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1 Introduction

Non-integer (arbitrary) order calculus has evolved into an interesting area of research for
mathematicians and modelers during the last few decades. It has been mainly due to the
varied applications of fractional differential equations in applied and technical sciences.
Fractional derivatives can take into account memory and hereditary properties of various
materials and processes in contrast to classical ones. In [1], Mehaute found the fractional
derivatives a nearly perfect tool for describing the turbulent flow in a porous medium.
Nowadays, fractional-order differential and integral operators, which are nonlocal in na-
ture, appear in mathematical models of many real world phenomena such as synchroniza-
tion of chaotic systems [2, 3], anomalous diffusion [4], disease models [5-7], ecological
models [8], etc.

Anomalous diffusion phenomena exhibit features different from the classical ones, for
instance, the deviation of observed data in the saturated zone of an actual aquifer from
simulated results for the classical advection-diffusion equation was noticed by Adams and
Gelhar [9]. Some anomalous diffusion can be interpreted as slow diffusion, and it is char-
acterized by the long-tailed profile in spatial distribution of densities with the passage of
time. For more details, we refer the reader to the work presented in [10]. For anomalous dif-
fusion, a microscopic model was proposed by the continuous-time random walk with the
mean square displacement (#%(¢)) growing as t°, where u(t), t > 0 is the probability density
function and o is a positive constant. The anomalous diffusion subject to this condition
can be described by a macroscopic model which is known as fractional diffusion equation
[11]. The case o =1 corresponds to the classical diffusion, and the transport phenomenon
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exhibits sub-diffusion for o < 1 while super-diffusion is associated with o > 1. Hatano and
Hatano [12] used many column experiments on reactive flow in heterogeneous media to
determine the value of o for suitable simulation of the anomalous diffusion. For more
details, see [13].

Wide-spread application of fractional calculus has motivated many researchers to de-
velop the theoretical aspects of this branch of mathematical analysis. In particular, there
has been shown a great interest in the study of fractional-order boundary value problems
(FBVPs). The literature on FBVPs is now much enriched and contains a variety of interest-
ing results involving different kinds of boundary conditions. For theoretical development
of the topic, we refer the reader to the works [14—26] and the references cited therein.

In this survey, we will review some recent works on fractional-order anti-periodic
boundary value problems and discuss some new results.

2 Some definitions and examples
Let us now recall some basic definitions of fractional derivative [27] and see how such

derivatives appear in the mathematical modeling of real world problems.

Definition 2.1 The fractional integral of order r with the lower limit zero for a function
f:[0,00) > Ris defined as

L (" fls)
I'f(t) = — ————ds, t>0,r>0,
TO=F0 Jy - ™ 207>
provided the right-hand side is point-wise defined on [0, c0), where I'(-) is the gamma
function, which is defined by I'(r) = fooo tlet dt.

Definition 2.2 The Riemann-Liouville fractional derivative of order r >0, n —1<r < n,
n € N, is defined as

7 _ 1 i " ! _ eyr-r-1
DL 0= () [ rods

where the function f(¢) has an absolutely continuous derivative up to order (n —1).

Definition 2.3 The Caputo derivative of order r for a function f : [0,00) — R with f(¢) €
C"[0, 00) is defined by

11 f)

I ) m )Hlnds:l”_’f(")(t), t>0,n—-1<r<n.
n-r)Jy (t—s)+l-

‘Df(t) =

In particular, for n = 1, we have

‘Df(t) = ﬁ fot(t—s)’f/(s) ds, t>0,0<r<l,

(t=s)" :
T over the inter-

which can be interpreted as the distribution of f’ scaled by the factor
val [0, ¢].
Next we present some examples of fractional differential equations.
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(a) Population model. Consider a population with a density function u(x, £) at a position
x € R% and time ¢ > 0. We take account of births, deaths and migration with rate of growth
f(x,u), and let K(x,y) denote the fraction of population that will migrate from position x

to y within the time interval (¢, ¢ + At). Expressing it in the mathematical form, we have

Uy = /Rd K(x,y)[u(y, t) — u(x, L‘)] dy + f (x, u). (2.1)

Assume that K > 0 and the range of migration is not too large. Choose
1 _
K(w.y) - _dk(y_x)
€ €

with k € L(R?). There may be several cases for k, for instance, let k be compactly sup-
ported or at least have bounded third moment. Then, for (y — x)/€ = z, the integral on the
right-hand side of (2.1) takes the form

% /Rd k(|21)[w(x + €2) — u(x)] dz.

In case we select

—d-2a

—-X
k(x,) = HyT ;o y-xl =€

then the right-hand side of (2.1) takes the following form:

2 u(y) — u(x)
€ /| —

7
y—x||>€ ||J’—x||d+2°‘

which, on taking the limit € — 0, yields the following form of (2.1):
deu = (—A)*u +f(x, u).

(b) Local fractional versions of the Korteweg-de Vries equation. Based on local fractional
conservation laws of mass, energy and momentum in fractal media, linear and nonlinear
local fractional versions of the Korteweg-de Vries equation describing fractal waves on

shallow water surfaces, derived in [28], are respectively given by

8an aan 83rxn o aan aan 8301)7

—t— — - +
g axe | axde are Toxe T e

(c) Polarographic equation [29]. Polarographic equation, examined by Wiener in [30, 31]

under the assumption that the derivative of non-integer order appearing in the equation
is in the sense of Hadamard, is

Y2 @) —vafy(x) =272, x>0,-1/2< B <0,v e R*, (2.2)

For some recent works on Hadamard fractional differential equations, see the text [32].
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3 Classical anti-periodic boundary conditions
In [33], Ahmad and Nieto initiated the study of fractional-order boundary value problems

by considering the following problem:

Diu(t) =f(t,u), tel0,T],1<g<2,
u(0) = —u(T), u'(0) = —u/(T),

(3.1)

where ‘D7 denotes the Caputo fractional derivative of order ¢, f : [0,7] x R—> Rand T
is a fixed positive constant.
Some existence results for problem (3.1) were obtained by transforming the problem

into an equivalent fixed point problem
u=F(u),

where F is given by

‘(1= 1T (g
(Fu)(t) = /0 qu)f(s,u(s))ds—E /0 Tf])f(s,u(s))ds

T 2
_(T 2;:)/ (1{( _)ql) (s;u(s))ds, telo,TI.

Here we mention two results from [33] which were proved by applying fixed point theo-

rems due to Altman and Schauder.

Theorem 3.1 Assume that there exist constants 0 < k < 4{6(+q and M > 0 such that

[f(t,u)| < 77lul + M forall t € [0, T], u € C[O, T]. Then the anti-periodic boundary value

problem (3.1) has at least one solution on [0, T].

Theorem 3.2 Suppose that f is of class C' in the second variable and there exists a constant

0<M,< gég:{l] such that |f,(t,u)| <M, forall t € [0, T], u € C[0, T]. Then problem (3.1)

has at least one solution on [0, T].

Ahmad and Otero-Espinar [34] considered the inclusions (multivalued) case of problem
(3.1) by replacing f : [0, T] x R — R with F: [0, T] x R — 2%\ {#} and proved the following

result by means of Bohnenblust-Karlin’s fixed point theorem for the resulting problem:

°Diu(t) € F(t,x(t)), te[0,T],1<q<2,
u(0) = —u(T), ' (0) = —u/(T).

(3.2)

Theorem 3.3 Suppose that the following assumptions hold:

(Ay) Let F:[0,T] x R — BCC(R); (¢,x) — f(¢,%) be measurable with respect to t for each
x € R, u.s.c. with respect to x for a.e. t € [0, T, and for each fixed x € R, the set S, :=
{f € LM[0, T],R) : f(¢) € F(t,x) for a.e. t € [0, T} is nonempty (BCC(R) denotes the
set of all nonempty bounded, closed and convex subsets of R);
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(Ay) Foreachr >0, there exists a function m, € L*([0, T],R,) such that | F(t,x)| = sup{|v|:
v(t) € F(t,x)} < m,(t) for each (t,x) € [0, T] x R with |x| <r, and

T
(2 dt
liminf(u> =y <00.

r—+00 r

Then the anti-periodic inclusion problem (3.2) has at least one solution on [0, T provided
that y <4T(q)/(5 + )T,

Alsaedi [35] studied the following anti-periodic boundary value problem of integro-

differential equations of the form:

Diu(t) = f(t, u(t), fo Yu(s)ds), te[0,T],1<gq<2,
u(0) = ~u(T), u'(0) = -u/(T),

(3.3)

where y : [0,£] x [0, T] — [0, 00) is a given function.

In [36], Benchohra et al. studied (3.1) with the nonlinearity of the form £ (¢, u(£), “DT ' u(t))
and investigated the existence of solutions of the resulting problem by means of Banach’s
fixed point theorem and Schauder’s fixed point theorem.

Ahmad and Nieto [37] studied an anti-periodic boundary value problem for impulsive

fractional differential equations:

‘Dix(t) =f(t,x(t)), l<q=<2,te]i=[0,TI\{t,t....t},
Ax(tr) = Li(x(t;)), Ax'(t) = Te(x(t;)), t€(0,T),k=1,2,...,p, (3.4)
x(0) = —x(T), x'(0) = —/(T),

where D is the Caputo fractional derivative, f : ] x R — R is a continuous function,
J=10,T], Ti, Tx : R = R, Ax(ty) = x(t}) — x(t;) with x(¢{) = limy_ o+ x(tx + h), x(;) =
limyo-x(tx + 1), k=1,2,...,pforO=ty<ti<tpy<- - <ty <tpa=T.

The following results were obtained for problem (3.4).

Theorem 3.4 Let f:[0,T] x R — R be a jointly continuous function and I,J : R - R
be continuous functions. Assume that there exist positive constants Ly, Ly, L3, My, M3 such
that

(A1) IIf(&x) —f& N <Lillx-yll, V€ [0, T], %,y € R;
(A2) 1 Zi(x%) =Ll < Lallx=yll, | T x) = Tk W)l < Lz llx—yll with | Ti(x) || < My, | Tx®)|l <
M;,Vx,yeR, k=1,2,...,p.

Further L Tq(zrlq*f1 4};?5)) +2(6Ly + 7TL3) < 1 with L, < [Tq{zrlgf1 “71’ EN. Then

the impulsive anti-periodic boundary value problem (3.4) has a unique solutzon on].

Theorem 3.5 Let (A1) and (A,) assumed in Theorem 3.4 hold with %(6L2 +7TL3) <1
and ||f(t,x)|| < u(t),V(t,x) € [0, T] x R, where u € C([0, T],R*). Then the boundary value
problem (3.4) has at least one solution on [0, T1].
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The inclusions case of problem (3.4) was discussed in [38].
In [39], by applying the contraction mapping principle and Krasnoselskii’s fixed point
theorem, the author proved the existence and uniqueness results for the following anti-

periodic fractional boundary value problem:

Dix(t) =f(t,x(¢)), te[0,T],T>0,2<q<3,
x(0) = —x(T), x'(0) = —x'(T), x"(0) = =x"(T),

(3.5)

where D7 denotes the Caputo fractional derivative of order 4.

Later, Cernea [40] considered the inclusion case of problem (3.5) and obtained several
results for convex and non-convex values of the multivalued map by applying nonlin-
ear alternative of Leray-Schauder type, the Bressan-Colombo selection theorem for lower
semicontinuous set-valued maps with decomposable values and the Covitz and Nadler
set-valued contraction principle.

Wang et al. [41] obtained some existence and uniqueness results for problem (3.5) with

impulsive conditions given by

D*ul(t) =f(t,u(t), 2<a=<3,te],

Au(t) = Qr(u(ty)), Au'(t) = Ie(u(te)),

Au"(t) =L (), k=1,2,...,p,

u(0)=-u), ' (0)=-4'(1),  u"(0)=-u"(),

where D is the Caputo fractional derivative, f € C(J x R, R), Qx, I, If € C(R,R),J = [0,1],
O=to<ti<h<---<ty<tpa=LJ =]\{ti,t2,..., 5}, Aulty) = u(t]) —u(ty) with u(t{) and
u(t;) denoting the right and the left limit of u(¢) at ¢ = t, k = 1,2,..., p, respectively, and
Ad/'(t;) and Au”(tx) have a similar meaning for '(t) and u(¢), respectively.

In [42], Agarwal and Ahmad developed the existence theory for the following anti-
periodic boundary value problems of fractional differential equations and inclusions of
order « € (3,4]:

Dix(t) =f(t,x(t)), te[0,T],T>0,3<q=<4,
x(0) = —x(T), x'(0) = —/(T), (3.6)
x//(o) — —x”(T), x///(o) - _x///(T)’

where °D? denotes the Caputo fractional derivative of order g, f is a given continuous

function and

¢Dix(t) € F(t,x(t)), te€l[0,T],T>0,3<q=<4,
x(0) = —x(T), x'(0) = —/(T), (3.7)
x//(o) - _x//(T), x///(o) - _x///(T)'

In (3.7), F: [0, T] x R — P(R) is a multivalued map, P(R) is the family of all subsets of R.
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In order to transform problem (3.6) into an equivalent fixed point problem, an operator
G:C([0, T],R) — C([0, T],R) was defined as

(s ag-1 T (7 og-1
G0 = | E o (s) ds -/ T =9 1 (5, x(5)) ds

(g I'(q)
L (T- 2t) )12
/ r(qs 1)f5’ x(s) ds
T - a-3
t( t)/ e )2 F(s.4(6)) ds
(6t2T 483 — T3) (T 5)4
48 N 3)f(s,x(s))a,’s, te[0,T]. (3.8)

The following results were obtained for problems (3.6) and (3.7).

Theorem 3.6 Assume that there exists a positive constant Ly such that |f(t,x)| < L, for
t €[0,T], x € R. Then problem (3.6) has at least one solution.

Theorem 3.7 Letf:[0,T] x R — R and lim,_,¢ J@ = 0. Then problem (3.6) has at least
one solution.

Theorem 3.8 Let f:[0,T] x R — R be a continuous function satisfying the following as-
sumptions:

(Bl) lf(trx) _f(t’y” §L|X—J’|, Vit e [0) T],x»)’ € R;
By) |If (&, %) < u(2), V(t,x) € [0,1] X R, and n € C([0, T],R*).

Then the anti-periodic boundary value problem (3.6) has at least one solution on [0, T] if

LTY 2
1 +q(q +11) -1
I'(g+1) 24

Theorem 3.9 Assume that f : [0, T] x R — R is a continuous function satisfying the as-
sumption (By) with

L< F(qti)m ‘
T49(3 + T42=)

Then the anti-periodic boundary value problem (3.6) has a unique solution.

Theorem 3.10 Letf:[0,7T] x R — R. Assume that there exist constants 0 < k < %, where

5 T1 3 qlg®+11)
= — + ,
Cg+1)\2 48

and M > 0 such that |f(¢,x)| < k|x| + M for all t € [0, T], x € R. Then the boundary value
problem (3.6) has at least one solution.

Theorem 3.11 Assume that

(H;) F:[0,T] x R — P(R) is L}-Carathéodory and has convex values;
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(Hy) there exist a continuous nondecreasing function V : [0,00) — (0,00) and a function
p € C([0, T],R*) such that

HF(t,x) ||73 = sup{|y| 1y € F(t,x)} fp(t)lp(llxlloo) foreach (t,x) € [0,T] x R;

(H3) there exists a number M > 0 such that

M
- > 1’ (39)
nyMlpll
where
et
I'g+1)

Then the boundary value problem (3.7) has at least one solution on [0, T].

Theorem 3.12 Assume that the following conditions hold:

(Ha) F:[0,T] x R — Pg,(R) is such that F(,x) : [0, T] = Pc,(R) is measurable for each
xeR.

(Hs) Hy(F(t,x),F(t,x)) < m(t)|x — x| for almost all t € [0,T] and x,x € R with m €
C([0, T],R*) and d(0, F(¢t,0)) < m(t) for almost all t € [0, T].

Then the boundary value problem (3.7) has at least one solution on [0, T] if

qlg>+11)
Tq(3 + T)

L.
Mg+

Alsaedi et al. [43] found further insight into the characteristics of fractional-order anti-
periodic boundary value problems by extending problem (3.6) to the order « € (4,5].

In [44], the authors studied a boundary value problem of fractional differential inclu-
sions with anti-periodic type integral boundary conditions given by

Dix(t)x(t) € F(t,x(t)), O0<t<T,2<q<3, (3.10)
A0(0) = 120(T) = 1 [T gi(s,x(s))ds, j=0,1,2, '
where ¢D? denotes the Caputo derivative of fractional order g, x/)(-) denotes jth deriva-
tive of x(-) with x©(-) = x(-), F: [0, T] x R — P(R) is a multivalued map, P(R) is the
family of all subsets of R, g; : [0, T] x R — R are given continuous functions and A;, ; € R
(A; #1). The existence of solutions for problem (3.10) was investigated for convex as well as
nonconvex valued maps by using nonlinear alternative of Leray-Schauder type and a fixed
point theorem for contraction multivalued maps due to Covitz and Nadler, respectively.
In [45], Agarwal et al. introduced nonlocal (parametric type) anti-periodic conditions
involving a nonlocal intermediate point 0 < 4 < T and the right end point (¢ = T). This
consideration led to a new kind of anti-periodic conditions: x(a) = —x(T), '(a) = —x'(T).
With these conditions, the following anti-periodic boundary value problem was studied:

Dix(t) =f(t,x(t)), te[0,T],T>0,1<q<2,
x(a) = —x(T), X (a)=-x(T), O<a<T,
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where °D? denotes the Caputo fractional derivative of order g and f: [0,T] x R — R is
a given function. Observe that the interval [0, T'] can be replaced with an interval of the
form (—o0o, T'] with « in it. This means that the anti-periodic phenomena can start from

an arbitrary point in (—oo, T').

3.1 Aninteresting analogy

Here we describe the relationship between the Green’s functions of lower- and higher-
order anti-periodic fractional BVPs. Note that the underbraced term in the Green’s func-
tion of an anti-periodic fractional BVP indicates the additional term to the Green’s func-
tion of the immediate lower-order anti-periodic fractional BVP.

(a) The Green’s function for the problem

‘Dix(t) =fi(t), 0<q<1,t€l0,T],
x(0) = —x(T)

—_—— — s<t
T 2T(q) ’ =5
Glt,s,q) = (;q_)s)qfl @
- , Lt<s.
2I'(q)

(b) The Green'’s function for the problem

‘Dix(t) = fi(t), 1<q<2,t€[0,T),
x(0) = —x(T), x'(0) = —x'(T)

(G L Vi L (T=-5)7-2
Mg~ G tiC2+ D, sst
G(t,S, 61) = ~ (311)
(T )q_1 1 (T
—21f< 1(=2t+T) l"(ql , t<s.

(c) The Green’s function for the problem

Dix(t) =fi(t), 2<q=<3,t€[0,T],
x(0) = —x(T), x'(0) = —x'(T), x"(0) = —x"(T)

(¢=s5)771 (T—s)271 1 (T-5)1~2
Mg~ @ ( 2” 'y
+1
(t+Tt) q2), s<t,
G(t,s,q) =
(T-9171 |1 (T=s)7
_T(q) —(—2t + T)
Ll
(t+Tt) q2)’ t<s.
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(d) The Green’s function for the problem

‘Dix(t) =fi(t), 3<q=<4,t€[0,T],
%(0) = —x(T), x'(0) = =x/(T), x"(0) = =x"(T), x"(0) = —x""(T)

(¢-s)171 _ (1)1 -1 1 (T-s
Mg~ g ( 2t + T) 1)

q-3
P12 T E2 4 Lar v 6T - T9) T

s<t,
G(t,s,q) =

(T-9771 | 1 (T-s)q*
) —(—2t+ T) =

#1224 T 48( ~46 4 6T - T%) L0,

t<s.

(e) For the anti-periodic boundary value problem of fractional differential equations of
order g € (4,5],

Dix(t) =fi(t), 4<q=<5,t€]0,T],
x(0) = —x(T), %'(0) = =x/(T), x"(0) = =x"(T), x"(0) = =x"(T),
(0) = ~(T),

the Green'’s function is

(=1t _ (Tl 1 )12
Mg T @ ( Zt + D ,
+12+ 4 o 2) + e (-48 + 6T — T?) T(;)qB)
St 2T? - Tt )%, s<t
Glt,s,q) = (3.12)
~ o+ (2t + T)(T
q-3 4
+ 2+ T 48( 4t3 +6Te2 - T9) Y
1 30 (T
+45(= 2T - T3 )r( 4 , t<s.
3.2 Further generalization of classical anti-periodic problems - new results
Consider a Caputo type fractional differential equation
°Dix(t) :f(t,x(t)), 5<q<6,te[0,T], (3.13)

supplemented with the following anti-periodic boundary conditions:

x(0) = —x(T), x'(0) = —x'(T),
x"(0) = =x"(T), x"(0) = =x""(T), (3.14)
W) ==(T),  29(0) = -«UT),

Page 10 of 27
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where D7 denotes the Caputo fractional derivative of order ¢, f is a given continuous

function.
By means of standard tools of fractional calculus, we can express the solution of problem

(3.13)-(3.14) in terms of the Green’s function as follows:

T
x(t)z/ G(t,s,9)fi(s)ds,
0

where
=91t (191t 1 —5)1~2
Mo~ er(q) Z( 2” (AR )
+ 52+ T & fo(-4e v 6T - T2 25
+ (-t + 2Tt3 T3t) T Sq ~
5 _ 5732 4 5y (T—s)16
+ o (- + 3T - 3T%¢ 5Tt+3T) D)
Gesg=1 °=F (3.15)
,8,q) = . .
(T—s)7 1 T—
— er(q) Z( -2t + T) s)

(T—s)T4

1
+ 3 (-1 + Tt) ) —( 45t3 + 6Tt — T3) )
+ ﬁ(— th+ 2Tt3 T3t) _Sq

5 532 4 5y (T—s)16
(t+ Te* - -3T°t" - 5Tt+3T) ;5),

240

t<s.

Let A = C([0, T], R) denote the Banach space of all continuous functions from [0, T] to

R endowed with the norm ||x|| = sup{|x(¢)|, ¢ € [0, T]}.
Associated with problem (3.13)-(3.14), we define an operator H : A — A by

(t- (T -s)1!
(Hx)(t) = / r( ) f(s, (s))ds— = fo T;)f(s,x(s))ds

T
Lf(s,x(s)) ds

q-5

+ {3 t)/ ( _3) f (s,%(s)) ds + {4(13)/ ' _4)f(s,x(s)) ds

a2
L0 / o il ey 6409) s+ 220 /

(-9,
+ 55(0) / F(qss 5,%(5)) ds, (3.16)

where
Z_ t) = ( 26+ T g t) = tz Tt
1( ) —(=2t + ), 2( ) _(_ + ),

1 1
&3(t) = E(—M + 6Tt - T°), Za(t) = @(—t“ +2T¢ - T°¢), (3.17)

1 5 5
()= — | —t°+ =Tt = =T3¢ —5T* +3T° ).
240 2 2

Notice that problem (3.13)-(3.14) has solutions if and only if the operator H has fixed

points.
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For the sake of computational convenience, we set

A = max ’X(t) , (3.18)
te[0,T]
where
— t1 T1 1 791 L
At) = - + = (=2t + T)— + = (-£* + Tt)
I'g+1) 2l(g+1) 4 I'lq) 4 I'g-1)
1 T3 1 T4
+— (-4 + 6T - T?) +—(=t* +2TF - T%1)
48 T(g-2) 48 I(g-3)
1 5 5 75
+— |-+ =Tt - T3 5T + 3T° )
240 2 2 T(g-4)

Now we present existence results for problem (3.13)-(3.14). Our first result is based on

Banach’s fixed point theorem.

Theorem 3.13 Let f: [0,T] x R — R be a continuous function such that the following
condition holds:

(Hy) |[f(t,%) —f(t,)| <Llx—y|,Vt€[0,T], x,yeR, £>0.

Then problem (3.13)-(3.14) has a unique solution if LA < 1, where A is given by (3.18).

Proof Setting sup, (o 1) |f(£,0)| = 0, ¢ > Ao(1 - A£)7!, we show that HB, C B,, where the
operator H is given by (3.16) and B, = {x € A: ||x|| < &}. Now, for x € B, t € [0, T], using

If (6,x(®)| = £ (&,%(2)) —£(2,0) +£(2,0)]
= [f(t,x(t)) -f(t 0)‘ + lf(t,0)| </le+o,
and (3.18), we get

t(+_ g1 1 T T— gq-1
||(’Hx)|| < sup {/0 (tr(S;) [f(s,x(s))|ds+§/0 %[f(s,x(s)ﬂds

te[0,T]

T (T )2 T (T -9
+4a0) /o TS_I)V(S,x(S))|dS+{2(t) /0 Tiz)tf(s,x(smds

T(T -s)75

m lf(S, x(s)) | ds

T (T syt
£ 5(0) /0 Ts_g)lf(s,x(s))wu i) |

T(T-97°¢
+§5(t)/0 7”6;_5) [f(s,x(s))]ds}

t1 T4 _ T4t _  T92
{F(q+1) Yargen T T

< (€e + ) sup
te[0,T]

_ Tq—S _ Tq—4~ _ Tq—S
"5rg-2 T Tg-3) TP T-9)

}5(@8+Q)A§5,

which implies that HB, C B;.
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Next, for x,y € R and for each ¢ € [0, T], we obtain

Et—s)1!

Hx —Hy|| < su —_—
I vl P{ . T@

te[0,T]

If (s,%(5)) = f (5, %(5)) | ds

1
I o) o) s
T T — §)4-
ra [ ( S_)l) (5:40)) £ (5(5) | s

_ q3
+2o(t) / T 2 ) If (s,%(5)) = f (5, (5)) | ds

q-4
a0 / e _)3) (5:56)) — £ (5,(5)) | ds

O T o a0 y
+24 )/0 ﬁ[f(s,xs)—f(s,y(s)ﬂ s

T(T -s)20
+ Cs(t)/o ﬁlf(s»x(s)) —f(S,y(s))’ds}

q—5
+a() OT%ngz(t) :%ds
+§3(t)/;%ds+§4(t)/:%ds

T — )16
4 gt f( S’ }<eA||x ol

where A is given by (3.18). Then we deduce from the assumption £ A <1 that the operator
‘H is a contraction. Therefore, it follows by Banach’s fixed point theorem that problem
(3.13)-(3.14) has a unique solution on [0, T]. This completes the proof. O

In the next result, we use Krasnoselskii’s fixed point theorem [46].

Lemma 3.14 (Krasnoselskii) Let P be a closed, convex, bounded and nonempty subset of a
Banach space X. Let v, Vo be operators such that (i) Y1v, + Yovy € P whenever vy, vy € P;
(ii) v is compact and continuous; and (iii) W, is a contraction mapping. Then there exists
w € P such that w = Yo + Y.

Theorem 3.15 Letf:[0,T] x R — R be a continuous function satisfying (H,) and

(Hp) Ift, %) <y(8),V(t,x) € [0,T] x R, and y € C([0, T],R*).

Then there exists at least one solution for problem (3.13)-(3.14) on [0, T if

LT

1
m[ + 0T g+, Tq(g-1) + L3T%q(qg - 1)(g - 2)

+8,Tq(q-1)(q-2)(q-3)+ 5T q(g - 1)(g-2)(q - 3)(q - 4)] <L (3.19)
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Proof Letting § > ||y ||A, (Il || = maxcepo,r] |y (£)]), we consider Bs = {x € A: ||x|| <5} and
define the operators #; and H; on B; as

t (s a1
(0 - [ %f(s,x(s)) s,

T (7 _ oyl
(0 =3 | (TF(S); Flsx(s)) ds

T (7 N\g-2 _¢)4-3
+§1(t)/ uf(sx(s) ds+§2(t)/ (T Ul f(,x(s))ds

(T - s)1* T(T—S)q5

+ ¢3(¢) . TG-3) f(s,x(s)) ds + {4(t)/(; e f(s,x(s)) ds
T (7 _ \q-6
+¢5(2) /0 (lj:(q i)q5) £ (s,%(5)) ds.

It is easy to show that || (H1%) + (Ha))|| < [|l¥ |A < 8 for X,y € Bs, where A is given by (3.18).
Hence, H1X + HoX € Bs.

Next, we will show that the operator H; is a contraction. For x,y € R, ¢ € [0, T], we can
obtain

T 1
[ Hax - Hayll < sup {2 /0 (TF(S); If (5,%(5) £ (s, 9(5)) | ds

te(0,T]

T -2
L) / (- S’ 1 (5,5(5)) ~£ (5,5(6) | ds

(T — )13
Fg-2) If (s,%(5)) —f (s, (5)) | ds

T T— q—4
(F 7 i)?)) V(s,x(s)) —f(s,y(s)) | ds

+8o(t)
0

+&3(t)
0

T (7 _ \q-5
+84(8) / (z S)q V(S’x(s)) —f(s,5(5)) | ds

q- 6
+ ;“5(t)/ F( ) s x s)) f(s,y(s))|ds}

T (T T (T
d
<{lx- y”tes[l(l)pT]{Z/O ol )/
T = )
+§2(t)/ (T_S_)q ds+§3(t)f (T_S_ ds

T( _ q—
oo [T e [ 2 )

ﬂllx Yyl T?
I'(g+1)

[2+§1T q+0,T2qlq-1)+ 3T q(g - 1)(g - 2)

+8,Tq(q-1)(q-2)(q-3)+ 5T q(g - 1)(g - 2)(q - 3)(q - 4)].

In view of assumption (3.19), the last inequality implies that 7 is a contraction.
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Now, we will show that H; is compact and continuous. The operator H; is continuous

by the continuity of f. Also, H; is uniformly bounded on B; as || Hix| < F”;’Jl Moreover,
for 1,1, € [0,1] with # < £, we have

L (ty — )1t h(f —s)1!
/0 Tq)f(s,x(s)) ds — /0 Tq)f(s,x(s)) ds

Iy
= Fgep % a4 2e-0)),

|(H1x)(t2) - (Hlx)(t1)| =<

which as (£ — t1) — 0 tends to zero independent of x. So, H, is relatively compact on Bs.
Thus, by the Arzela-Ascoli theorem, the operator H; is compact on Bs. Therefore, all the
conditions of Krasnoselskii’s fixed point theorem are satisfied; and consequently, problem
(3.13)-(3.14) has at least one solution on [0, T']. This completes the proof. O

The next result is based on the Leray-Schauder nonlinear alternative [47].

Lemma 3.16 (Nonlinear alternative for single-valued maps) Let E be a Banach space, E; be
a closed, convex subset of E, V be an open subset of E; and 0 € V. Suppose thatU : V — E;
is a continuous, compact (that is, U(V) is a relatively compact subset of E;) map. Then
either

(i) U has a fixed point in V, or

(ii) thereisx € dV (the boundary of V in Ey) and k € (0,1) with x = kU (x).

Theorem 3.17 Letf:[0,1] x R — R be a continuous function. Assume that

(Hs) thereexist a function p € C([0, T],R*) and a nondecreasing function ¢ : R* — R* such
that |f (t,x)| < p(O)p(llxll), ¥(£,%) € [0, T] x R

(Hy) there exists a constant M > 0 such that ”p” Al>1.

Then problem (3.13)-(3.14) has at least one solution on [0, T].

Proof First, we will show that the operator H : A — A defined by (3.16) maps bounded
sets into bounded sets in A. Let B, = {x € A: | x|| < €} for € > 0 be a bounded set in .A.
Then, in view of (H3), we obtain, for x € B,,

t(+_ o\q-1 T T— q-1
(H)(0)| < /o Und) Plo)p (el ds + 3 / %p(s)w(nxn)ds

I'(q)
Lo OT% S (Il ds + &0 / e S)q_ POl ds
/ (T_S)“ PO (Il ds+ a0 [ T%p(s)w(nxn)ds
+ 5500 f o p(s) (1) ds
<M[ + 0T g+, T q(q - 1)

I'(g+1)
+¢3Tq(g-1)(g-2) + ¢, T *q(qg - 1)(q - 2)(q - 3)

+¢5T°q(q-1)(g - 2)(q-3)(q - 4)}.
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Next, it will be shown that # maps bounded sets into equicontinuous sets of A. Let #;, t; €
[0, T] with £ < t, and x € B,. Then

|(Hx)(82) - (Hx)(2)|

- pE)lpll
“TI'(g+1)

1
(18- #2007+ - 0077
1 2

+ Z(fz ~t)(T - (&2 + ) TT*q(g - 1)

1 1
+(ty — t1)<§T(t2 +4)+ E(t§ + fty + tf)) T 3q(q -1)(q - 2)
+(t—f) LT3 + LT(t2 +hy +147)

48 24 V2 !

+(L+t) (6 + tf)) T7*q(q-1)(q - 2)(q - 3)

1 1 1
+(ty - tl)(ET4 + 9—6T3(t2 +h)+ 9—6T(t2 +0)(5 +1)

1
+ m(g + Bt + B+ hts + tf))Tqu(q_ 1)(6]—2)(q—3)(q—4)],

Obviously, the right-hand side tends to zero independently of x € B, as (t, — t;) — 0.
Hence, by the Arzeld-Ascoli theorem, the operator H is completely continuous.

Let x be a solution of the given problem. Then, for p € (0, T), using the method of com-
putation employed to show the boundedness of the operator #, we obtain

[%(0)] = |p(Hx)(0)]
T(3 — =
< %{5 + 0T g+ 5T (g -1)

+¢3Tq(q - 1)(g-2) + ¢, T *qlqg - 1)(q - 2)(q - 3)
+¢5T°q(g - 1)(g-2)(q-3)(q - 4)},
which implies that

eUxDIpIT? [3 — .y~ B
IIxII[ir(qH) {2+§1T qg+¢,T7qlqg-1)

+03T3q(g-1)(g-2) + ¢, T *q(g - 1)(g - 2)(q - 3)

1
+¢5T°qlq-1)(g-2)(g-3)(q - 4)” <1

In view of condition (H,), there exists M > 0 such that |x|| # M. Let us choose N = {x €
At |lx]| < M +1}. Observe that the operator H : N'— A is continuous and completely
continuous. From the choice of A, there is no x € N such that x = pH(x) for some p €
(0, T). Therefore, by Lemma 3.16, we have that the operator A has a fixed point x € N/
which is a solution of problem (3.13)-(3.14). This completes the proof. O

Our final result is based on the following fixed point theorem.
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Theorem 3.18 Let X be a Banach space. Assume that K : X — X is a completely contin-
uous operator and the set W = {u € X|u = AKu,0 < A <1} is bounded. Then K has a fixed
pointin X.

Theorem 3.19 Assume that there exists a positive constant My such that |f(t,x)| < M, for
all t € [0,T], x € A. Then there exists at least one solution for problem (3.13)-(3.14) on
[0, T].

Proof From the previous result, we have that the operator # is completely continuous.

Now, we define a set I/ = {x € A:x = xHx,0 < x <1} and show that it is bounded. For
xe U, te[0,T], we have

x(t) = Rl ———f(s,x(s)) ds - / (- S)qilf(S,x(s)) ds
0

I'(q) I'(q)
(T - 5)172 (T - S)q‘
+4(2) ; mf(s, x(s)) ds + £ t)f f(s,x(s)) ds
4 T (7 _ g5
/ (T )q £ (s, x(s)) ds + ;‘4()f)</0 %f(s,x(s)) ds

T
+ Q;(t)/ (F( _5 f (s,%(s)) ds

We can obtain that |[x(¢)| = x |[(Hx)(£)| < M1 A = M,, then ||x|| < My, Vx € U, t € [0, T].
Thus, U is bounded. Therefore, by Theorem 3.18, problem (3.13)-(3.14) has at least one
solution on [0,1]. This completes the proof. d

Example 3.20 Consider a fractional boundary value problem with anti-periodic bound-

ary conditions given by

Dix(t)= A=+ %D+ L te[0,2],

2(0) = —x(2), x(0) = —x/(2), x"(0) = —x"(2), (3.20)
x7(0) = —x""(2), x®(0) = 2@ (2), x0)(0) = —x®)(2).

Here,q=11/2, T =2 and ¢ = % as |f(,x) = f(t,y)] < %Hx — y|l. Using the given data, we
get A = maxe[o2 [A(2)] ~ 0.49217. Clearly, £A ~ 0.28710 < 1. Hence, all the conditions of
Theorem 3.13 are satisfied. Therefore, the conclusion of Theorem 3.13 applies, and prob-

lem (3.20) has a unique solution on [0, 2].

Example 3.21 Consider the following fractional differential equation:

DI x(t) = (t;—l) <% tan~L(x) + x), te0,2], (3.21)

subject to the boundary conditions of Example 3.20. In this case, |[f(¢£,x)| < (t + 1)1 +
llx]1)/9. Let us fix p(¢) = (¢ + 1)/9, o(|lx|]) = 1 + ||x]| and ||p|| = 1/3.

By the assumption M/¢(M)||pllA > 1, we find that M > M, where M ~ 0.19625. Thus,
by Theorem 3.17, there exists at least one solution for problem (3.21).
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4 Sequential fractional differential equations
In [48], Aglan et al. studied some new boundary value problems of Liouville-Caputo type
sequential fractional differential equation:

(‘D* + kD" NYu(t) = f (t,u(t)), 1<a<2,0<t<T,T>0, (4.1)
subject to anti-periodic type (non-separated) boundary conditions of the form
a1u(0) + pu(T) = By, a1/ (0) + poud (T)) = o, (4.2)

and anti-periodic type (non-separated) nonlocal integral boundary conditions

n
a1u(0) + p1u(T) = A1/ u(s)ds + As,
0
(4.3)

T
o1t/ (0) + poud (T) = m/ u(s) ds + L2,
£

where °D* denotes the Liouville-Caputo fractional derivative of order o, k € R*, 0 < 5 <
£ < T, 01,02, p1, 02, 1> Pos My Ao, i pta € R with o + p1 #0, oy + p2e™*T #0,and f: [0, T] x
R — R s a given continuous function. Instead of writing the so-called ‘Caputo’ derivative,
they called it ‘Liouville-Caputo’ derivative as it was introduced by Liouville many decades
ago.

Several existence and uniqueness results were obtained for problem (4.1)-(4.2) by using
the operator H : £ — £ given by

t s DAY 2
(Hu)(0) = vi(8) + /0 e‘““”( /0 %f(x,u(x)) dx) ds

T (T— )a-z
+V2(t)/(; F(Ts—l)f(s’u(s)) ds

T MTos s( _ )ot—2
+v3(0) /0 KT >< /O %f(x,u(x))dx) ds, (4.4)

where € = C([0, T], R) denotes the Banach space of all continuous functions from [0, T'] —
R endowed with the norm defined by ||u«| = sup{|u(¢)|,¢ € [0, T]} and

b1 (6) = B (o1 + pre™¥T) = (a1 + p1)e™ ) By
S ) k(e + o)tz + paekT)
o2l + pr)e™ = (g + pre™*7)) _a1py —aapr — palon + pr)e ™
va(t) = vs(t) =

k(o + p1)(erz + pre*T) (a1 + p1) (o2 + pre*T)

To study the existence of solutions for problems (4.1) and (4.3), the following fixed point
operator G : £ — £ (associated with the given problem) was considered:

(Gu)(t) = By(¢) {xl /0 ' ( /o ' e K= 1 (x) dx> ds

T
- p1 / e XTI () ds + )»2}
0
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T s
+Bg(t){m/§ (/0 e K0 [T () dx) ds

T
+ k,oz/ e T p(s) ds — pol* Th(T) + ,u2}
0

t
+ / e K 1y ) dis, (4.5)
0
where
—kt 5 —kt _ 8
Bi(t) = w, By(t) = %, A =163 + by¢€y,

_ Ao
Si=ar+pme T+ ?(e kn_1), €1 = (o1 + p1 — Ain),

85 = —kats — kpoe T + % (€ —ek),  e=m(T-8). (4.6)

In a more recent work [49], the authors presented a novel idea of unification of anti-
periodic and multipoint boundary conditions and developed the existence theory for se-
quential fractional differential equations by applying some standard fixed point theorems
due to Banach, Krasnoselskii, Leray-Schauder alternative criterion, and Leray-Schauder

degree theory. Precisely, the following problem was investigated:

(¢DT + k°DI VYu(t) = f(t,u(t)), 2<q<3,0<t<T,
aqu(0) + Y au(n:) + yu(T) = B,

ayu/(0) + 377 bt (i) + youd (T) = B,

azu”(0) + Y7 ciul" (n;) + ysu (T) = B,

(4.7)

where ‘D7 denotes the Caputo fractional derivative of order ¢, o, B, ¥; € R (j = 1,2,3),
ainbi,c;eR (i=1,2,...,m), k e R* and f is an appropriately chosen continuous function.
The new boundary conditions in (4.7) can be interpreted as the values of the unknown
function, and its first- and second-order derivatives at the end points of the interval under
consideration relate to the linear combination of the values of the unknown function, and

its first- and second-order derivatives at interior points n; € (0, T).

5 Coupled anti-periodic boundary conditions
In [50], Alsulami et al. introduced a new kind of boundary value problems of coupled

Caputo type fractional differential equations:

D*x(t) =f(t,x(t),y(), tel0,T],l<a<2,

(5.1)
‘DPy(t) = g(t,x(8),y®)), t€[0,TL1<p <2,
subject to the following non-separated coupled boundary conditions:
0) =x9(7T), (0) = Ay/(T),
x(0) = ay(T) x'(0) = A2y (T) (5.2)

¥(0) = u1x(T), ¥ (0) = pox'(T),
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where D%, ¢D? denote the Caputo fractional derivatives of order o and B, respectively,
f,2:10,T] x R x R — R are appropriately chosen functions, and %;, u;, i = 1,2, are real
constants with A;u; #1,i=1,2.

In order to obtain the existence and uniqueness results for problem (5.1)-(5.2), the au-
thors derived the operator T : X x X — X x X defined by

Tem)(6) - (n(u, v)(t)) ,

To(u, v)(2)

where X = {u(f)|u(t) € C([0, T],R)} endowed with the norm ||| = sup{|u(t)|,t € [0, T} is

a Banach space,

T (u,v)(2)
I (M T(u1rz +1) s Azt>Bzf .\ e (T(Ml + U2)A s t)Azg
1-2ous 1-2m 1-22p2 1-2m
t _ a1
- ”A (g + ) + %f(s,x(s),yu)) ds,
Ty (u, v)(2)
M Tpa(M + A2) Ao Tpa(Mpa +1)
N 1—)»2M2< 1-Am +t>Bzf+ 1—)»2M2( 1-2m +M2t)A2g
(t-
1T )\ (AlAlg +Byf) + / F(ﬂ) (s,x(s),y(s)) ds,
~ T (T _S)ﬁ—l ~ T (T_S)a—l
A = /(‘) Tﬁ)g(s,x(s),y(s)) ds, By = ‘/(; Wf(s,x(s),y(s)) ds,
~ T (T_s)ﬂ—z ~ T (T _S)a—z
Ay = mg(s,x(s),y(s)) ds, By = /0 mf(s,x(s),y(s)) ds.

In the most recent work [51], Ahmad et al. investigated the existence of solutions for the
following boundary value problem of nonlinear Caputo sequential fractional differential

equations:

(D% + ki°D* Vx(t) = f(t,x(),y(2)), 1<a<2,t€[0,T],

(5.3)
(“DP + ko DF)y(t) = g(£,x(8), y(8)), 1< B <2,6€[0,T],
supplemented with coupled anti-periodic type boundary conditions
x(0) = a1y(T), x'(0) = ay'(T),
(0) = ary(T) (0) = a2y (T) (5.4)

¥(0) = bix(T), ¥ (0) = byx'(T),

where D%, ¢DP denote the Caputo fractional derivative of order o and B, respectively,
ki, ky e R*, T>0andf,g:[0,T] x R x R — R are given continuous functions, and a;, a,,

by, by are real constants with a;5; #1 and aybye~tT+eT) o1,
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We briefly describe the results obtained for problem (5.3)-(5.4). First of all, they obtained
an operator H : X x X — X x X given by

(5.5)

M )(@)
i v)ie) = (Hz(ux v)(t)) ’

where

t s -2
Hilu,v)(t) = /0 g9 (/(; %f(t,u(r), V(1)) dr) ds

T S (e \B=2
+'0|:'U“1(t)/0 e—kz(T—s)< i %g(r,u(r),v(ﬂ) d‘L’> ds

T s -2
+ Mz(t)/ e (‘/(; %f(r, u(z),v(t)) dr) ds
+ U3 t)/ F( — 1) s, u(s), V(s)) ds

+u4(t)/ /3 1) S, u(s) v(s)) ds}, (5.6)

_ (s—1)f2 )
_ ko (t-s)
Ho(u, v)(t) = / (/0 T g(v,u(r),v(z)) dr | ds

T S (o _ +\B-2
+/02|:V1(f)/0 6k2(Ts)< ; %g(fru(r),v(r)) dr) ds

T s o
+vz(t)/0 ekl(TS)( \ %f(r,u(t),v(r)) dt) ds

T o—
+ Vs(t)f Wf(s, u(s), v(s)) ds
T p-
+V4(t)/ (T S) -2 s, u(s) v(s)) i| (5.7)

The product space X x X equipped with the norm ||(», v)|| = ||«|| + ||| is a Banach space
(X = {u(t)|u(t) € C[0, T]} endowed with the usual supremum norm ||| = max{|u(t)|, €
[0, T} is a Banach space),

wi(t) = aykie ™t 4 8, wa(t) = kikyasbye~ bt o s,

3 (t) = 85 — kpaybye 2T Hh0), 1a(t) = 84 — kyaze™

ni(t) = kikyasboe CTR0 Ly 0y(8) = kibae ™™ + 0y,

v3(t) = 03 — kybye ™, V4(t) = 04 — kyagbye~ 1T,

81 = ka(csy1 + arcraryre™™7), 8 = ki(caarya + csbayie™7),

83 = oarys — c3byyre T 84 =33 — omaryre 7,

01 = coka (biyr + azyre™™7), 03 = eaki(y2 + bibayre™7),

o3 =ca(ya— bibyyre 2T, 04 = c2(br1ys — azyse™7),

c1 = aybye” T hT), = 1 ) c3 =1+aybicy, Y1 = arky — azka,

1- ﬂlbl
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Y2 = biky — bk, V3 = asky — ayciky,

1

=byky — biciky, =
Vi 2K1 1C1K2 Y fky(—c1)

(5.8)

To establish the desired results, the following conditions were assumed:

(H;) There exist real constants m;, n; > 0 (i = 1,2), and mg > 0, ng > 0 such that |f(¢, %1,
X)| < mo + mylxi| + malxal, 1g(8, %1, %2)| < mo + mlxa| + malxa|, Vi €R, i =1,2.

(Hy) f,g:[0,1] x R? — R are continuous functions, and there exist constants £;, £;,i = 1,2,
such that for all £ € [0, T], u;,v; € R, i = 1,2, |[f(¢, u1, u2) — f(t,v1,v2)| < 1|ln — 1] +
Ooluy = vol, |g(t, 1, u2) — g(&, v, v2)| < Ciluy — i + €aluy — v

For brevity, the following notations were set for computational convenience:

ta—l(l _ e—klt)
81 = max +
V= don|” kf@ 7 [

2 () T (U= e R T) () T
kT () T T @) “ 59)

) @I TF 1= e Ty a0 TP

§2= max [ kT (B) T ]} (510)
(et Tm@OITF ety ()T

$3= M\ T ) [ S ) ]} 1)
i () TN (1 — e 8T [ug(e)| T

Sa = max, ”[ ) “ (.12

and
S() = mln{l - [1’1’11(51 + 54) + 1’11(52 + Sg)],l - [le(sl + 54) + 1’12(52 + Sg)]}, (513)
myn; >0 (i=1,2).

Theorem 5.1 (Existence result via the Leray-Schauder alternative) Assume that (H;) holds
and that

m1(S1 + 84) + n1(Sy + S3) < 1, my(S1 + Sq) +m2(Sy + S3) <1,

where S1, Sz, S3 and Sy are given by (5.9), (5.10), (5.11) and (5.12), respectively. Then problem
(5.3)-(5.4) has at least one solution on [0, T].

Theorem 5.2 (Uniqueness result via Banach’s contraction mapping principle) Let (Hy)

and the following assumption hold:
(Zl + 62)(51 + 54) + (Zl + Zz)(Sz + 53) <1, (514)

where S1, Sy, S3 and Sy are given by (5.9), (5.10), (5.11) and (5.12) respectively. Then there
exists a unique solution for problem (5.3)-(5.4) on [0, T'.



Agarwal et al. Boundary Value Problems (2017) 2017:173 Page 23 of 27

Example 5.3 Consider the following fully coupled fractional boundary value problem:

3/2 , lepli2 lx(8)] 1 1
(D77 + 3DT(0) = 3 4(1+\x(t)\) * wae T L€10,2],
3/2 , 3cpli2 _ sin2rx(?)) 1 ly(®)!
D ECD y(t) = 5“4(7)7; + TV + & I{\y(t)l)’ € [0,2], (5.15)
x(0) = 3¥(2), #(0)=y2),  y0)=3x(2), y(0)=-x(2).
Here T =2, ky =1/2, ky = 3/2, a1-1/2 a2—1 by =1/4, by = -1, f(t,u,v) = m+
m + 81, gltu,v) = 5”1((2)7;”) 10\/? 501 1+\V| Using the given data, it was found that

§1 & 3.415456, Sy &~ 3.430998, S5 ~1.868630, S4 ~ 2.474067 (S1, Sz, Ss and S, are given
by (5.9), (5.10), (5.11) and (5.12), respectively).

(a) Clearly,mo—gi,ml 1,m2 Lony=< l,nz L as

81 27 200 ™M =125 60
If(t, u,v)| 5 at —|u| + 55 |v| and [g(¢, u(2), v(t))| < 55 + —|u| + 55 |v| Also
my(Sy +84) + n1(52 +83) = 0.337692 < 1 and m15(S; + S4) +13(Sy + S3) =0.306458 < 1.
Thus the hypothesis of Theorem 5.1 is satisfied. Hence, by the conclusion of
Theorem 5.1, problem (5.15) has at least one solution on [0, 2].

(b) Since |f(t,u,v2) —f(t;u1,v1)| < &tz — 1| + = |va = w1l
lg(t, up, va) — g(t, u1,v1)| < %h’tz —u| + %Ivz v1|, therefore £; = 81, £y 27, 0 = 20,
by =25, mg = & Further, [(€1 + £2)(S1 + Sa) + (€1 + €2)(S2 + S3)] = 0.644149 < 1. Thus
all the conditions of Theorem 5.2 are satisfied. Therefore, the conclusion of

Theorem 5.2 applies and hence problem (5.15) has a unique solution on [0, 2].

Remark 5.4 Fixing the parameters involved in conditions (5.4), several new results fol-
low as special cases of the present work. For example, if x(0) = 0, y(0) = 0 (a; = 0 = by),
x'(0) = ayy'(T), y'(0) = byx'(T), our results correspond to a problem with coupled flux type
conditions. By selecting a; =1 = b; and a3 # 1 # b,, we obtain the results for a nonlinear
fractional-order coupled system with semi-periodic coupled boundary conditions of the
form x(0) = y(T), £’ (0) = ayy'(T), ¥(0) = x(T), y'(0) = box'(T). In case we choose a; =1 =a,
and b; = -1 = b, or vice versa, our results correspond to a boundary value problem of
nonlinear coupled fractional differential equations subject to a combination of coupled
periodic and anti-periodic boundary conditions of the form x(0) = ¥(T), #'(0) = y'(T),
2(0) = —x(T), ¥'(0) = ='(T) or x(0) = —y(T), %(0) = —/(T), 5(0) = x(T), y'(0) = #(T).

6 Fractional-order anti-periodic boundary conditions
Ahmad and Nieto [52] introduced fractional-order anti-periodic boundary conditions and

investigated the existence and uniqueness of solutions for the following problem:

Dix(t) =f(t,x(t)), te[0,T],1<q<2,
x(0) = —x(T), DPx(0) = —DPx(T), O<p<l.

(6.1)

In [53], Wang and Liu studied problem (6.1) with the nonlinearity of the form f(z, u(¢)
‘D*u(t)), 0 < <1.
In [54], the authors applied Schaefer’s fixed point theorem to prove the existence of so-

lutions for an anti-periodic boundary value problem of Caputo type fractional differential
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equations involving a p-Laplacian operator of the form

Df. ¢, (D& x(2) = f(t,x(2)), te[0,1],1<a,B<2,
x(0) = —x(1), D§.x(0) = -Dg, x(1).

(6.2)

Later, the authors in [55] obtained several existence results for a higher-order Caputo
fractional differential equation supplemented with fractional anti-periodic boundary con-

ditions:

°Dix(t) =f(t,x(t)), te[0,T),2<q<3,
x(0) = —x(T), ¢DPx(0) = —DPx(T), cpPlg(0) = —DP*'x(T), O<p<l.

By applying Banach’s contraction mapping principle and Leray-Schauder degree theory,
Chai [56] obtained the existence results for the problem

D u(t) = f(t,u(t), "D u(t),“Dyiu(t)), te(0,1),
w©0) = —u(l),  PDR )| mor = P D u(t)] e, (6.3)
21D U(8) 1o =~ DR U(E) |1,

where °D? denotes the Caputo fractional derivative of order y, the constants «, o, oy,
P, Braresuchthat 2 < <3,0<a; <1l<w <2,0< B <1< By<2andf isa given
continuous function. The inclusion case of problem (6.3) was discussed in [57].

Ahmad and Nieto [58] obtained some existence results for a problem of Riemann-
Liouville fractional differential equations with fractional boundary conditions:

Du(t) =f(t,u(®), telo,Tlae(1,2],
D*2u(0%) =boD**u(T7),  D*'u(0%) = b D" 'u(T"),

where D denotes the Riemann-Liouville fractional derivative of order & and by # 1 and
by #1. Observe that the fractional boundary conditions in this problem can be regarded
as Riemann-Liouville anti-periodic boundary conditions for by = -1 = b;.

Agarwal et al. [59] investigated the existence and uniqueness of solutions for a new kind
of g-anti-periodic boundary value problem of sequential g-fractional integro-differential
equations given by

D(°Dy + M)x(t) = Af(t,x(t) + Bljg(t,x(t), 0<t<10<qg<l,
x(0)=-x(1),  (t9)Dux(t))lem0 = —Dyx(1),

where ”DZ and ”Dg denote the fractional g-derivative of the Caputo type,0 < o,y <1, I; ()
denotes the Riemann-Liouville integral with 0 < p <1, f, g are given continuous functions,
A € R and A, B are real constants.

Ahmad et al. [60] obtained some existence results for sequential fractional g-integro-
difference equations with perturbed anti-periodic boundary conditions given by

DYDY + M)x(t) = pf (t,x(2)) + kl;g(£,x(t)), 0<t<1,0<q<1,
x(a) = —x(1), ‘Dix(a) = —Dyx(l), 0<a<l,
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where CDg and °D}; denote the fractional g-derivative of Caputo type, 0 < 8,y <1, Ig(-)
denotes the Riemann-Liouville integral with 0 < £ <1, f, g are given continuous functions,
A #0 and p, k are real constants.

More details on anti-periodic boundary value problems involving g-difference and frac-
tional g-difference equations can be found in a recent text by Ahmad et al. [61].

7 Conclusions

We have presented an up-to-date review of the results on boundary value problems of
nonlinear fractional-order differential equations, inclusions and coupled systems supple-
mented with a variety of anti-periodic (and anti-periodic type) boundary conditions. In
Section 2, we have given some basic definitions of fractional calculus and model equa-
tions involving fractional-order derivatives. In Section 3, we have collected a variety of
results on classical anti-periodic boundary value problems of nonlinear fractional differ-
ential equations, inclusions and impulsive equations. The concept of parametric type anti-
periodic boundary conditions is also outlined. The relationship between the Green’s func-
tions of lower- and higher-order anti-periodic fractional boundary value problems is also
described. Some new results related to further generalization of classical anti-periodic
problems are discussed in detail and illustrated with examples. Section 4 contains some
recent results on boundary value problems of Liouville-Caputo (Caputo) type sequential
fractional differential equations supplemented with anti-periodic type (non-separated)
two-point and nonlocal multipoint boundary conditions. In Section 5, some existence
results for a new kind of boundary value problem of coupled Caputo type fractional dif-
ferential equations equipped with non-separated coupled boundary conditions are given.
Some results involving fractional order anti-periodic boundary conditions are elaborated
in Section 6. We recall that anti-periodic boundary conditions appear in numerous situ-
ations such as interpolation problems, anti-periodic wavelets, mathematical problems of
ordinary, partial and impulsive differential equations, problems in physics, etc. Keeping in
view the importance of anti-periodic type boundary value problems occurring in several
disciplines, the present survey provides a detailed description of the work on the topic
completed over a period of the last decade and may serve as a platform for the researchers
who are interested in exploring more and more insights in this topic.

Acknowledgements
Not applicable.

Funding
Not applicable.

Abbreviations
Not applicable.

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
Each of the authors, RPA, BA and AA, contributed equally to each part of this work. All authors read and approved the final
manuscript.

Author details

' Department of Mathematics, Texas A&M University, Kingsville, TX 78363-8202, USA. *Nonlinear Analysis and Applied
Mathematics (NAAM)-Research Group, Department of Mathematics, Faculty of Science, King Abdulaziz University, PO. Box
80203, Jeddah, 21589, Saudi Arabia.



Agarwal et al. Boundary Value Problems (2017) 2017:173 Page 26 of 27

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 16 September 2017 Accepted: 6 November 2017 Published online: 21 November 2017

References

1. Le Mehaute, A, Crepy, G: Introduction to transfer and motion in fractal media: the geometry of kinetics. Solid State
lon. 9(10), 17-30 (1983)

2. Faieghi, M, Kuntanapreeda, S, Delavari, H, Baleanu, D: LMI-based stabilization of a class of fractional-order chaotic
systems. Nonlinear Dyn. 72, 301-309 (2013)

3. Zhang, F, Chen, G, Li, C, Kurths, J: Chaos synchronization in fractional differential systems. Philos. Trans. R. Soc. A 371,
20120155 (2013)

4. Sokolov, IM, Klafter, J, Blumen, A: Fractional kinetics. Phys. Today 55, 48-54 (2002)

5. Petras, |, Magin, RL: Simulation of drug uptake in a two compartmental fractional model for a biological system.
Commun. Nonlinear Sci. Numer. Simul. 16, 4588-4595 (2011)

6. Ding, Y, Wang, Z, Ye, H: Optimal control of a fractional-order HIV-immune system with memory. IEEE Trans. Control
Syst. Technol. 20, 763-769 (2012)

7. Carvalho, A, Pinto, CMA: A delay fractional order model for the co-infection of malaria and HIV/AIDS. Int. J. Dyn.
Control 5, 168-186 (2017)

8. Javidi, M, Ahmad, B: Dynamic analysis of time fractional order phytoplankton-toxic phytoplankton-zooplankton
system. Ecol. Model. 318, 8-18 (2015)

9. Adams, EE, Gelhar, LW: Field study of dispersion in heterogeneous aquifer 2. Spatial moments analysis. Water Resour.
Res. 28, 3293-3307 (1992)

10. Berkowitz, B, Cortis, A, Dentz, M, Scher, H: Modeling non-Fickian transport in geological formations as a continuous
time random walk. Rev. Geophys. 44, RG2003/2006, 2005RG000178 (2006)

11. Metzler, R, Klafter, J: The random walk’s guide to anomalous diffusion: a fractional dynamics approach. Phys. Rep. 339,
1-77 (2000)

12. Hatano, Y, Hatano, N: Dispersive transport of ions in column experiments: an explanation of longtailed profiles. Water
Resour. Res. 34, 1027-1033 (1998)

13. Hatano, Y, Nakagawa, J, Wang, S, Yamamoto, M: Determination of order in fractional diffusion equation. J. Math. Ind.
5,A-7,51-57 (2013)

14. Wang, JR, Zhou, Y, Feckan, M: On recent developments in the theory of boundary value problems for impulsive
fractional differential equations. Comput. Math. Appl. 64, 3008-3020 (2012)

15. Henderson, J, Kosmatov, N: Eigenvalue comparison for fractional boundary value problems with the Caputo
derivative. Fract. Calc. Appl. Anal. 17, 872-880 (2014)

16. Ahmad, B, Ntouyas, SK: A higher-order nonlocal three-point boundary value problem of sequential fractional
differential equations. Miskolc Math. Notes 15(2), 265-278 (2014)

17. Zhai, C, Xu, L: Properties of positive solutions to a class of four-point boundary value problem of Caputo fractional
differential equations with a parameter. Commun. Nonlinear Sci. Numer. Simul. 19, 2820-2827 (2014)

18. Ye, H, Huang, R: Initial value problem for nonlinear fractional differential equations with sequential fractional
derivative. Adv. Differ. Equ. 2015, 291 (2015)

19. Ding, Y, Wei, Z, Xu, J, O'Regan, D: Extremal solutions for nonlinear fractional boundary value problems with
p-Laplacian. J. Comput. Appl. Math. 288, 151-158 (2015)

20. Qarout, D, Ahmad, B, Alsaedi, A: Existence theorems for semi-linear Caputo fractional differential equations with
nonlocal discrete and integral boundary conditions. Fract. Calc. Appl. Anal. 19, 463-479 (2015)

21. Wang, JR, Zhang, Y: Analysis of fractional order differential coupled systems. Math. Methods Appl. Sci. 38,3322-3338
(2015)

22. Tariboon, J, Ntouyas, SK, Sudsutad, W: Coupled systems of Riemann-Liouville fractional differential equations with
Hadamard fractional integral boundary conditions. J. Nonlinear Sci. Appl. 9, 295-308 (2016)

23. Aljoudi, S, Ahmad, B, Nieto, JJ, Alsaedi, A: A coupled system of Hadamard type sequential fractional differential
equations with coupled strip conditions. Chaos Solitons Fractals 91, 39-46 (2016)

24. Ahmad, B: Sharp estimates for the unique solution of two-point fractional-order boundary value problems. Appl.
Math. Lett. 65, 77-82 (2017)

25. Stanek, S: Periodic problem for two-term fractional differential equations. Fract. Calc. Appl. Anal. 20, 662-678 (2017)

26. Zhou, Y, Ahmad, B, Alsaedi, A: Existence of nonoscillatory solutions for fractional neutral differential equations. Appl.
Math. Lett. 72, 70-74 (2017)

27. Zhou, Y: Basic Theory of Fractional Differential Equations. World Scientific, Hackensack (2014)

28. Yang, XJ, Hristov, J, Srivastava, HM, Ahmad, B: Modelling fractal waves on shallow water surfaces via local fractional
Korteweg-de Vries equation. Abstr. Appl. Anal. 2014, Article ID 278672 (2014).

29. Grennes, M, Oldham, KB: Semiintegral electroanalysis-theory and verification. Anal. Chem. 44, 1124-1129 (1972)

30. Wiener, K: Uber Lsungen einer in der Theorie der Polarographie auftretenden Differentialgleichung von
nichtganzzahliger Ordnung. (German) [On solutions of a differential equation of nonintegral order that occurs in the
theory of polarographyl. Wiss. Z,, Martin-Luther-Univ. Halle-Wittenb., Math.-Nat.wiss. Reihe 32, 41-46 (1983)

31. Wiener, K: Lsungen einer Differentialgleichung nichtganzzahliger Ordnung aus der Polarographie. (German)
[Solutions of a differential equation of nonintegral order from polarography]. Wiss. Z,, Martin-Luther-Univ.
Halle-Wittenb., Math.-Nat.wiss. Reihe 35, 162-167 (1986)

32. Ahmad, B, Alsaedi, A, Ntouyas, SK, Tariboon, J: Hadamard-Type Fractional Differential Equations, Inclusions and
Inequalities. Springer, Cham (2017)

33. Ahmad, B, Nieto, JJ: Existence of solutions for anti-periodic boundary value problems involving fractional differential
equations via Leray-Schauder degree theory. Topol. Methods Nonlinear Anal. 35, 295-304 (2010)

34, Ahmad, B, Otero-Espinar, V: Existence of solutions for fractional differential inclusions with antiperiodic boundary
conditions. Bound. Value Probl. 2009, Article ID 625347 (2009).



Agarwal et al. Boundary Value Problems (2017) 2017:173 Page 27 of 27

35.

36.

37.

38.

39.

40.

2.
43,
44,
45,
46.
47.
48,
49,
50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

Alsaedi, A: Existence of solutions for integrodifferential equations of fractional order with antiperiodic boundary
conditions. Int. J. Differ. Equ. 2009, Article ID 417606 (2009).

Benchohra, M, Hamidi, N, Henderson, J: Fractional differential equations with anti-periodic boundary conditions.
Numer. Funct. Anal. Optim. 34, 404-414 (2013)

Ahmad, B, Nieto, JJ: Existence of solutions for impulsive anti-periodic boundary value problems of fractional order.
Taiwan. J. Math. 15,981-993 (2011)

Ahmad, B, Nieto, JJ: A study of impulsive fractional differential inclusions with anti-periodic boundary conditions.
Fract. Differ. Calc. 2, 1-15 (2012)

Ahmad, B: Existence of solutions for fractional differential equations of order g € (2, 3] with anti-periodic boundary
conditions. J. Appl. Math. Comput. 34, 385-391 (2010)

Cernea, A: On the existence of solutions for fractional differential inclusions with anti-periodic boundary conditions.
J. Appl. Math. Comput. 38, 133-143 (2012)

. Wang, G, Ahmad, B, Zhang, L: Impulsive anti-periodic boundary value problem for nonlinear differential equations of

fractional order. Nonlinear Anal. 74, 792-804 (2011)

Agarwal, RP, Ahmad, B: Existence theory for anti-periodic boundary value problems of fractional differential
equations and inclusions. Comput. Math. Appl. 62, 1200-1214 (2011)

Alsaedi, A, Ahmad, B, Assolami, A: On antiperiodic boundary value problems for higher-order fractional differential
equations. Abstr. Appl. Anal. 2012, Article ID 325984 (2012).

Ahmad, B, Ntouyas, SK, Alsaedi, A: On fractional differential inclusions with anti-periodic type integral boundary
conditions. Bound. Value Probl. 2013, 82 (2013).

Agarwal, RP, Ahmad, B, Nieto, JJ: Fractional differential equations with nonlocal (parametric type) anti-periodic
boundary conditions. Filomat 31, 1207-1214 (2017)

Krasnoselskii, MA: Two remarks on the method of successive approximations. Usp. Mat. Nauk 10, 123-127 (1955)
Granas, A, Dugundji, J: Fixed Point Theory. Springer, New York (2003)

Aglan, MH, Alsaedi, A, Ahmad, B, Nieto, JJ: Existence theory for sequential fractional differential equations with
anti-periodic type boundary conditions. Open Math. 14, 723-735 (2016)

Ahmad, B, Alsaedi, A, Aglan, MH: Sequential fractional differential equations and unification of anti-periodic and
multi-point boundary conditions. J. Nonlinear Sci. Appl. 10, 71-83 (2017)

Alsulami, HH, Ntouyas, SK, Agarwal, RP, Ahmad, B, Alsaedi, A: A study of fractional-order coupled systems with a new
concept of coupled non-separated boundary conditions. Bound. Value Probl. 2017, 68 (2017).

Ahmad, B, Nieto, JJ, Alsaedi, A, Aglan, MH: A coupled system of Caputo type sequential fractional differential
equations with coupled (periodic/anti-periodic type) boundary conditions. Mediterr. J. Math. 14, 227 (2017)
Ahmad, B, Nieto, JJ: Anti-periodic fractional boundary value problems. Comput. Math. Appl. 62, 1150-1156 (2011)
Wang, F, Liu, Z: Anti-periodic fractional boundary value problems for nonlinear differential equations of fractional
order. Adv. Differ. Equ. 2012, 116 (2012).

Chen, T, Liu, W: An anti-periodic boundary value problem for the fractional differential equation with a p-Laplacian
operator. Appl. Math. Lett. 25, 1671-1675 (2012)

Ahmad, B, Nieto, JJ, Alsaedi, A, Mohamad, N: On a new class of antiperiodic fractional boundary value problems.
Abstr. Appl. Anal. 2013, Article ID 606454 (2013).

Chai, G: Existence results for anti-periodic boundary value problems of fractional differential equations. Adv. Differ.
Equ. 2013, 53 (2013)

Hedayati, V, Rezapour, S: The existence of solution for a k-dimensional system of fractional differential inclusions with
anti-periodic boundary value conditions. Filomat 30, 1601-1613 (2016)

Ahmad, B, Nieto, JJ: Riemann-Liouville fractional differential equations with fractional boundary conditions. Fixed
Point Theory 13,329-336 (2012)

Agarwal, RP, Ahmad, B, Alsaedi, A, Al-Hutami, H: Existence theory for g-antiperiodic boundary value problems of
sequential g-fractional integrodifferential equations. Abstr. Appl. Anal. 2014, Article ID 207547 (2014).

Ahmad, B, Alsaedi, A, Al-Hutami, H: A study of sequential fractional g-integro-difference equations with perturbed
anti-periodic boundary conditions. In: Fractional Dynamics, pp. 110-128. De Gruyter, Berlin (2015)

Ahmad, B, Ntouyas, SK, Tariboon, J: Quantum Calculus: New Concepts, Impulsive IVPs and BVPs, Inequalities. Trends in
Abstract and Applied Analysis, vol. 4. World Scientific, Singapore (2016)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Fractional-order differential equations with anti-periodic boundary conditions: a survey
	Abstract
	MSC
	Keywords

	Introduction
	Some deﬁnitions and examples
	Classical anti-periodic boundary conditions
	An interesting analogy
	Further generalization of classical anti-periodic problems - new results

	Sequential fractional differential equations
	Coupled anti-periodic boundary conditions
	Fractional-order anti-periodic boundary conditions
	Conclusions
	Acknowledgements
	Funding
	Abbreviations
	Availability of data and materials
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


