom-
ena in electromagnetics, acoustics, viscoelasticity, electrochemistry and material science are
also described by fractional differential equations (see[@-9]). For instance, Pereira et al.

(see[1&]) considered the following fractional Van der Pol equation
Dex(t) + AM2*(t) — D)2'(t) +z(t) =0, 1<a<?2, (2)

where D is the fractional derivative of order a and A is a control parameter which reflects
the degree of nonlinearity of the system. Eq.(2) is obtained by substituting a fractance for
the capacitance in the nonlinear RLC circuit model.

The turbulent flow in a porous medium is a fundamental mechanics phenomenon. For
studying this type of phenomena, Leibenson (see[l12]) introduced the p-Laplacian equation

as follows

(6p(u'(1)))" = F(t,u(t), u'(2)), (3)

where ¢,(s) = |s|P72s, p > 1. Obviously, ¢, is invertible and (¢,)~' = ¢,, where ¢ > 1 such
that 1/p+1/¢=1.

In the past few decades, many important results with certain boundary value conditions
related to Eq.(3) had been obtained (see [3, [L1, 29] and the references therein). However,
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the research of BVPs for fractional p-Laplacian equations has just begun in recent years.
For example, T. Chen et al. [3] investigated the existence of solutions of the boundary value

problem for fractional p-Laplacian equation with the following form

D} 6D, u(t)) = F(t,u(t), Dg.u(t)), t € [0.1]
Dg.u(0) = D u(l) = 0,

where 0 < o, 8 < 1, 1 < a+ 3 < 2, Dg, is the Caputo fractional derivative, and
f:[0,1] x R? — R is continuous.
Later, in [6], T. Chen and W. Liu studied an anti-periodic boundary value problem for

the fractional p-Laplacian equation:

{ 0+¢p(D0+u( )) = f(t>u(t))a te [0’ 1],
u(0) = —u(1), Dgiu(0) = —Dg.u(l),

where 0 < o, 8 <1, 1 < a+F < 2, Df, is a Caputo fractional derivative, and f :
[0,1] x R — R is continuous. Under certain nonlinear growth conditions of the nonlinearity,
the existence result was obtained by using Schaefer’s fixed point theorem.

In [2§8], J. Wang and H. Xiang have considered the following p-Laplacian fractional

boundary value problem:

{ Dy, dy(Dult) = f(tu(t)),  0<t<1,
u(0) =0, u(l) =au(§), Dgiu(0) =0, Dg,u(l) =bDg u(n) ,

where 1 <, a <2,0<a, b<1, 0<¢& n<1,and D, is the standard Riemann-Liouville
fractional differential operator of order a. Using upper and lower solutions method, they
get some existence results on the existence of positive solution.

Since the p-Laplacian operator and fractional calculus arises from many applied fields,
such as turbulent filtration in porous media, blood flow problems, rheology, modeling of
viscoplasticity, material science, it is worth studying the fractional p-Laplacian equations.
As far as we know, there are relatively few results on BVPs for fractional p-Laplacian
equations, and no paper is concerned with the existence results for fractional p-Laplacian
BVPs (1). In this context, we study the problem (1) with integral boundary condition.

Integral boundary conditions have various applications in applied fields such as under-

ground water flow, blood flow problems, chemical engineering, thermo-elasticity, population
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dynamics, and so on. For a detailed description of the integral boundary conditions, we
refer the reader to some recent papers |1, 2, 4, 21, 24-26] and the references therein.

The rest of this paper is organized as follows: In section 2, we present some material to
prove our main results. In section 3, by applying a standard fixed point principle, we prove
the existence of solutions for nonlinear fractional differential equations with p-Laplacian

operator. Finally, an example is given to illustrate the main result in section 4.

2 Preliminaries and lemmas

Firstly, we recall the following known definitions, which can be found, for instance, in
f1d, ).
Definition 2.1. The Riemann-Liouville fractional integral operator of order o > 0 of a
function f: (0,00) — R is given by

a 1 ' a-1
300 = s [ =9 s

provided that the right side integral is pointwise defined on (0, 4+00).
Definition 2.2. The Riemann-Liouville derivative of order a > 0 for a function f :
[0, c0) — R can be written as

Do) - g [ IO

I'(n— a)dz" x — ) ntl

where n is the smallest integer greater than a.
Definition 2.3. The Caputo fractional derivative of order o > 0 for a function f : [0, co) —

R can be written as

n—1

Di. () = PG| fl0) ~ X 3579000

k=0
where n is the smallest integer greater than a.
Remark 2.4. If f € AC"[0, o), then

T ) (g
D510 = s | 2 ) g,

I'n—a« xr — s)otl-n

where n is the smallest integer greater than «. Furthermore, the Caputo derivative of a

constant is equal to zero.
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For n € Nt := {1,2,---}, AC"[a,b] denotes the space of real-valued functions f(z)

which have continuous derivatives up to order n — 1 on [a, b] such that f"~V(z) € AC|a, b):
AC™a,b] = {f : [a,b] = R and f"V(x) € AC[a,b]},

where ACYa, b] be the space of functions f which are absolutely continuous on [a, b].
Lemma 2.5 ([10], p96). Let a > 0. Assume that v € AC"[0,1], Dg§,u € L(0,1). Then the
following equality holds:

& DS u(t) = u(t) + co + it + oo+ ey g t" 1

where ¢; € R, 2 =0,1,--- ,n — 1; here n is the smallest integer greater than or equal to a.
Definition 2.6 ([20]). Let Q@ C R" be a domain. A function f :  x R™ — R is said to
satisfy the Carathéodory conditions if
(i) f(x,u) is a continuous function of u for almost all = € Q;
(ii) f(x,u) is a measurable function of x for all u € R™.

Given a function f satisfying the Carathéodory conditions and a function u : 2 — R™,

we can define another function by composition

The composition operator N is called a Nemytskii operator.

Lemma 2.7 ([22, 27], Schaefer’s fixed point theorem). Let X be a Banach space and T :
X — X be a completely continuous operator. If theset £ ={u € X |u=pTu, 0 <p <1}
is bounded, then T has at least a fixed point in X.

3 Main results

In this section, we deal with the existence of solutions of the problem (1). Define
l|t]|oo = max;epo ) [u(t)| and let X = {u: w € C[0,1] and Dg§,u € C[0,1]} with the norm
[|lu|| = max{||u||s, ||Dfiul|lsc}. By means of the linear functional analysis theory, we can
prove that X is a Banach space.

Lemma 3.1. Let h(t) € C[0,1], a € (0,1], p, A € R. If u+ X\ # 1, then v € AC[0,1] is a
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solution of the following fractional differential equation:

D2 u(t) = h(t), te0,1],

! 4
u(0) = ”/o u(s)ds + hu(€), €€ 0,1, @
if and only if u € C[0, 1] is a solution of the fractional integral equation
_ [T ! pu(l— )~
u(t) = /0 o) h(s)ds—l—/o 0= - NT(a+t 1)h($)d8
¢ AE— )
+/0 A== )\)F(a)h(s)ds. (5)

Proof. Assume that u € AC|0, 1] satisfies (4). For any t € [0,1], by Lemma 2.5, the first

equality of (4) can be written as

) = Igeh(t) + = [ (=)

Wh(s)ds + co,

substituting it into the second equality of (4), we have

¢ = u(/ol(/os%h(r)deLco)ds) +A</j%h<s>ds+co)

- P 1 T 13—7'0‘_13 T C L ‘ — ) h(s)ds C
_r(a>/0h()/T( ) dd“‘”r(a)/o(f 1 h(s)ds + Aco

1% ! o A ¢ a—1
= (u+Nco+ m/() (1 —7)h(7)dT + @/0 (& —s8)*"h(s)ds,

thus, we get

s € Ag— s
“=| 0 j— V(@1 v/ TEESm

That is

_ [ L - CME=s)!
u(t) = /0 Wh(s)ds —i—/o TSN 1)h(s)ds —i—/o -, )\)P(a)h(s)ds.

On the other hand, assume that u satisfies (5). Using the fact that D, is the left inverse
of I§,, we get (4), which completes our proof.
Lemma 3.2. Let ¢(t) € C[0,1], o, B € (0,1], p, A, k € Rsuch that k # 1, u+ X # 1,
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then a function u € {u | u € AC[0,1] and D§, v € ACI0, 1]} is a solution of the following

fractional differential equation:
Dy, ¢p(Dgult)) = o(t), t€[0,1],
1
u(0) =t [ uls)ds + Aufe), (6)
0
D8+U(0) = kD8+U(77)7 57 7] E [07 1]7

if and only if u € C[0,1] is a solution of the fractional integral equation
ut) = 1§ dq(15 (1) + Frp(t)) + Fap(t)

where, for any ¢ € [0, 1]

M (p— g)f-1
relt) = 205 | e

L - (s =7
Ro) = [ o [ E T et + Fies) s

* /of (1 /\—(gu_—s))\;l:za) % ( /05 (81_“(7;):_1@(7)0” + FNP(S)) ds.

Proof. At first, assume that u is a solution of (6). For any ¢ € [0, 1], by Lemma 2.5, the

first equality of (6) can be written as
a - ! (t - S>ﬁ_l
ouDieutt) = [ H—
Then ¢,(D§ u(0)) = ¢o. Combining the fact that D§, w(0) = kD§ u(n), then we have
(k) [T —s)T!
T 0m) /0 r()
Hence,
«a ! (t - S>ﬁ_l
D + = e —
oDt = [

Then the equation (6) can be written as follows

t(p — g)B-1
D§.u(t) = qbq(/o %gp(s)ds + Fip(t)), telo,1],

u(0) = ,u/o u(s)ds + Au(€), € €0,1].

o(s)ds + ¢o.

o(s)ds =: F1p(t).

o(s)ds + Fro(t).
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bt —s)P !
When we set h(t) = gbq(/ ng(s)ds + Fip(t)), then by Lemma 3.1, we have (7).
0

Conversely, we can obtain that the solution of (7) is the solution of the BVP (6) by

calculation. This completes the proof.

Now, we consider the fractional differential equation (1). Let us define an operator
T : X — X as following by

Tu(t) = Ig¢q(I0. Nu(t) + FiNu(t)) + FaNu(t)
_ [Tt T(s—m)! SRR L GO N L Ul )t (e ) ds
= [Tl ) S e 2 [ gy e Ja

Pop(l—s)e
+/0 (=g —NT(a+1)

><¢q( /0 S%M(ﬂdw 1fp(;]zzk> /0 U ;(Q)ﬁ_lzvu(f)dr) ds

€ A€ —s)
+A(1—M—MN®

(s =) 6o(k)_[7 (= 7)"
x¢q</0 I07) Nu(7‘)d7‘+1_¢p(k)/0 ) Nu(T)dT)ds,

where N is a Nemytskii operator defined by

Nu(t) = f(t,u(t), D&u(t)), te0,1]. (8)

Clearly, a fixed point of the operator T' is a solution of the problem (1).
Lemma 3.3. The operator T': X — X is completely continuous.
Proof. At first, we show that T : X — X is continuous.
Let {u,} € X be a sequence with u, — u in X. We will show that ||Tu, — Tu|| — 0.
Since f : J x R? — R is a continuous function, it is easy to see nhj& Nu,(t) = Nu(t)

uniformly for ¢ € [0, 1]. By the continuity of ¢,, we have

lim Tu,(t) = lim (I$ (1) Nun(t) + FiNu, () + FaNu,(t))

n—oo

=I5 (1), Nu(t) + FyNu(t)) + FyNu(t) = Tu(t) uniformly for ¢ € [0, 1],
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thus, || Tu, — Tul|sc — 0 as n — oo in X. Moreover,

lim D§.Tu,(t) = lim D (I ¢g(I0: Nuy(t) + FiNu, () + FaNu, (1))
= lim @y(I), Nu,(t) + FiNu,(t))

= ¢ (I). Nu(t) + FiNu(t)) = Dy Tu(t) uniformly for ¢ € [0,1],

thus || D§, Tun, — D§yTullc — 0 as n — oo in X. And as a consequence, we have ||Tu, —
Tu|| — 0 in X. This shows that 7": X — X is continuous.
Next, we prove that 7'(Q2) and DS, T'(Q) are relatively compact in C0, 1] respectively.
Let Q C X be an open bounded subset, then for any u € Q, there exists My > 0

such that ||u|]| < My. Since f is a continuous function, there exists M; > 0 such that
(L u(t), Dsu(t))] < M, ¢ € 0.1, u € O Then

s)P-1
I} Nu(t) + FyNu(t)| < /0 (t r(g)) |f(s,u(s), DSu(s))|ds
n — 5 £B—1
| 2| [ O st Bt
M, ¢p(k) Myn? o
RIRICESY +‘1—¢p(7€)‘F(ﬂ+1) =1L, telo1],

|FyNu(t)| = ‘ / — _1 — s)(a e <J§+Nu(s) + FlNu(s))ds

. /0 (1A_(i_—SA);rza)¢q <I§+Nu(s)+F1Nu(s))ds

1 « 13 a—1
(1= s) L / [A[(§ =) .
LT ds + LT s
/0 1 —p—=Al(a+1) o |1 —p—=Al(a)

|| L9 |AjgeLe! '
1—p—AMT(a+2) [1—p—AT(a+1)

For t € [0,1] and u € ©, we have

== Ll, t c [0, 1]

Tu(t)| = I3 dg(I), Nu(t) + FyNu(t)) + FyNu(t)]

IA

| S Nut) + FaNu(ol)ds + (o)
Lat

A
+
&
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D2, T

u(t)] = |Dg (I3 ¢g(ID. Nu(t) + FiNu(t)) + FaNu(t))]
= |¢q(I§+NU(t> + FiNu(t))|
< 6|15 Nu(t) + FiNu(t)|) < L.

Then, we get that ||Tu||e < o — + Ly and 1D, Tu||oo < L¢7'. Thus, T(Q) and Dg, T ()

T(a+1)

are uniformly bounded in C[0, 1] respectively.
For 0 <t; <ty <1,u €, we have

| Tu(ty)

= Tu(t)] = 1§+ ¢g(Ig: Nult) + FuNw(t)|imr, — I dg(15, Nu(t) + FiNu(t))]i=, |
B ‘ﬁ /0 [t = )" = (0 — 5)° 16, (5, Nu(s) + FiNu(s)) ds
—i—ﬁ /t 2(152 - s)a—lgbq(I@NU(s) + FlNU(S))dS
= lez;é) { /0 (e = 8 = (0 — ) s /t (t — s)““lds}
Lo

= — [t =t +2(ty — t1)°
F(Oé+1)[1 2+ (2 1) ]7

Since t* is uniformly continuous on [0, 1], we obtain that T'u(t) is uniformly continuous on
[0,1]. Thus, we get that T(Q) C C0,1] is equicontinuous. Besides, for 0 <t; <ty < 1,u €

), we also have

|(Igs Nu(t) + FuNu(t)) =i, — (I Nu(t) + FiNu(t))| =, |

t2 _ S ﬁ 1 t1 — £B—1
| / (2L (s, u(s). Dgou(s))ds - / = 7 6 u(s), Dgu(s))ds]

['(3)
p- —sﬁls 22—35_15
r<g>/0'<t2 (= s [t
M, 5 5
m[tl —th +2(ts — t)").

Thus [, (ﬁ Nu(t)+Fi; Nu(t) is uniformly continuous on [0, 1]. This, together with the uniformly
continuity of ¢4(s) on [-D, D], D > 0, yields that Dg,Tu(t) = %(I@Nu(t) + FiNu(t)) is

uniformly continuous. Thus, we get that DS, T'(Q) C X is equicontinuous too.

Hence, T'(Q) and D, T(S2) are relatively compact in C[0, 1] respectively.

Finally, we are going to show that T is relatively compact in X.
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Assume that {u,} C X is a bounded sequence. By using the Arzeld-Ascoli theorem, we

can select a subsequence {T'u,, } of {T'u,} which is convergent with respect to the norm
||u||o in C[0,1]. That is

klim || Tup, —Tulleo =0

Then, by using the Arzela-Ascoli theorem again, we can select a subsequence {D§}, Tuy, } C
{D§ Tup, } which is convergent with respect to the norm ||Df,u||« in C[0,1]. Thus, we
have lim || D§, Tuy, — D, Tu||oo = 0.
Hle;gz, lim ||Tu,, — Tu|| = 0 in X, which shows that 7" is relatively compact in X.
Asa corgeoauence of above discussion, the operator T': X — X is completely continuous.
The proof is completed.
Theorem 3.4. Let f:[0,1] x R* — R be continuous. Assume that
(H;) there exist nonnegative functions a, b, ¢ € C0, 1] such that

[t w,0)] < alt) + O + o, te[0,1], (u0) € R
(Hs) there exist constants p, A, k € R, such that £ # 1, u+ A # 1 and
APIB(]1b]]se + |l¢]loe) < 1, where

_ 1 pl+ A+
Ma+1) J1—=p—Al(a+2)’ r'p+1)

Then the problems (1) has at least one solution.
Proof. Set Q ={ue€ X | u= pTu, p € (0,1]}. Now we are going to show that the set € is

bounded. From (H;), we have

mvu] < |72 MO ), D)l

< |20 [ '_Sﬁ1(a@)+b@ﬂmw;1+c@MMWMK§)ds

776 (Z);n( )
: rw+¢ﬁ1—¢g

| (lalle + il + iell ol ). € fo.1)
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which, together with the monotonicity of s?~!, yields that

— s s S_Tﬁ—l qg—1
\ENu(t)] < / H_‘j' 1MFL+1) ( e >> Nu(r)dr + FiNu(®)|  ds
CDIE—s) | [ (5=
o[ i, e RG]
]+ AL+ e NCENG
17 A@+2) {rml) ol

q—1
x(||auoo+<ub||oo+||c||oo>uuup-1) Cvte, 1.
For u € , we get u(t) = pT'u(t). Thus, we obtain that
W(®) < 18 (64 Nu(t) + FsNu(®)))| + |FoNu(d)|

bt —s)ot * (s —T)8t
< [UE el [ RGN EN) ) ds + )

= <r<a1+ 5 e r AT T 2>) [r<61+ e %M
x(Ha||oo+<||buoo+chw>||u||p—l)q_l
S (I ||c||oo>||u||P-1)q_l, vt € [0,1),
Dgu®)] = 164(I2 Nu(t) + F Nu()
< o [ Cr TNl + RN )as
< [ﬁa+nﬁ)%\>]q_l(uaum+<||b||oo+||c||oo>||u||P-1)q_1

q—1
< AB‘]‘I(HaHooJr(||bHoo+HCHoo)|IU||p‘1) , vtel0,1],

where for a € (0,1],0 < Na+1) <1, A= a+1) + ”{"Z"\[\(Hzfg > 1. Thus, we have

q—1
lull < ABq-1(||a||oo+<||b||oo+||c||oo>||u||p-1) Cueo.

In view of condition (Hs), and from the above inequality, we can see that there exists a

constant M > 0 such that

-1
ulP! < (1—Ap—lB<||b||oo+||c||oo>) lallw A" B < M, ue .
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This shows that the set €2 is bounded. By Lemma 3.3, the operator T : X — X is completely
continuous. As a consequence of Schaefer’s fixed point theorem, 1" has at least a fixed point

which is a solution of the Eq.(1). The proof is completed.

4 Example

In this section, we give an example to illustrate the usefulness of our main results.

Example 4.1. Consider the following boundary value problem consisting of the equation

u(o>=%u<1>+ /0 u(s)ds, §+u(0):—5D§+u(%).

It is not difficult to verify that problem (9) is of the form (1). For the particular case

p=3qg=35a=3 =3 A=5 {=p=1k=-5 n=3and

Tt> 1 sint
tu,v) = ? , telo,1].
f(tu,v) cost+(9+et)u +5+|u||v|v 0, 1]
M there exist tive functions a(t) = o b(t) = — " o(t) = Lsint, 1 €
oreover, there exist nonnegative functions a(t) = — =——— ¢(t) = =sin
’ & cost’ (9+et)’ 4 ’

[0, 1] such that the condition (H;) holds. Through some calculation, we can get that
lalloe & 12.9557, [|b]]s = 75, |lc]|oc = £sinl A 0.1683 and

1 +1+§><(1+§)><11/2_ L7
rG+1) [1-1-3T(+2) TI@E) 2r0@Q)
1 1.2 ¢3(=5) ‘ 1 2 25
B=—5—(1+(2)3 = 14275 x =),
r(§+1)( (2> 1—¢3(—5)> r(g)< 26>
1 1
AP B(||b]]o + lclloo) = A’B(+= + == sin®1) ~ 0.7748 < 1.

100~ 25

Obviously, the problem (9) satisfies all assumptions of Theorem 3.4. Hence, it has at least
one solution.
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