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Abstract: This manuscript is devoted to establishing existence theory of solutions to a nonlinear
coupled system of fractional order differential equations (FODEs) under integral boundary conditions
(IBCs). For uniqueness and existence we use the Perov-type fixed point theorem. Further, to
investigate multiplicity results of the concerned problem, we utilize Krasnoselskii’s fixed-point
theorems of cone type and its various forms. Stability analysis is an important aspect of existence
theory as well as required during numerical simulations and optimization of FODEs. Therefore
by using techniques of functional analysis, we establish conditions for Hyers-Ulam (HU) stability
results for the solution of the proposed problem. The whole analysis is justified by providing suitable
examples to illustrate our established results.

Keywords: arbitrary order differential equations; multiple positive solution; Perov-type fixed point
theorem; HU stability

1. Introduction

Fractional order differential equations (FODEs) emerge in the scientific demonstration of
numerous frameworks and different fields of science such as physics, chemistry , economics, polymer
rheology, aerodynamics, electrodynamics of complicated medium, blood flow phenomena, biophysics,
etc. (see [1-5]). Recently, many authors have studied FODEs from different aspects, one is the numerical
and scientific techniques for finding solutions and the other is the theoretical perspective of uniqueness
and existence of solutions. The interest of the researchers in the investigation of FODEs lies in the
incontrovertible fact that fractional-order models (FOM) are found to be highly realistic and practical,
compared to the integer order models. Because there are additional degrees of opportunity in the
FOM, in consequence, the subject of FODEs is gaining more attention from researchers. Another facet
of research, which has been completely studied for integer order differential equations is devoted to
uniqueness and existence of solutions to boundary value problems (BVPs). The mentioned aspect
has been very well studied for FODEs, we refer the readers [6-10]. Uniqueness and existence results
of solutions to multi-point BVPs have been studied via classical fixed point theorems such as the
Schauder fixed point theorem and the Banach contraction principle, see [11-17].
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FODESs under integral boundary conditions (IBCs) have been investigated very well because these
type of equations are increasingly used in fluid-mechanics and dynamical problems. Jankowski [18]
studied the ordinary differential equation under IBCs given by

y'(8) =F(8,y(®), ¢€[0,T], T>0,

9)| 9= 0—5/ s)ds+dg, dp €R,

where F € C([0,T] x R,R) and 6 = 1 or —1. He developed a sufficient condition for iterative
approximate solutions to the above problem.
Nanware and Dhaigude [19] have investigated the aforementioned BVP under the IBCs for FODE
as given by
Dioy(9) =E(9,y(8), 9€[0,T], T>0,

.
y(@)ls-o=0 [ yls)ds o, docR

where 0 < 0 <1,dis1or —1and F € C([0, T] x R,R), D, %o is Riemann-Liouville fractional derivative
of order ¢ is defined in (2). The aforementioned author also studied the iterative approximate solution
to the above FODEs.

In the same line Cabada and Wang [20] studied the following problem under IBCs as

“Dloy(9) + ¢(8,y(8)) =0; 8€(0,1),
y(0) =y'(0) =0, y(1)=4 / o)ds,
where o € (2,3],8 € (0,2) and y : [0,1] x [0, 0] — [0, 00| are the continuous functions. Also we remark

that D7, % stands for Caputo’s fractional derivative.
Inspired from the aforementioned work, in this article we investigate a system of nonlinear FODEs
with IBCs as

Dooy(@) + ¢(8,y(8),2(8)) =0, € (0,1); m—-1<oc<m,
D¥0z(9) + x(8,y(9),z(8)) =0; 9€(0,1); m—-1<ae<m,

y(0) =y'(0) =y'(O) = =y 20) =0, y1)=5 [ y(s)ds, W

2(0) = 2(0) = 2"(0) = 0--- = 22 (0) =0, = g/ s)ds,

such that m > 3, 6,0 € (0,2), the functions ¢, x : [0,1] x [0,00] X [0,00] — [0, 00] are continuous
functions and DY ), D¥, stand for Riemann-Liouville fractional derivatives is defined in (2). We claim
that such a system of FODEs are very rarely considered for stability as well as multiplicity results.
Our analysis is devoted to the existence theory of a solution, multiplicity results and stability analysis
of the suggested problem.

During the last few decades another part of research, which has been considered for FODEs and
got much attention from the researchers is stability analysis. Numerous forms of stabilities have been
studied in literature which are Mittag-Leffer stability, exponential stability, Lyapunov stability etc.,
we refer [21-23].

The Ulam stability was first presented by Ulam in 1940 and then brilliantly explained by Hyers
in 1941. For more information about HU stability, we refer [24,25]. The HU stability results were
generalized and extended by many researchers for FODEs under IBCs. In 1978, Jung studied the
said stability for ODEs. Oblaz, Benchohra, etc., have studied the said stability for FODEs but their
investigation was limited to initial value problems, we refer to [26-28]. To the best of our information
and knowledge, the HU stability has been very rarely studied for coupled system of FODEs under
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IBCs. Therefore in this article we investigate HU stability to the considered problem. Here we remark
that we also provide some necessary results for nonexistence of solution. Finally a series of examples
are provided to support our analysis.

2. Axillary Results

In the current section, we review some fundamental definitions and useful results of functional
analysis, fractional calculus and fixed point theory (see reference [1,2,8,29-32]). Here, first of all, we
define the Banach space which is utilized throughout in this article.

Let us define E = {y(¢)|y € C[0,1]} with the norm [|y[| = maxgc[o,1) [y(8)]. We define the norm
for the product space as ||(y,z)|| = ||y|| + ||z||- Obviously (E X E, || - ||) is a Banach space.

Let K= [0,1— 0] for each 6 € (0,1), then, we define the cone C C E x E by

C={(yz) € ExE:min[y(d) +z(8)] = All(y2)ll}.

G ={(yz) eC:lya)ll <r}, 0C = {(y,2) € K: |y, 2)] =1}

As in [31], we define positive solution as follows.

Definition 1. A pair of functions (y,z) € E x E is called a positive solution of problem (1) under the given
IBCs if Dy, Dioz € L'[0,1] with (y,z) > (0,0) on (0,1] x (0, 1], where the functions y, z satisfy the IBCs
given in (1) respectively, for all ¢ € [0,1].

Definition 2. The Riemann-Liouville fractional derivative of order o > 0 of a continuous functiony : (0,00) —
R is defined as

DIoy(0) = iy (35) ) @9 y(olds, ®

m-—o)

where m = [0] 4+ 1 and [o] denotes the integer part of o.

Definition 3. The Riemann-Liouville fractions of integration of order o > 0 of a continuous function y :
(0,00) — Ris defined by

1 %
(24 _ _ o)1
0y (0) = gy ) (0 =) y(s)ds, ©)
where the integral is point-wise defined on (0, o).
Lemma 1. Let o > o, then the FODE
Doy (8) =0 4)
has a solution given by
m i 0) .
y(o) =y, YWt ©)
=1 "
Lemma 2. Let o > 0. Then we have
m i
0) .
1%0[D%0y(0)] = y(#) - - ¥ Dot ©

Lemma 3. [2] Let 0 > oand & € C(0,1) NL(0,1), then the FODE

DLoy(8) = h(9)
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has a solution given by
y(8) = 107+ 00" 2+ + e ™ + 1 h(8),
wherec; € Rfori=0,1,2,..., mandm = [o] + 1.

Definition 4. [32,33] On the Banach space E defined afore, the mapping d : E x E — R" is called a generalized
metricon Eif VX, y,andy,z € Ewithy # x,z #y, z #y, then the following hold

(Al) d(y,z) =0 y=2z Vyz€E
(A2) d(y,z) =d(z,y), Vyz€E
(A3) d(x,y) =d(x,z)+d(z,y) +d(yy), ¥V x,yYz €E.

Further the pair (E, d) is called a generalized metric space.

Definition 5. [32,33] Let M = {Mmm € R}™™}, for any matrix B € M the spectral radius is defined by
®(B) = sup{|A;i|,i = 1,2,...,m}, where A;, for i = 1,2, ..., m are the eigenvalues of the matrix B and the
matrix will converge to zero if &e(B) < 1.

Lemma 4. [32,33] A complete generalized metric space (M, d), with operator B : M — M such that there 3 a
matrix B € M with
d(By,Bz) < Bd(y,z),forally,z € M,

ifee(B) < 1, then B has a fixed point in M.

Lemma 5. [32,33] Consider a Banach space E with cone C C E and y C C is relatively open set with 0 € y
and B : § — y be a completely continuous mapping. Then one of the following hold

(A1) The mapping B has a fixed point in y
(A2) There existy € oy and € (0,1) with y = yBy.

Lemma 6. [33,34] Consider a cone C in the Banach space E and if 21 and 2y be two bounded open sets in E,
such that 0 € 2y C 4 C . Let B: CN (A A1) — C be completely continuous operator and one of the
following satisfied:

(1) Byl < llyll Yy € CnoAy|[Bl| = [lyll, Vy € Cno2lp
(2) Byl = [lyll Vy € Cno2y|B|| < [lyll, Vy € Cno2lp

Then B has at least one fixed point in C N (A ~\ Aq) .

3. Existence of at Least One Solution

Lemma 7. Let h € C[0,1], then the BVP
Dioy(®) +h(9) =0, 0€(0,1); m—-1<oc<m,
1 (7)
y(0) =y'(0) =y"(0) =--- =y™2(0) =0, y(1)= 5/0 y(s)ds,,

where 6 € (0,2), has the following unique solution

y(9) = /0 1 H,y(9,5)h(s)ds,
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where H,; is the Green’s function given by

9711 —5s)" Yo —6+6s) — (0 —6)(0—s)" !

<s< <
CENNG Ossstsd
Ho(d,s) = 9711 —s)7" (o — 5+ ds) ®)
<9<s<
RN / 0sdsssl
Proof. Thanks to Lemma 3 for (7), one has
y(8) = —I%oh(8) + 10" 1 + 20" 2 + - e ™ ©9)
By using initial condition y(0) = y’(0) = y”(0) = --- = y(™=2(0) =0, we get c; = c3 = - - - =
¢m = 0. Therefore (9) implies that
y(8) = 1071 —1%h(8). (10)
By using boundary condition y(1) = & fo s)ds in (10), we get
1 (9 —s)! 1
C1 — /0 Wh(s)dS‘F&/O y(S)dS
Hence we have the following solution to (1)
AT o1 [P A=s)! o1 !

Let B = fo s)ds, then from Equation (11), we have

1 90— 1 (7— -1
/ / ds+/ / hs)ds+/ B8 ds
JO

_ (l—s 1
B— /0 d+/ ar h(s)ds + 6B (12)

implies Equation (12), so we get

1—s 1—s -1
D 5/ ds—l—a 5/ ) h(s)ds.

Replacing this valve in (11), we get

t _ \o—1 _ \o—1 o—1 _ <\o
y(8) = — /O @#—s) r(?) h(s)ds + 99! /0 P8 F(S('T)) h(s)ds — Uf - /0 'o U§1(0)5> h(s)ds

o—1 _ <\o—1
+0_i5/119 (1( " h(s)ds.

(o)
:_/19 (19;(?)0 1 ds+/1 97— l (05)05)1<¢Z-—)5+5S)h(s)ds
_/‘919‘7 I )N o —8+3ds) — (0 —8) (8 —s)7 !
(0 —0)I'(0)

Lyr-1(1 ‘71(0 d+6s)
+/ — (@) h(s)ds

- /O H, (8, s)h(s)ds
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where H (9, s) is the Green'’s function of BVP (7). Similarly we can obtain z(¢) = fol He (8,s)h(s)ds,
where Hx (9, s) is the Green’s function for the second equation of the system (1) and is given by

11— 51w — g tos) (@~ Q)8 —5)*!
CEPIEY o Osss0=l
=11 —s)* (e — 0 +0s)
@ or@

Hae(l?/ S) = (13)

O

Lemma 8. Let H(d,s) = (Hy(9,s), He(9,s)) be the Green’s function of (1) defined in Equations (8) and (13).
This H(9, s) has the given properties

(F1) H(9,s) is continuous function on the unit square ¥ (8,s) € [0,1] x [0,1]
(F,) H(8,s) >0 V9,s€[0,1] and H(d,s) >0 V98,5 € (0,1)

(F3) [max H(9,s) = H(1,s),Vs € [0,1]

(Fs) min H(9,s) > A(s)H(1,s) foreach 8, s € (0,1),

9€i0,1-6]
where A = min{Ay = 0771, A\p = 6271},

Now according to Lemma 7, we can write system (1) as follows

1

y(0) = [ Ho(8,9)p(s,y(s), 2(s))ds
\ (14)
2(6) = / He (9,5)x(s,y(s), 2(s))ds.
0
Let B : E x E — E x E be the operator defined as
1 1
B(y,z)(8) = <f Ho(8,5)¢(s,y(s),2(s))ds, [He(d, S)X(S/Y(S)IZ(S))dS>
0 0 (15)

— (Bl 2)(0) By 2)) ).
Then the fixed point of operator B coincides with the solution of the coupled system (1).

Theorem 1. Consider that u,v : [0,1] x [0,00) X [0,00) — [0, 00) are continuous. Then B(C) C Cand B :
C — C s completely continuous, where B is defined in (15).

Proof. To prove that B(C) C C, let (y,z) € C, then by Lemma 8, we have B(y,z) € C and from (Fy)
and V 9 € K, we obtain

1

1
Bi(y(8),2(8) = [ Ho(8,5)9(5,¥(s),2(9))ds 2 A [ Ho(1,5)g(s,¥(s)),2(s)ds.  (16)
0

0
Also from (F3), we obtain

1

Bi(y(8),2(9) = [ Ho(8,5)9(s,y(s),2(5))ds < [ Ho(Ls)g(s,y(s),2(s)ds.  (17)
0 0
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Thus from (16) and (17), we have

B1(y(8),z(8)) > A|B1(y,z)|, forall ¢ € K.
Similarly, one can write that

B (y(8),z(8)) > A||Ba(y,z)|, forall ¢ € K.

Thus
B (y(8),2(6)) + Ba(y(9),2(8)) > A|B(y,2)]|, forall ¢ € K,

min(B; (y(9),z(8)) + Ba2(y(9), 2(8))] = Al[B(y, 2)|l

Hence we have B(y,z) € C = B(C) C C. Next, like the proof of Theorem 1 of [35], and applying
the Arzela-Ascoli’s theorem, it can be easily proven that B : C — C is completely continuous [

Theorem 2. Consider that ¢ and x are continuous on [0,1] x [0,00) x (0,00) — [0,00), and there exist
£;(9),H;(9),(i=1,2) : (0,1) — [0, o0) that satisfy

(A1) (8,
(A2) [x(¥,

9(8,3,2) <w(®)|y -yl +vi(8)lz—z|, for 8 € (0,1) and y,2,3,2 > 0
A z>0
(A3) =(B)

¥,2) =
y,2) = x(8,3,2)] <w(8)ly —y|+va(d)|z — 2|, for ¥ € (0,1) and y, 2,7, 2
< 1, where B € {My, € R3*?} is a matrix given by

/Hglsu1 /Hglsvl
/H (1,8)uy(s /H (1,8)va(s)ds

Then the system (1) has a unique positive solution (y,z) € C.

Proof. Let us define a generalized metric d : E2 x E2 — R? by

d((y,2),(y,2)) = < Hy_}:,‘l ) , forall (y,z), (y,Z) € E x E.

||z =]

Obviously (E x E,d) is a generalized complete metric space. Then for any (y,z), (7,Z) € E X E
and using property (F3) we get

1

[B1(y,2)(8) — Bi(y,2)(8)] < max /IHa(l?,S)I[I(P(S/Y(S),Z(S))—90(5/?(8),2(8))\]615
0

¥€(0,1]
1 _
< [ Ho(1,8) () ly = 91l +va(s)|Jz — 2/1ds
1 1
< [ uio)He(1,s)dslly =5+ [ vi(s)Ho(1,)ds]}z — 2],
Similarly we can show that
1 1
B2(y.2) = Ba(5,2)| < [ va(s)He(1,)dslly =5+ | va(s)Hu(1,5)dis|z 2.

Thus we have

B(y,2) = B(y,2)| < Bd ((y,2),(7.2)), ¥(y,2),(¥,2) € EXE,



Mathematics 2019, 7, 223 8 of 20

where

1 1
_ ./0 Hy(1,s)uy(s)ds /OHU(l,s)Vl(s)ds

1 1
/0 He(1,s)ux(s)ds /0 He(1,8)va(s)ds

As @(B) < 1, in the light of Lemma 4, system (1) has a unique positive solution. [

B

Theorem 3. Consider that ¢ and x are continuous on [0,1] x [0,00) x (0,00) — [0,c0) and there exist
a;, by, ci(i=1,2) : (0,1) — [0, 00) satisfying:

(Ag) 9(8,y(9), 2(8)) < a1(8) +b1(9)y(8) + c1(8)2(8), & € (0,1),y,2 > 0

(As) x(2,y(68), 2(8)) < a2(8) + ba(8)y(®) + c2(8)z(8), 8 € (0,1),y,2 > 0
(A0) s = [ He(1,s)an(s)ds < 2, 81 = [ Ho(L )l (5) +c1(5)ds < }

(A7) Ay = Oleae(l,s)az(s)ds < oo, Ay = b}Hae(S,S)[bz(S) +ca(s)]ds < 1.

Then the system (1) has at least one positive solution in

A A
{(y,z)EC:|(y,z)|| Sr}, where rnax{ll,1 2 } <r.
370 30

A A
Proof. Define Q) = {(y,z) eC:|(y2)| < r} withmax{ T L T 2 } <r.
3781 3
According to the Theorem 1, the operator B : 3 — C is completely continuous. Let (y,z) € Q,
such that ||(y,z)|| < r. Then, we have

ds

1
[B1(y,2)[| = max /O Ho (8,5)9(s,y(s),2(s))

9e[0,1]

< </01 Ha(l,s)m(s)ds—i-/ol Ha(l,s)bl(s)|y(s)|ds+/01 Ha(lls)cl(s)z(sﬂds)

< '/01 H(1,8)a1(s)ds +r [ ./(;1 Hy(1,8)[b1(s) + C1(s)]ds]
< Ai+ra <,

Similarly, ||B2(y, z)|| < 5, thus ||B(y,z)|| < r. Therefore, thanks to Lemma 5, we have B(y, z) € O,
thus B: Q — Q. Let there exist ¢ € (0,1) and (y, z) € 9Q) such that (y,z) = ¢B(y, z). Then in the light
of assumptions (Ay), (As) and by (F;) of Lemma 8, we get V ¢ € [0, 1]

2(9)] < g/ol Hy(8,s)|9(s, y(s),z(s))|ds
< G(/Ol Hq(1,5)aq(s)ds + /O.l Hy(1,8)b1(s)y(s)ds + /01 Hy(1,8)c1 (s)z(s)ds>
S €<A1 + VA1>

r
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which implies that [|y|| < ¢%. Similarly, it can be proved that [|z|| < ¢%. From which, we have
Il(y,2)|| < ¢r, with¢ € (0,1) which is a contradiction that (y,z) € 0¥ as r = ||(y,z)||. Thus, according
to Lemma 5, B has at least one fixed point (y,z) € Q. O

Next the following assumptions and notations will be used:

(C1) @, x:10,1] x [0,00) x [0,00) — [0, 00) are continuous and ¢(8,0,0) = x(8,0,0) = 0 uniformly
with respect to ¢ on [0, 1]
(C2) Hy(1,s),Ha(1,s) defined in Lemma 8 satisfy

1
0< /H,,(l,s)ds < o0, 0< /Hae(l,s)ds < oo

0
(C3) Let these limits hold
= lim sup 74)(19’31'2), = lim su 7)((19’}7'2),
()= (@a) pepon) Y +2 ()= (@a) pejo) Y T2
(0,.2) x(6,3,2 o
_ PLv, Y,z 1 Y,z
Po = (y]z)lgl'(la/“) S fﬁE[Orl]ﬁ’ Xe = (y]z)lglila, %) € fl9€[0 ”T where a € {0, OO}
ag:max/Hgﬁsds aae—max/Haeﬁs (19)
9€[0,1] 9€[0,1]

Theorem 4. If the assumptions (C1) — (Cy) hold and one of the following conditions is also satisfied:

1-6 1-6
(D1) @0 (AZ [ Hg(l,s)ds> > 1, ¢®a, < Land xo (AZ i Hae(l,s)ds> >1, XPae < 1.
0 0

Moreover, g = xo = oo and ¢=° = x> =0
(Dy) There exist two constants 111, with 0 < 11 < 11 such that ¢(9,-,-) and x (9, -, -) are nondecreasing on

[01772] Ve [Or 1]/
1
()\U/Hgls)d) ,

-1
X (8, Ao, Axipt) 2’72( /Haels )

and @ (8,12, 12) < 2770, xX(0,1m2,1m2) < m,forallﬁ € [0,1],

N‘:

90(19/ )\0711, )\aeﬂl)

where A,Hy(1,s), Hae (1, s) defined in Lemma 8 and ¢o, xo, ¢*°, X*°, &, 0 defined in Equations (18) and (19).
Then the coupled system (1) has at least one positive solution.

Proof. B as defined in (15) is completely continuous.

1-6
Case I. Let the condition (D; ) hold. Taking ¢ <A§ | Hy(1, s)ds) > 1, then there exists a constant
0

K1 > 0 such that

¢(8,y,2) = (o —r1)(y(8) +2(8)), x(8,y,2) = (xo —r2)(y(8) +2(8)), forall 8 € [0,1],y,z € [0,x1],
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where r; > 0, and satisfies the conditions

, 1-0 , 1-9
(o — rl)% / Hy(1,8)ds > 1, (xo —1’1))\7ae / He(1,s)ds > 1.
] 9

So for ¢ € [0,1], (y,z) € 9Cx,, we have

1 1
Bi(3,2)(8) = [ Ho(6,9)9(5,¥(5),2(5))ds = Ao [ Ho(1,5)p(s,y(s), 2(5))ds
0

0
A2 7 ,
> (o) [He15)asl2)) = 102
0
Analogously
1 1
B2(y,2)(8) = [ He(?,9)x(s,¥(5),2(5))ds > Aw [ Ha(1,8)(s,¥(s), 2(5))dls
0 0
A2 1 ,
> (0 - ) [ He(ts)asl(2)) = 12
0
Therefore, we have
IB(y,2)l| > [1B1 (v,2)l| + [IBa(3,2)]| > (3, 2)].- (20)

Also for ¢®a, < 1 and x®ae < 1, there exists a constant say £, > 0 such that ¢(8,y,z) <
(p®° +r)(y+2),x(0,y,2) < (x*°+r)(y+z), ford € [0,1],y,z € (K,00), where r, > 0 satisfies
the conditions as (¢ +712) < 1, ae(x* +7r2) < 1. Let ] = maxgeo1]yzco0) (0 y2),L =
maXye|(o,1] yz¢(0,6] X(0,Y,2), then ¢(8,y,2) < J+ (¢° +12)(y,2),x(8,y,2) < L+ (x®+n)(y2).
Now setting max{x1, €, Jas (1 — ag (9% +12)) 1} < 2, max{xy, €3, Lae (1 — ae(x* +12)) 1} < 2.

So for any ¢ € [0,1], (y,z) € dCy,, we obtain

1 1
Bi(1,2)(8) = [ Ho(8,9)9(s,y(5),2(s))ds < A¢ [ Ho(1,5)p(s,y(s),2(5))ds
0 0

1
< [Ho@Ws) U+ (9 + r2)lu(s) + =(s))ds

0
1

< Ho(1,s)ds + (9% + 1) 0/ Ho(1,5)ds| (y,2)|

K ) K 0 K
< ?2 — g (¢ -H’z)EZ + (9% +r2)asl|(y, 2)|| < EZ

Similarly By (y, z)(9) < %, as (y,z) € 0Cx,, thus we have

By, 2) Il < (v, 2)]l- (21)
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Case II. If assumptions in (D;) hold, then in light of the definition of C for (y,z) € 9C;,, we have
I(y,2)|| = 11, for ¢ € K. Then from (D, ), we have

1 1-6
Bi(1,2)(8) = [ Ho(8,5)9(s,y(5),2(5))ds = Ar [ Ho(L,s)p(s,y(s),2(5))ds
0 4
1-6 1-6 -1
> ()\0 / Ha(l,s)ds> % (/\U / Hg(l,s)ds) = %
0 0
Similarly it can also be obtained that B;(y,z)(¢) > 1, for (y,z) € 9C,,, and we get

IB(y,2)[l = [1B1(y, 2) | + [1B2(y, 2)[| = [I(y, 2) |- (22)
Also for (y,z) € dC;,, we get that ||(y, z)|| = #2 for & € [0, 1]. Then from (D), one can get

1 1
Bi(y2)(8) = [ Ho(®,5)9(s,y(5),2(9))ds < [ Ho(1,9)p(s,y(5),2(s)ds
0

0
1

2 / _n

< 1= = £,

< o J Hy(1,s)ds 5

Similarly, it can also obtained that B(y, z)(¢) < 2, (y,z) € 9C,,. Hence, we have

IB(y,2) [l = [B1(y,2) || + [[Ba(y, 2)[| < [I(y,2) - (23)

Now according to the application of Lemma 6 to (20) and (21) or (22) and (23) implies that B
has a fixed point (y1,z1) € Cyy or (y1,21) € Cy,,(i = 1,2) such that y1(8) > Ay|ly1]| > 0 and
z1(8) > Axllz1]| > 0,8 € [0,1]. From which it follows that the coupled system (1) has at least one
positive solution. [J

Theorem 5. Under the conditions (Cq) — (C3) and if the following assumptions hold
1-6 1-6
(D3) If ¢p < 1; 9% ()\(2, J Hg(l,s)ds> > 1and YOae < 1;x® </\§e S Hg(l,s)ds> >1,
0 0
then the coupled system (1) has at least one positive solution. Further, if p° = x° = 0 and ¢® = x® = oo,
where A,Hy(1,s), Hae (1, s) defined in Lemma 8 and ¢q, X0, 9*°, X*°, &, 0 defined in Equations (18) and (19),

then the the considered system (1) has at least one positive solution.

Proof. Proof can be obtained as proof of Theorem 4. I

4. Existence of More Than One Solutions

Theorem 6. Consider that (C1) — (Cs) hold and the following conditions are satisfied:
1-6 1-6
(Dg) Ifgo [ A2 [ Hy(L,8)ds | > 1,90 | A2 [ Hy(1,s)ds | > 1and
4 9
1-6 1-6
xo | A2 [ He(L,s)ds | > 1,xe | A2 [ He(1,8)ds | > 1.
6 6
Moreover, pg = X0 = Poo = Xoo = 00 also hold:

(Ds) there exists a > 0 such that
maXge(0,1],(yz)eac, P8 Y,2) < 25 and maxge(o 1] (yz)eac, X(8,,2) < 74—
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Then the coupled system (1) has at least two positive solutions (y,z), (y,Z) such that
0<[l(y2)l <a<|(z2)] (24)

Where A, H;(1,s),He(1,s) are defined in Lemma 8 and ¢y, xo, 9*, X, &r, 0y defined in
Equations (18) and (19)

1-6
Proof. Let (D4) hold. Select x,77 such that 0 < ¥ < u < 5. Now if ¢ (A?T J Hg(l,s)ds> >

1-6
1 and o <)\§e J He(1, s)ds) > 1, then like the proof of Theorem 4, we have
0

1B(y,2)[l = |(y,2)l, for (y,z) € aC. (25)

1-6 1-0
Now, if ¢eo ()\[2, J Hy(1,s)ds | > 1and xeo ()\é i Hae(l,s)ds> >1,
0 0

then like the proof of Theorem 4, we have
IB(y, 2)[| = [I(y,2)l, for (y,z) € 9C,. (26)

Also from (Ds), (y,z) € 9C,, we get

By 2)(8) = [ Holt,9)p(s,y(s),2(5))ds

< /O.l Ho(1,8)¢(s,y(s),z(s))ds < 5 / H,(1,s)d

I\)'E

Similarly, we have By (y,z)(¢) < 5 as (y,z) € 9C,.. Hence, we have

B(y,2)Il < [(y,2)l, for (y,z) € 9Cy. (27)

Now according to Lemma 6 for (25) and (27), we have gives that B has a fixed point (y, z) € 9Cy,
and a fixed point in (§,2) € dC,, ;. Therefore system (1) has at least two positive solutions (y, z), (7, z)
such that ||(y,z)|| # p and ||(§,2)]| # p. Thus the relation (24) holds. O

Theorem 7. Consider that (C1) — (Cz) hold together with the given conditions

(D) aopo < 1and ooty < 1; aexo < 1, and eotte < 1

(D7) there exist > 0 such that
1-6 -1
(/\(27 / Hg(l,s)ds) ,

0

1-0 -1
B2 /
0,yz) > = | A H.(1,s)d )
19el<,r(ryl,?)xeac/(( y2) >3 ( = | =(1s) s)

0<liv2)ll <u<IF 2l

N =

max %,v,z) >
€K, (y,z)€0Cy (P( y )

such that

where A,Hy(1,s), Hae (1, s) defined in Lemma 8 and @o, xo, ¢*°, X*°, &, 0 defined in Equations (18) and (19).

Thus the system (1) has at least two positive solutions.

Proof. We left the proof out, as it similar to the proof of Theorem 6. [
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In same line for multiple solutions we give the following results
Lomwithu; <

(C3) hold. If there exist 2m positive numbers up, @y, L = 1,2
Uy < Agliy < Gpandug < Apl] <l <up < Aplipy < lip...upy <

Theorem 8. Let (C1) —
Al < i < up < Aplip < i

Aeelyy < Oy, such that

. -1
(Ds) ¢(8,y(8),z(8)) > ug (Angg(l,s)ds> L for (8,y,z) € [0,1] x [Agup,ur] X [Ageur,ur], and
z(9)) < wa, uL,for (8,y,z) € [0,1] X [Agtr, L] X [Aeur,ur],L=1,2...m,

(3, y(8),
-1
(1,s)ds) ) for (8,y,z) € [0,1] X [Agur,ur] X [Agur,ur], and

(Dg) x(9,y(9) ( fl
0
z(8)) < azlay,for (8,y,z) €

[0, 1] X [AguL,uL] X [/\aeﬁL/ﬁL]/ L= 1,2...

x(8,y(8),

where A,Hy(1,s),He (1, s) defined in Lemma 8
Then the coupled system (1) has at least m-positive solutions (yr,zy ), satisfying

up < |[(ypz)|| <4, L=1,2...m.
(C3) holds. If there exist 2m positive numbers up, 0y, L =1,2...m, with

Theorem 9. Suppose that (Cy)
< uy, < Oy such that

< <uw<a...

(D19g) ¢ and x are non-decreasing on [0,0,,] ¥V 0 € [9 11]

(Du) 9(8,%(8),2(8)) = w (Aa 19f9Ha<1,s>ds>> P(0,y(8),2(8) < 1, L=12..m,
xX(0,y(09),z(8)) > ug (Aae ?gHae(l,s)ds)) _1, x(0,y(0),z(9)) < I%Le/ L=1,2...m

Hence we conclude that there exist at least m positive solutions (yr,zr), corresponding to coupled

system (1) which satisfy
up < [(ypzo)l <dg, L=1,2...

5. Hyers-Ulam Stability
Definition 6. [30] Let By, By : E X E — E X E be the two operators. Then the system of operator equations
(28)

{Y(ﬂ) = Bi(y,2)(9)

is called the HU stability if we can find J;(i = 1,2,3,4) > 0, with a;(i = 1,2) > 0 and for each solution

(y*,z*) € E x E of the inequalities given by
(29)

Iy = o(y", 2°)||exE < @1,
2" = x(y",2")||ExE < 2,
there exists a solution (y,z) € E x E of system (28) such that
(30)

lly" = ¥llexe < kiaer + kpeep,
||z* —Z||gxE < kzaey + kaaep,
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Theorem 10. [30] Let By, By : E x E — E X E be the two operators such that

[B1(y,z) = B1(y", 2%)||exe < k1lly — y*|lexeds + ka||z — 2" ||Exeds,
|[B2(y, 2) — Ba(y™, 2%)||exE < k3|ly — y*|lExEds + k4|2 — 2" ||ExEds, 31)
forall (y,z),(y*,z") € EXE,

and if the matrix

converges to zero, then the fixed points corresponding to operator system (28) are HU-stable. Further, the given

condition holds (My1) under the continuity of ¢;,i = 1,2, there exist f;, H; € C(0,1),i = 1,2 and (y,z), (y,%)
such that

9i(8,y,2) — ¢i(8,7,2)| < fi(®)ly —y| + Hi(9)[z —Z|,i = 1,2.

In this section, we study HU stability for the solutions of our proposed system.

Theorem 11. Suppose that the assumption (M) along with condition that matrix

1 1
. /OHg(l,s)ul(s)ds /OHU(l,s)Vl(s)ds

- 1 1
/ Hx(1,8)uy(s)ds / Hz(1,8)va(s)ds
0 0
is converging to zero. Then, the solutions of (1) are HU-stable.

Proof. Thanks to Theorem 2, we have

1 1
IB1(,2) = By(y" =)k < | Ho(Ls)ur(8)lly =yl xpds + [ Ho(Ls)vi(s)llz = =" [lexeds,

1 1
Hmwmfmwnwm@sgru@@w@wfwmw®+ﬁf@@@w@Wffmw@

From which we get

[IB1(y,z) — B1(y™, z")||exp < {/01 Hg(l,s)ul(s)ds} [ly — v |lexe + {/Ol Hg(l,S)Vl(S)dS} ||z —z*||gxE,
: (32)
[IB2(y, z) — Ba(y™, z") | |gxE < {/01 Hae(l,s)uz(s)ds} [ly — v |lexe + [/01 Hae(l,s)vz(s)ds} ||z — z*||ExE-

Analogously one has

[|P(y,z) — P(y*,2")|lexe < B||(v,2) — (", 2%)|exE, (33)
such that

1 1
o /OHg(l,s)ul(s)ds /OHg(l,s)Vl(s)ds

1 1
/ He(1,8)up(s)ds / He(1,8)va(s)ds
0 0
Hence, we get the required results. [

6. Example

To verify the aforesaid established analysis we provide some test problems here in the
given sequel.



Mathematics 2019, 7, 223 15 of 20

Example 1. Take the system of given BV Ps with IBCs as

0+1

7
Doy (9) + 1

T)ly(@)] +cos|2(®)] =0, 8 € [0,1],y,2 >0

7 9% +1
Dioz(ﬂ) +

sin |y (8)] + [2()[] = 0, ¢ € [0,1],y,2 > 0
(34)

0

20) = 2'(0) = 2"(0) =0 z(1) = %/Olz(s)ds.

2
Since g(8,y(8),2(8)) = "L I3y (8)] +cos (@), x(8,y(8),2(8) = "I [sin|y(8)] +

[z(8)]].
Alsoasm = [35]+1=4,6= Y and g = 1.
Then

5.9+1 d+1
|¢(19/Y2f22)—¢(19,}’1f21)|SF(E)T\Yz—YlH- 2 |20 — z1],
9 +1 9% +1
IX(0,y2,22) — x(8,y1,21)| < ) ly2 —y1| + ) |20 — z1].

2
where uy (9) = LT (3),v1(9) = 2HL, up(9) = v2(9) = ¢ 2— , 50 one can get

1 1
/Hg(l,s)ul(s)ds /Hg(l,s)vl(s)ds 8 8
B_ |0 0 |1 165/
=1 | = 19 496
/Hae(l,s)uz(s)ds /Hae(l,s)vz(s)ds 11583/t 115834/
0 0
8 _3 _8
~ 11 165/7
det(B—AI) = 196 196 RE

—A
11583/ 11583,/

We get A; = 0.728 and A, = 0.024 since &e(B) = sup{|A;|,i = 1,2} = 0.728 < 1. Therefore due to
Theorem 2, BVPs (34) has a unique positive solution given by

s+1
4

H;(8,5) [T(g)ly(S)l + cos [z(s)|]ds,

(35)
SZ
(8,5) 1 [sin ly(s)| +[2(5)])ds,

7
2

where H 7 (8,s) and H 7 (9, s) are the Green's functions given by

93(1—5)3(3+ 1s) —3(9 —s)?

3(3)

92(1—s)3(3+ ls)
3I(3)

H% (19,5) =

7
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is
%r(%) , 0<s<9¥<1,
R I TN
cl—s)2(F T35
Br(7) , 0<9<s<l1
6 2

Further, by the use of Theorem 11, the solution is HU-stable.

Example 2. Taking a system of FODEs with IBCs as

10

D2y(8) +a(8)\/y(8) +2(8) = 0, D2 yz(8) + b(8) I/y(8) +2(8) =0, 8 € (0,1),

y(0) =y'(0) =y'(0) =y"(0) =0 y(1) = [ y(s)ds, 36

From the given system one has

P(8,y,2) = a(9)/y(8) +z(9)

and
X(8,,2) = b(8)y/y(8) +2(8), m=4,6=0=1
: 0_ 1. 9®yz2) L 0
Alsoa, b:[0,1] — [0, 00) are continuous. Now ¢” = lim -——"—= = oo, similarly x’ = oo.
(yz)=0 y+z
Obviously we compute 9= = 0 = x*. Hence due to Theorem 4, system (36) has at least one

positive solution.

Example 3. Taking another test problem with IBCs as

Dy (#) + (1— 82)[y(8) + 2(8)]2 = 0, D3yz(8) + [y(8) +2(9) =0, 8 € (0,1),
y(0) =y(0) =y'(0) =y"(0) =y"(©) =0, y1)=3 [ y(s)ds, @)

z(0) = Z/(0) = Z"(0) = 2""(0) =" (0) =0, z(1) = %/Olz(s)ds.

From the considered problem (37), one has 6 = ¢ = %, as m = 5. It is easy to see that ¢° = x° = 0 and
@ = X = oo. Therefore thanks to Theorem 5, the given system (37) has a positive solution.

Example 4. Further we take another system of FODEs with IBCs as
(1+0%)[u?(8) + z(9)]

(402 +4)as

DY (g) + (DY) +(0)

=0, 8¢ (0,1),

1
Doy () +

Gt e, e 38)

3 rl
y(0) =¥'(0) =y"(0) =y"(0) =y"(©) =0, y(1)=3 [ y(s)ds,

z(0) = Z/(0) = Z"(0) = 2""(0) = 2""(0) =0, =z(1) = %/Olz(s)ds.

where 6 = ¢ = %andm = 6. It is easy to obtain pg = X9 = 00 and Peo = Yoo = 0.
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Further ¥ (9,y,z) € [0,1] x [0,1] x [0, 1], we have

(> +1)2 a;l (4+1)2 ag!
9 < —nr = 9, < —0F = =
p(y,2) < 42 Dy 2 X0y < 4P+ Dae 2

Hence all the conditions of Theorem 6 hold. Thanks to Theorem 6, the given system (38) has at least two
positive solutions (y1,z1) and (ya, z2) which satisfy

0 <|[(yr,z0)|l <1 <|[(y222)]-
7. Non-Existence of Positive Solution

Here some conditions are developed under which the coupled system (1) with given IBCs has
no solution.

Theorem 12. Consider that (C1) — (C3) hold and ¢(9,y,z) < H(zyT?H and x(8,y,z) < H(g;i” for all
0 €[0,1], y >0, z > 0, then there is no positive solution for BVPs (1).

Proof. Consider (y, z) to be the positive solution of BVPs (1). Then, (y,z) € Cfor0 < ¢ < 1 and

(v, 2) [ = llyll + l|=]

= max + max |z
ﬂem1|Y()| ﬁemll )

1
< max [H, (8, S)IGD(SIY(S),Z(S))IdS+§rg[3§] 0/ Hae(8,5)|x(s,y(s), 2(s)ds

< [ras

= 2l < ||(Y/Z)Hr

o

I, +/H& NETI
Ko

which is contradiction. Hence the considered system (1) has no solution. 0O

Theorem 13. Let the hypothesis (C1) — (Cs) hold along with the conditions

1-6 -1
oy @),2(9) > 102 (Aﬁ / Ha(l,S)ds) ,
0

1-9 -1
x(0,y(9),z(8)) > M (Aé / Hae(l,s)ds) , forall® € [0,1], y > Oand z > 0.
6

Then there does not exist positive solution to BVPs (1).

To demonstrate the results of Theorems 12 and 13 respectively, we give the following example.
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Example 5. Taking the given system of FODEs with given IBCs as

=5
2

5
D?,y(9) =5—4<y+z+§) ,9€][0,1],

=3
5 30 z 1
D 2(8) = (30 + ) +—, 9e01],

VY Tz 50 (39)
y(0) =¥'(0) =y"(0) = 0, y(1 /
2(0) = #/(0) = '(0) = 0, 2(1) = % [ =t
Also as (Cy) — (C3) hold, where m = [2.5] + 1 =3 and 6 = ¢ = 5. We calculate
32 1
0 _g_ (2 0 - 0 _ o _
¢ =5 (ﬂ),x 5 7 =57 =51,
5
3 2
(5= (2) )21 < oy©)z00 <slma)l,

%II(}LZ)II < x(8,y(8),2(9)) <51 (y, ).

Therefore we have

5 (2) M2 < 0@, (9),20)) < 5l 2l and x(6, (0), () < 5032} < L2,

where ay ~ 0.32239 and a, ~ 0.32239.

Case I: Now
0(6,y(9),20)) < L2 1tz )
yields that
#(8,y(8),2(9)) < 5(3.2)]| = 31018] (,2)]
and

x(8,y(9),2(8)) < 51|(y,2)|| ~ 3.1018] (y, 2) |-

Hence under the condition of Theorem 12, there is no solution corresponding to problem (39).
Case II: Also

5 % -1
0@ y(0),2®) > (5= (2) )Im21> 1621 (A [P R, s>d> ~ 0615 (y.2)|

t 100

and

99

X(8,y(®).29) > 5l .2)] > 1.2)] (Ai N

100

-1
Hae(l,s)ds> ~ 0.615]|(y, 2) .

Hence under the condition of Theorem 13, there is no solution corresponding to coupled system (39).



Mathematics 2019, 7, 223 19 of 20

8. Conclusions

In the above research work we have successfully investigated a coupled system of nonlinear
FODEs with IBCs for multiplicity results. Further, the aforesaid investigation has been strengthened by
developing some conditions under which the solutions of the proposed system are HU-stable. Further
some results which demonstrate the conditions of nonexistence of solutions have been established.
The whole results have been verified by considering some examples where needed.
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