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Abstract

This paper is devoted to establishing the existence theory for at least one solution to
a coupled system of fractional order differential equations (FDEs). The problem under
consideration is subjected to movable type integral boundary conditions over a finite
time interval. Furthermore, we investigate the approximate solutions to the
considered problem with the help of the differential transform. Moreover, some
necessary conditions for the Hyers-Ulam type stability to the solution of the
proposed problem are developed. The whole investigation has been illustrated by
providing some suitable examples.
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1 Introduction

The study of FDEs is a vital area for research both theoretically and in application point of
view. For the recent applications of FDEs in the field of physics, biophysics, bioengineering,
control theory, aerodynamics, biochemistry viscoelasticity, electrochemistry, mathemati-
cal biology, economic, signal and image processing etc. (see [1-6]). In last few decades the
area related to the existence theory of solutions/positive solutions of the aforesaid equa-
tions has been got much attentions from researchers. Plenty of results can be traced out
in literature concerning with existence theory for solutions to FDEs, for more discussion
and results see [7—21]. Since most of the applied phenomenons and process can be mod-
eled in the form of coupled systems of classical/non-integer order differential equations.
Therefore, many authors have been concentrated to establish the existence theory of so-
lutions for the mentioned systems. In this regard, plenty of research articles can be found
in literature, few of them are [22-28]. Recently, Sudsutad and Tariboon [22], studied the

following class with three point integral boundary conditions:

“DUu(t) = p(t,u(t), teJ:=[0,1],

(1)
u(0) =0, u(l) = % Jol =9 u(s) ds.
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Here o € (1,2], 0,8 € (0,1) and we have the nonlinear functions ¢ € (J x R,R*); “D is the
Caputo fractional derivative. Sufficient conditions for existence of solutions were formed
to the class (1) of FDEs.

Recently another aspects devoted to the stability and numerical analysis of FDEs have
been attracted by many researchers. Since in most of the situations, to find exact solu-
tions to nonlinear problems is a challenging task and often it is quite difficult job to search
out the exact solution. Therefore, strong motivations have been observed from the re-
searchers to find best approximate solutions to nonlinear problems. For the mentioned
task, they used different techniques like decomposition methods [29], homotopy meth-
ods [30], and integral transform methods [31], etc. One of the most powerful tools for
numerical solutions to nonlinear and linear problems of (DEs) and FDEs is devoted to the
generalized differential transform method (GDTM). The mentioned transform has been
applied in various articles to treat nonlinear problems of FDEs for numerical solutions;
see [32-35]. It is to be noted that there is no classical method to handle the nonlinear
problems of FDEs for getting explicit solutions. This is due to the complexity of fractional
calculus involved in the considered problems. Therefore, we need a reliable approach to
find approximate solutions in the form of series to the proposed problems. On the other
hand it is also important and interesting task if corresponding to the approximate solu-
tions stability is achieved. Very recently stability analysis of FDEs has attracted great at-
tention. Various type of stability analysis like Lyapunov type stability, Mittag Leftler type
stability has been considered in many papers; see [36—38]. In last few years Hyers—Ulam
type stability has given much attention. Because, it is quit useful in many applications like
as numerical analysis, optimization, biology, economics, physics, dynamics, where finding
the exact solution is quite difficult. For more information about Hyers—Ulam stability, we
refer [39-45].

The class of FDEs devoted to integral boundary conditions has been studied by many
authors; see [46—48]. This is due to the fact that integral boundary conditions have var-
ious applications in applied fields including blood flow problems, chemical engineering,
thermo-elasticity, underground water flow, population dynamics, and so forth. Further
the concerned differential equations under movable type integral boundary conditions
are connected with mathematical physics, mechanics, engineering, economics and so on.
They come up when values of the function on the boundary are connected to its value in-
side the domain. Sometimes, it is better to impose integral conditions because they lead to
more precise measure than the local conditions. Therefore in last few years many authors
have paid more and more attention to investigate the existence of solutions to FDEs under
movable type boundary conditions; see [49-51]. For FDEs with integral boundary condi-
tions and comments on their importance, we refer the reader to [52, 53] and the references
therein.

Inspired from the aforesaid work, the aims and objectives of this paper is concerning to
establish the existence theory to the following movable type boundary value problem of
FDEs:

D*u(t) = p(6,v(t)),  “DPv(e) =y (tu(t), ted,

2
u(0) =0, v(0) =0, u(1) = [ uls)ds, v(1) = f(f v(s) ds, @

where o, 8 € (1,2] and 1,& € (0,1) and ¢,y € (J x [0,00), [0,00)). It is to be noted that
boundary conditions in system (2) are movable over the interval 7. Then by using various
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tools of fixed point theory to obtain sufficient conditions for existence and uniqueness of
positive solution. Furthermore, the approximate solutions are obtained by using (GDTM).
Also, the Hyers—Ulam stability analysis is carried out for the corresponding numerical so-
lutions about an exact (unique) solution. The established analysis and theory is demon-
strated by providing examples. Further we remark that the considered coupled system
include two, three, multi point, and nonlocal boundary value problems as special cases.

2 Background materials
In this section, we recall some basic results needed for our investigations.

Definition 2.1 ([2-5]) The fractional integral of order g € R, of a function x: (0,00) — R
is defined as

T9x(t) = %q) /t(t—s)qlx(s) ds

provided the integral converges on R*.

Definition 2.2 ([2-5]) The derivative for a function x € R* — R defined by

CDIx(t) = ﬁ / t(t — )" 15 (5) ds,

where m = [¢] + 1 and [g] represents the integer part of g, is called Caputo fractional deriva-
tive.

Lemma 2.3 ([1, 6]) The solution of the homogeneous FDE
CDix(t) =0

is given by
x(t) = ko + kit + kot + -+ + kgt

such that k; € R, j =0,1,2,...,m — 1. In view of this result, the solutions of the non-
homogeneous FDE

CDIx(E) = y(8)
is given by
x(t) = TU9(t) + ko + kot + kot + -+ + Koy ™71,
forsomek; €R,j=0,1,2,...,m—1.
Lemma 2.4 ([1, 6]) For g > 0, the following result holds:
T DIx(t)] = x(t) + ko + kat + kot + - - + k1877,

where k;eR,j=0,1,2,...,m—1.
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Definition 2.5 ([32—34]) For a function x(¢£), the generalized differential transform (GDT)
is defined by

k
(k) = 1 |:d ax(t)

T(kq+1)| dtk } att=to,k=1,2,....

The inverse differential transform of x(k) is given by

x(t) =y x(k)(t - to)™X.

k=0

In real world problems, the solution x(¢) is formulated in the finite series form as

x(t) =y x(k)(t - to)™X.

k=0

Let E = {u(?) : u(t) € C(J)} be the Banach space endowed with norm |ul|g =
max;c 7 |u(t)|. Then obviously the product E x E is also a Banach space endowed with

anorm || (&, v)||exe = max{|lule, [vile}.

Definition 2.6 ([40, 41]) Let E be a Banach space and NV : E — E be an operator. Then

the operator equation given by

x=Nx 3)
is said to be Hyers—Ulam stable if for the inequality given as

x-Nx|<e, teJ,

there exists a constant KCr > 0 such that for each solution x € C(7,R), of (3), we have a

unique solution z € C(J, R) of the operator equation (3) satisfying the given relation
|x(t) - 2(t)| < Kne, teJ.

Consider V; : E — E, for i = 1,2 be two operators, then in view of Definition 2.6, the

coupled system of operators equations given as

M(t) = va(t)>

4)
V(t) = Mu(t))
is said to be Hyers—Ulam stable if for the system of inequalities
lu(t) - Nv()| <e1, ted,
(5)

[v(©) = Nou(t)| < &5, t€ T,
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there exist constants €1, €3, such that for any solution (i, v) of (4) there is a unique solution

(x,y) of system (4) with Kn;, > 0, K, > 0, which satisfy the following result:

|u(t) - x(0)| < Knye1, ted,
[W(8) - y(t)| < Knpeay teJ.
3 Existence results
In this section we obtain the equivalent coupled system of integral equations of the con-

sidered problem (2). Further we also establish the required conditions for the existence of

at least one solution for the proposed problem.
Theorem 3.1 For h € C(J,R), the linear fractional order boundary value problem
D) =h(t), l<a<2ted,

n
u(0) =0, u(l) = ,/0 u(s)ds, ne(0,1)

has a solution given by

1 t
u(t) = —/ (¢ — )% Yh(s)ds
I'(a) Jo )
> [ / 4 9 (s ds | " ( | It r)“)h(f) dr)ds:| )
2-n)(a)LJo o \Jo ‘
Proof Thanks to Lemma 2.4 and upon application of Z* on both sides of (6) yields
M(t) = Iah(t) - ko - klt, k(),kl eR. (8)

From which we get

n ~ 1 n s wel 772
./ou(S)ds_m/o (/(; (s—1) h(t)dt)ds—kon—klg. 9)

In view of condition #(0) = 0 from (9), we get ko = 0. Further using the boundary condition
u(1) = [, u(s)ds, then (9) produces

_# ! _ a-1 _ g s _ a1 ) :|
b= o J, 0o s [ [l oot

Plugging the values of ky and k; in (8), we receive the solution (7) of linear boundary value
problems (6). a

In view of Theorem 3.1, we get the following lemma.
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Lemma 3.2 The system of boundary value problems (2) under consideration is equivalent

to the following coupled system of nonlinear integral equations:

u(t) = a) fo (t $)* L (s, v(s)) ds
G Lo (1= 9165, ¥(s)) ds
fo fo s—1)* Np(r,v(r)) dr) ds),
v(t) = fo )f"IW(s, u(s)) ds
e PR fo —8)P 1 (s, uls)) ds
fo (fo(s—f)ﬁ N (r, u(x)) dr) ds).

(10)

Further, define V; : E — Eand A, : E — E by

NMv(t) = ﬁ /0 (t- s)"‘_lcb(s, v(s)) ds

1
N [ [ =0 v) s
n s
_/ (/ (S—T)a—l>¢(f,v(‘[)) dt)ds],
0 0

B-1
Nou(t) ,B)/(t )Py (s, uls)) ds

(11)

2 1
ECEET) Uo (=579 (5,u(5) ds

£ s
—/ (/ (s— r)’s_1>W(r,u(t)) dr)ds].
0o \Jo

Thanks to Lemma 3.2, the corresponding coupled system of operators equations to cou-
pled system (10) of integral equations is
u(t) = Niv(t),
() = N1v(2) 12)
v(t) = Mau(t).

Therefore, we define N : E x E — E x E by NV (1, v) = (M1v, Mau). Therefore we investigate
the fixed points of the operator A which are the corresponding solutions of the proposed
problem (10).

Lemma 3.3 (Krasnoselskii’s fixed point theorem) If C C E be a closed convex and
nonempty set and T, S be two operators such that
(i) Twy + Swy € C for every wi,w; € C;
(ii) T is compact and continuous;
(ili) S is contraction mapping,
then one can find at least one w € C with w = Tw + Sw.

The given notations are adopted for easiness

A= 1 ( 2[e + 1+ %1

1 2[B + 1+ &P
Mo+ 1) +<a+1)(2—n2)) and A2 = <“ )

B +1) (B+1)(2-£?)
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We assume that the following hypotheses hold:
(C1) ¢,¥ : T x [0,00) = [0,00) are continuous, for t € J,u,v,u,v € R;
(Cy) There exists a constant Ay > 0 such that

ot u) — p(t, )| < Aglu—il,

forte J,u,ueR;
C3) There exists a constant A, > 0 such that
v

|1/f(t»V) - 1/f(t, ‘_/)| = A¢|V—1_/|,

forte J,v,v€R.

Fist of all, we prove uniqueness of the solutions via the Banach contraction theorem.

Theorem 3.4 If assumptions (C)—(Cs) hold together with A1 Ay <1 and AyAy <1, then
the BVP (2) under our consideration has a unique solution.

Proof Let us take A = max.c 7 |¢(¢,0)| and B = max,c 7 | (¢,0)| and choose

{ AA AyB }
7 > max .

1-A1Ag 1-AsAy

Let
C= {(u,v) eExE: H(u,v)”EXE 51"} CEXE

be a closed bounded and convex set. Then, under the assumptions (C;) and (C,), taking
(#,v) € C, we have

< L ' — a-1 4|2t|
Mv(e)| < F(a)/o(t s) |¢(s,v(s))‘ds+(2_n2)r(a)

B Y (A e )
" 2P s (/o (s =)' ¢ (¢, v(x) | d ) ds

1
./0 (1-9"" (s, v(s))| ds

L ' _ -1 _
< 7 . €9 (606:19) - 965,0) +[965,0)) s
+(2—772)F(a)/0(1 9 (| (s, v()) — B(5,0)| + |p(s,0)|) ds

|2¢]

I i ! : _ \a-1 _ )
+(2—172)F(a) \ (/0 (s—1) (’(l)(t,v(t)) ¢(t,0)‘+‘¢(r,0)‘)dr ds

1
%'/0 (1 —S)ail(A¢r+A) ds

|2t| ! : a-1
+ —(2 @) /0 </0 (s—7)" (Agr+A) dr) ds,

< ﬁ /Ot(t—s)"’l(A¢r+A)ds+

which yields

(Agr+A) ([, 12¢] |2¢] atl
M) < C(a+1) (t e s e )
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Therefore, on using t < 1, we have

INvlE <

(Agr+A) ( 2(c + 1+ n**1)

Fe+1) 2-n)(a+ 1)) =(Agr+A)A =7

Along the same lines, one has
Noullg < (Ayr+B)Ay <r.

Thus taking (13) and (14) together, we get
[N g =7

Also, taking (u,v), (4,v) € C, t € J, we consider

’./\flv(t) —J\/117(t)| < ﬁfo (t- s)“’1{¢(s, V(S)) (s, 17(3)) ‘ ds

R
2-n)(@) Jo

12|

1
(1-s)" |¢(s, v(s)) - qb(s, 17(5)) | ds

Page 8 of 21

(13)

(14)

! ! -1 —
e vl (fo =0 |¢<S’v<s>>—¢<s,v<s>)rdf)"’s

1 ‘ o-1 -
S@/O (t—3s) A¢|v(s)—v(s)|ds

PR
2 -1 ()
R L
2-n)T () Jo

which implies that

20lv-vle 20 v-Vle

N = Nivlle <

1
/ 1- s)“’1A¢ |v(s) - 17(s)| ds
0

1
' (f 1- s)“‘1A¢|v(s) - f/(s)| d‘L’) ds,
0

|:||V_‘_’”E +

¢ +
Ma+1) 2-7%)  @Q2-n)(a+1)

In the same fashion, we can also get
N — Naiallg < Ao Ay llu— g
Thanks to the conditions AjAy <1and AyAy <1

[N o) =N @9 g < [ 009) = @7

] < A1Agllv =Vl

(15)

Thus M is a contraction operator. In view of the Banach contraction theorem, the consid-

ered BVP (2) has a unique solution.

O
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Further, we define the operators T1,S; : E— E and T5,S; : E — E by

Tiv(t) = é /:(t -8)* (s, v(s)) ds,

2 S
Slv(t)z—m[/o (/0 (s—1) 1¢(t,v(t))dr>ds

1
—/(L@“%@wmdﬁ
0

Lt (16)
Tou(t) = 5 /0 (t -9y (s, uls)) ds,

2t SOrF _
Szu(t)z_f‘(ﬂ)(2—‘§2)|:/0 (/0 (s—1)° 1w(r,u(r))dt) ds
1
_f (1 -9y (s,u(s)) ds:|.
0

In view of (16), we may write 7 = T + S1, NV, = T, + S, and, consequently, the operator
N can be expressed as

N=T+S, suchthatT(x,v)=(T1v, Tou),S(u,v)=(S1v,S,u).

Assume that for the positive constants Mg, M, Qy, 2y, the growth conditions provided
by
(Ca) lo(t,v())] < Myllvlie+ 4 over J x Eand |y (¢, u(z))| < My llullg + 2y over J X E
are satisfied.

Theorem 3.5 Under the hypotheses (C1),(Cy) and conditions

2A4(c + 1 +n*H) 2A4 (B +1+EPT)
Ta+2)2-n) ~~  T(B+2)2-£2)

’

hold. Then the BVP (2) proposed by us has at least one solution.

Proof The continuity of ¢ and v implies that the operator A is continuous. Let D C C C
E x E be bounded set. Then, for all (&, v) € D and using (C4), one has

1
T(«)

1

t
< —/ (t—s)“_l(Q¢||V||E+./\/l¢)ds,
0

(T ()] = T

/t(t - s)”“lqb(s, V(s)) ds
0

which implies that

(S2lIviE + Mg)
Tyl < =220
Mo +1)

In the same fashion, we get

(Qy llullg + My)
rp+1)

[Taulle <

Therefore the boundedness of T(D) follows.
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To show that S is equi-continuous, let ¢,7 € [0,1] with ¢ < # and any (&,v) € E x E, we
have

I Tyv(tr) - Tyv(t)| = [(tz —5)* = (t1 = 5)* (s, v(s)) dis

+ /t(tz —9)* (s, v(s)) ds|,

which implies that

(Q¢||V||E +M¢)

| Tiv(t1) - Tiv(w)||; < e

[2( - 6)* + % - 1 (17)

Repeating the same arguments, we have

(Qyllullg + My)

| Tout) - Tou®)| < rp+1)

12 -0 +¢f - 27| (18)

As in the right hand sides of (17) and (18), when ¢ — £, then the right hand sides of the
mentioned relations approach to zero. Therefore using Arzela—Ascoli’s theorem, T is equi-
continuous and compact.

Further, we need to prove that S is a contraction. Taking v,v € E, we get

|Slv(t)—5117(t)| < T/ (1-s)" 1|<;>(s,v(s)) q)(s,f/(s))’ds

|2t] n . .
F e Pr@ b (/0 =0 1|¢<S'v<s>>—¢><s,v<s>>|df) “

- 2[t|Aglv —V|(a + 1 +n**)

2= n?(a +2)
which yields [|S;v — S1V||g < % lv—v|g. Along the same lines, one can get

2A4 (B +1+£PT)
2-E)r(B+2)

[S2u — Syulle < llue — ullg.
Therefore S is a contraction, using Lemma 3.3, we see that A/ has at least one fixed point
which is the corresponding solution of (2). O

4 Numerical solutions for the problem (2)

Numerical methods play a key role in the area of nonlinear mathematics. To find an ex-
act solution to every BVP of classical nonlinear differential equations is nearly impossible.
Thus, it would be quite impossible to solve BVPs of nonlinear FDEs equations for their
exact solutions. Therefore without implementing numerical methods it is not possible to
obtain good numerical solution to a BVP of FDEs. Further numerical methods are pow-
erful tools to be used to find approximate solutions of aforementioned problems. Some of
these methods use transformation in order to reduce equations into simpler equations or
systems of equations and some other methods give the solution in a series form which con-
verges to the exact solution of an equation or system of equations. There are large number
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of numerical methods which have been used to find approximate solutions to nonlinear
BVPs of DEs and FDEs in literature. One of them is the differential transform method.
The said method was first introduced by Zhou [54] who solved linear and nonlinear initial
value problems in electric circuit analysis. Further the aforesaid transform was extended
to generalized form in [55]. The authors named this new version the generalized differen-
tial transform (GDTM). With the help of this method one constructs an analytical solution
in the form of a polynomial. It is different from the traditional higher order Taylor series
method, which requires symbolic computation of the necessary derivatives of the data
functions. The Taylor series method computationally takes a long time for large orders
and its computational cost is also high. The GDTM is an iterative procedure for obtain-
ing analytic Taylor series solutions to FDEs with boundary or initial conditions. Keeping
in mind the mentioned point, we will use generalized differential transform (GDTM) to
obtain numerical solutions to the considered BVP (2). In view of (GDTM), the kth order

approximate solution of the proposed problem is given as

u() =y U@L, ve)=Y V. (19)
k=0

k=0 =

Here o is the order of the differential transform. o must be selected such that it is com-
patible with both orders «, 8, that is, there exist /, m,n € N such that lo = 1, mo = «,
and no = B. U(k) and V (k) are the generalized differential transforms of u(¢) and v(¢£), and

satisfies the relation

_I'(lm+k)o —a+1)
Utk + m) = I'((m+k)o +1)
_Tln+ko-B+1)
Vkem = = G oo + 1)

F (k, V(k)),
(20)

G(k, U(K)).

Here F(k, V(k)) and G(k, U(k)) are the sigma order differential transform of ¢ (¢, v(t) and
¥ (t, u(t), respectively, and can be calculated using theorems developed in [32].
Using the first initial condition, we have U(0) = 0 and V(0) = 0. Further, for initial con-

ditions, we have

U(k) =0, forall k such that ko <1,

V(k) =0, forall ksuch thatko <1,

U(l) = ¢, V(i) = ca, (21)
Uk)=0, forl<k<m,

V(k)=0, forl<k<n.

Here ¢; and c; are unknown constants, which can be obtained using the moving boundary

conditions. Using the recurrence relation (20), we can obtain a solution in the following
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form:

i

U(t) =y Upeyep) (KN
k=0 (22)

= Z V(cl,cg)(k)t
k=0

Here U, ¢,)(k), Vic, ) (k) are coefficients still depending on ¢; and ¢;. Using the moving
boundary conditions, we may write

u1) =Y Ueyep®),  v(1) =Y Vi k),
k=0

k=0

X
/ u(t) dt = Zu(cl o (k)ng :’;nk‘f“, (23)

F(1+k0) ko+1
/V(L‘)df—X:VClC2 m{-‘ .

From (23), we can easily get two relations of the unknown ¢; and ¢; in the form

F1+ko) 1,41 ~
E:UAQKH< Tatio) )—a

r(1+ko) o)
qucz) k)( l_,(2 ko )S )—0

(24)

Equation (24) can be solved for ¢; and ¢, and using the values of ¢; and ¢, in Eq. (22), we
get the approximate solution of the proposed problem (2).

5 Hyers-Ulam stability

In this section, we provide some sufficient conditions for Hyers—Ulam type stability re-
sults to the solutions of BVPs (2) with movable type integral boundary conditions. The
method which was provided by Hyers, and which produces the additive mapping is called
a direct method. This method is the most important and most powerful tool for studying
the stability of various differential, functional and integral equations. The classical concept
of Hyers—Ulam stability has applicable significance since it means that if we are dealing
with Hyers—Ulam stable system then one does not seek the exact solution. All what is re-
quired is to find a function which satisfies a suitable approximation inequations. It is quite
remarkable that Hyers—Ulam stability concept is very useful in many applications, such
as numerical analysis, optimization, etc., where finding the exact solution is quite diffi-
cult or impossible for a problem of differential and integral equations. We find sufficient
conditions to guarantee the movable integrable sample path is Hyers—Ulam stable. To de-
rive the formal results about the Hyers—Ulam stability for BVPs (2), we give the following
conditions first.

Let there exist functions w, z € C(J, R) which depend upon u, v, respectively, such that
i) WD)l ey, |z(t) < &2, t € T;
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(i) CDYu(t) = p(t,v(t)) + wlt), te T,
“DPv(t) = Y (t,u(t)) +2(t), t € J.
Lemma5.1 Let (u,v) € C(J,R) x C(J,R) be any solution of the system of inequalities (5)
then the following inequalities hold for K = 81[ @1 ))F(‘Z;ji;'ﬂ, K, = 82[((22__522)}(’(3 ;ji;z]:

lu(t) - Niv(t)| < Kie1, te T,
[v(t) = Mau(t)| < Kaea, te J,

where N1v(t), Naul(t) are given in (11).

Proof From the Condition (ii), we have

CD%u(t) = p(t,v(t)) + w(t), teJ,
(25)

CDPY(t) = (t,u(t) +z(t), ted,

u(©0)=v(0)=0,  u(l)=fluls)ds,  v(1)=[; vis)ds.

Then, in view of Lemma 3.2, the solution of (25) is given by

u(t) = w55 Jo (£ = )" p(s, v(s)) ds
Ly (1=5)""(s, v(s)) ds
= Jo (o s = ©)* N (z, (7)) dr) ds]
+ ﬁ fot(t—s)“‘lw(s) ds
G Lo (L= " w(s)ds

—fo (fo(s =) Hw(x)) dr)dsl, (26)
v(t) = fo (t — )P~ 1y (s, u(s)) ds
S[fa- S)ﬂ " (s, u(s)) ds
»u(1)) dr) ds]

2 52
fo fo s—7)f)

r(,s fo (t—s)P- 1z(s)ds
SUL =120 ds = [ (s - ) e(r) do) ds).

T - sz

From the first equation of system (26) and n** <1, t <1, we have

‘u(t) - [ﬁ /Ot(t - s)“_lgb(s, v(s)) ds

E7mf(fusW%@m»
—/Tfurwjﬂ u))mﬁ

‘ /(t $)% Lw(s)ds ( F(a)/ (1 -35)*tw(s)ds

Lz@ m/(ﬂ“’))(”ﬁw

a-1 2t 1 : a-1
—)/O(t—s) w(s)ds 7(2_52)”,3)/0 (/0 (s—1) >w(t))dr)ds

’

+
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from which we have

e1l(2—n*)(@ +1)+2]

|u(t) - Niv(8)| < Kie1, where K; = 2@+ D (27)
Along the same lines, we can also obtain
_ _q)B-1
o) (F(ﬁ / (- 91 (5,u(s)) ds
2t ! 51
G, 0 V) i
3 s
_/o </0 (s—r)ﬁ_l)gﬁ(t,u(r))dr)ds])‘
EE I A el (oo
< F(ﬁ)/o(t_s) z(s)ds| + (2—52)1"(/3)/0 </0 (s=1) )z(t))dr)ds,
which yields
[(2-&%)(B+1)+2]
V() - Nau(8)| < Kpea, where Ky = 22 (2_52);3(;“; . (28)
(N

Theorem 5.2 Under the assumptions (C,), (Cs), the solutions of the coupled system (10) is
Hyers—Ulam stable if

)

1(181 + A1A¢[(282 K282 + AzA]/,Klé‘l
max A A <1,

where Ay Asdg Ay # 1.

Proof Let (4,v) € C(J,R) x C(J,R) be any solution of the system of inequalities given by

|“D*u(t) - p(t,v(t))| <1, ted,

(29)
|“DPv(t) - ¥ (tu(®))| <& te,

and (x,y) € C(J,R) x C(J,R) be the unique solution of the following coupled system:

CDY%(t) — p(t,y(t) =0, teJ,
CDPy(t) — v (t,x() =0, teJ, (30)
20)=y(0)=0, ()= [/ x(s)ds,  y(1) =[5 y(s)ds.

Then, in view of Lemma 3.2 and (11), the solutions of (30) can be written as

x(t) = I‘(la fol t—8)*Lop(s, y(s)) ds — fo —5)* Lo (s, y(s)) ds
+ = ,72)1— Jo(fos = 1) 1)¢>(T y(T))dT)dS—N1y(t)

y(®) = /g fo(t S)ﬂ W (s,%(9)) ds — g Jo @ =9)F1y(s,x(5)) ds
B ([ — ) a(0)) ) ds = N,

(31)
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Thanks to Lemma 5.1, we consider

|u(t) — x(8)| = |u(t) - N1y()|
< |u(®) - Niy(@®)] + [Niv(e) - Ny (8) |

This, upon computation, yields
llu—xlle < Kie1 + A1 Agllv—ylE.

Repeating in the same fashion the second part of the system (31), we have
lv=ylle = Kzez + Aa Ayl — x|

Re-arranging and writing inequations (32) and (33) as

llu —xlle = ArAgllv - ylle < Kiey,

lv—yllg — AsAyllu— x| < Kagz,

1 —A1Ag \ [l —x|g - Kig
—AsAy 1 lv=ylle ] — \ Kzez

After computation, and using A =1 - A; Ay Ag Ay, (34) implies that

1<181 + A1A¢I<282

u-—-x <
[ e < A

I<282+ A A Kiep
Ilv=ylle < R

from which we have

1(181 + A1A¢[(282 K282 + AzA,/,Klé‘l }
A ’ A '

)= 59 . p = ]
Hence the solution of the coupled system (10) is Hyers—Ulam stable.

6 Examples
Example 6.1 Taking the given BVP with integral boundary conditions

[v(2)] Cphue) = 9lu(t)|
(t+3)31 + |v(e)])’ T 327 (1 + 4up)])

lw

CDIy(t) = cJ,
n &

0) =v(0) =0, 1) = ds, 1) = ds.

u(0) = v(0) u()/ou(s)s v()/ows)s

— [v(®)| _ 9lu(t)] _79_3
We have ¢(t,v) = IR’ Yt u) = ) ¢ = 1B = 5. Now,

6(t,v) - b(6,7)] < 2—17|v—v|, W (tu) - v (6,)] < %m—m.

Page 15 of 21

(32)

(33)

(34)

(35)

(36)

(37)
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Therefore, for all n,& € (0, 1), we have

AA 1 2[e + 1 + %+

189 = F(a+1)< T e )2- n)>< ’
2[B +1+ &P

Aaly = ﬂ+1< B+ 12— 52)><1

where Ay = 35, Ay = 35—. Therefore, by using Lemma 3.4, the BVP (37) has unique solu-

5?7
tion.

We find the approximate solutions of the problem using the method developed in Sect. 4.
We select o = 1/4, which implies that [ = 4, m = 7, and n = 6. The recurrence relations

corresponding to BVP (37) are given as

F((7+k)i - % +1)

L[ k’ 7 = Ij k} ‘/ k )
k7= Gty e VE)

r(6+ki-35+1) .

Vik+6)= ——— 32" 2 G k),
r(6+k)z+1)
F and G are differential transform of ¢,y . The initial conditions become
u() =0, uQa)=0o, u@)=o, ue@)=o,
U4)=c, ue) =0, u() =0,
(39)

V(0)=0, V(1)=0, V(2)=0, V(3)=0,

V@)=c,,  V(5)=0.

After calculating recurrence relation and calculating the values of ¢; and ¢;, we get u(¢) and
V() as given (note that here we truncate the relation at k = 20). The approximate solution

is given by

3 7 11
u(t) _ 35,538,947,983423t4 _ 3,318,660,919,569,631¢4 4,827,143,155,737,645¢t 4
2,358,454,139,013,643 288,230,376,151,711,744 1,152,921,504,606,846,976

15 19 23
107,269,847,905,281¢ 4 7,226,600,279,934,721¢t 4 2,513,600,097,368,599¢ 4 (40)
36,028,797,018,9363,968 2,305,843,009,2133,693,952 576,460,752,303,423,488 ’

V(t) — 30,329,568,610,629t2 _ 543,250,089,644,091t %
2,251,799,813,685,248 36,028,797,018,963,968 *

Since (0, 0) is the unique solution of Example 6.1. It is easy to prove that the conditions of
Theorem 5.2 are fulfilled for the approximate solution (x, v) obtained in (40) for different
t € (0,1). Therefore solution (u, v) is Hyers—Ulam stable corresponding to the unique so-
lution (0, 0). The plots of the approximate solutions at different choices of parameters 7,
and & are displayed in Fig. 1. In order to verify the accuracy of the boundary conditions,
we simulate the scheme for different sets of 1 and &, and measure the absolute difference

in boundary conditions using the relations as

E,= , E, = (41)

&
V(l)—/ v(s) ds|.
0

u(1) —/nu(s)ds
0
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- — - Approzimateu(t)n=1/2, & =1/3.

- — - Approzimateu(t)n = 4/5, £ = 3/4. |

®)

—— Approzimatev(t)n =1/2, £ =1/3.
)

—— Approzimateu(t)n = 4/5, £ = 3/4.

t /| —— Approxzimate v

\ “

t

—— Approximate u(t

(t)
(t)n
(tyn=1/4,6=1/5.
(t)n

cowo Approzimateu(t)n = 1/4, £ =1/5.

- — - Approximateu(t)n = 1/5, £ = 1/4.1.
=1/5,&£=1/4.\"

0.2 0.4 0.6 0.8

X

0.2 0.4 0.6 0.8

X

Figure 1 Plots of approximate solution (u,v) of Example 6.1 for different choices of parameters

Table 1 Absolute error in boundary conditions of u(t) of Example 6.1 using different choice of

parameters

Parameters k=10 k=15 k=20 k=30
n=025£&=02 -0.0123e-17 0.1444e-17 -0.0140e-17 -0.1067¢e-17
n=02£&=025 -0.0260e-17 0.0225e-17 -0.2328e-17 0.1115e-17
n=05£&=033 1.3171e-17 0.0114e-17 -0.0694e-17 0.1806e-17
n=075£&=025 0.0938e-17 -0.0218e-17 0.0965e-17 0.0560e-17
n=075£&=085 -0.2361e-17 -0.0722e-17 -0.1210e-17 0.0022e-17

Table 2 Absolute error in boundary conditions of v(t) of Example 6.1 using different choice of

parameters

Parameters k=10 k=15 k=20 k=30
n=025£&=02 -0.1906e-17 -0.1906e-17 -0.1906e-17 -0.1906e-17
n=02&=025 0.0094e-17 0.0094e-17 0.0094e-17 0.0094e-17
n=05£&=033 0.0108e-17 0.0108e-17 0.0108e-17 0.0108e-17
n=075£&=025 0.0094e-17 0.0094e-17 0.0094e-17 0.0094e-17
n=075£&=085 0.1032e-17 0.1032e-17 0.1032e-17 0.1032e-17

For different choices of  and & and different scale level k, the absolute difference in bound-

ary conditions of u(t) is displayed in Table 1. In Table 2 the absolute difference in boundary

conditions of v(¢) are displayed.

Example 6.2 Consider the given coupled system of BVP

()]

cpi _

Dzu(t)—m, tE[O,l],
cn3 _ 9u(®)|

Dav(t) = 3271(1’:—4|u(t)|)’ te[0,1],
u(0) =0, v(0) =0,

Since

|¢mw-¢uﬁnsi%w—w

o u(s)ds = u(1),

Joiv(s)ds = v(1).

\wmw-wuﬁnsﬁ%m—m,

(42)
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as Ag = 55, Ay = 72, a = f = 3, then one can easily check that A} A4 < 1, AyAy <1, for
all n,& € (0,1). Thanks to Lemma 3.4, the system of BVP (6.2) has a unique solution. Fur-
ther, we approximate the solution of this problem with the proposed method. The error
in the boundaries are given in Tables 3 and 4, respectively. The approximate solutions are
displayed in Fig. 2. One can easily see from these tables that the absolute error at bound-
aries is much more less than 10717 Obviously (0,0) is the unique solution and computing

its approximate solution through (GDTM), one has

3 3
I/l(t) _ _403,345,956,861t 2 + 556,325,002t 4
4,451,799,813,285,248 890,287,935)1,234’ (43)

V(t) _ 1,234,567,890¢2 3,456,789,345¢ 4
~ 456,789,054,677 8,765,432,190 *

In view of Theorem 5.2, the approximate solution (43) is Hyers—Ulam stable correspond-

ing to the unique solution (0, 0).

Table 3 Absolute error in boundary conditions of u(t) of Example 6.2 using different choice of

parameters

Parameters k=10 k=15 k=20
n=1/2£&=1/3 -0.02100e-17 0.0322e-17 -0.0747e-17
n=1/3,=1/4 0.0262¢e-17 -0.0108e-17 -05177e-17
n=2/5£&=2/5 0.1921e-17 0.1052e-17 0.1771e-17
n=3/5£&=8/9 0.0355e-17 -0.0557e-17 0.2417e-17

Table 4 Absolute error in boundary conditions of v(t) of Example 6.2 using different choice of

parameters
Parameters k=10 k=15 k=20
n=1/2£&=1/3 -0.1337e-17 -0.2845¢e-17 0.1878e-17
n=1/3,=1/4 0.0617e-17 0.336%-17 0.0583e-17
n=2/5&=2/5 04757e-17 0.025%-17 0.1875e-17
n=3/5£&=8/9 -0.1430e-17 -0.0053e-17 -0.0502e-17
x10° x10° a
8| - = = Approxzimateu(t)atn=1/2, ( = 1/3. ol = Approzimate u(t) atn = 2/5, ¢ = 3/5 |
—— Approzimatev(t)atn=1/2,{=1/3. o —— Approxzimatev(t)atn = 2/5, { = 3/5.
5 ‘ |
- - = Approzimateu(t)atn=1/3, ( = 1/4. ST - Approzimateu(t) atn = 3/5, ¢ = 8/9. |
4| —— Approzimatev(t)atn=1/3, (= 1/4. o —— Approzimatev(t)atn = 4/5, { = 8/9. |

Figure 2 Plots of approximate solution (u,v) of Example (6.2) at different choices of parameters
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7 Conclusion

We have derived some necessary conditions for the existence, uniqueness and Hyers—
Ulam stability for the solutions of the considered BVP (2). The required results have been
obtained by using classical fixed point theory due to Banach and Krasnoselskii. Moreover,
an effort based on generalized differential transform has been made to find approximate
solutions of the considered problem. As compared to the present literature devoted to the
investigation of FDEs, our paper is different in few ways. We have investigated approximate
solutions to highly nonlinear BVPs of FDEs by using GDTM together with the existence
theory. The relevant aspect for such type of nonlinear problems has very rarely inves-
tigated. Furthermore we have also established some adequate conditions for the Hyers—
Ulam type stability to the solutions of the proposed problem. For the justification, we have
provided interesting examples. From the experimental results we observe that the approx-
imate solution satisfies the moving point boundary conditions with a great accuracy and

also the corresponding solutions are Hyers—Ulam stable.
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