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1 Introduction

The issue of stability has a long history and was studied by scientists
more than 120 years ago, although at that time, information process-
ing was not a concept for them. In fact, this was natural because from
their point of view, physical phenomena had to be somehow sustain-
able [3, 14, 28,29, 39, 51, 52]. After the second world war, which gave
mathematicians more leisure time, some research groups flourished in
European countries, Russia, and the United States, and talented young
people became active.

One of these young people was an individual named Stanislaw Marcin
Ulam who played an effective role in creating the concept of stability and
significant progress in achieving various results in this field [17]. A few
years later, Hyers became interested in this field. They were able to
publish several joint articles on stability [18, 19, 20, 21, 59, 60]. In the
last years of the last century, Rassias joined Hyers for extending the
stability theory [22, 23]. Rassias was introduced as a considerable re-
searcher before joining Ulam [24, 25, 40, A1, 42 43, 44, 45, 46, 47, 18].

With the advent of computers and spread of numerical computations,
numerous software applications in mathematics have emerged which be-
came an effective factor for researchers. These calculations show that
there are often errors in calculating numerical solutions of differential
equations, and these errors sometimes get out of control, especially when
we want to find a numerical solution of a singular differential equation.
It was here when the concept of stability came to its true application. In
fact, by using this old notion introduced by Ulam, we can rest assured
of the numerical results obtained from the computer software. This was
one of the main reasons why many researchers worked on the stability
of differential equations in recent decades [1, 2, 3, 5, 6, 7, 9, 11, 12, 15,
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It is commonly known that in mathematical modeling of some phe-
nomena, we encounter differential equations that have singularities ([27]).
How can we be sure that the obtained errors in numerical calculations
for finding the solution of a singular differential equation are related to
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computer software or not? The answer is easy. If we can prove that the
singular differential equation is stable, then we can be sure that the nu-
merical sequence which we obtain in our calculations, will be convergent
to the solution. A researcher naturally tends to study complicated differ-
ential equations, and this sense has led many researchers to investigate
singular equations because those are one of the certain complicated cases
(see, for example, [4, 50, 53, 54, 55]). Our aim in this work is to study
the stability of a multi-singular fractional integro-differential equation
which the existence of its solutions has been studied by Shabibi et al.

In 2015, Muniyappan and Rajan [31] investigated stability of the
following BVP;

Dru(t) = f(t, (1)),

av(0) + bu(t) = c.

Also, Rezapour and Shabibi [50] studied the existence of solutions for
the following singular BVP;

av(1) = IPv(1).

wherea > 1, k>3, p>1,t€ (0,1) and f is singular at ¢ = 0. In 2017,
Haq et al. [15] reviewed the stability of the following problem;

DPu(1) = yDPu(§),

where 1 <k <2,t€J=[0,1,0<p<1and¢ € (0,1). Also, Shabibi
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et al. [51] investigated the following singular problem;

Dex(t) = f(t,x(t),2'(t), DPx(t), [ h()z(€)dE),

2(1) = Da(p),

where x € ¢'[0,1], a > 2, B,7,p € (0,1),0 <t < 1, h € LY0,1] is
nonnegative with ||h||; = m and f is singular. Also, they introduced the
multi-singular notion [56] and studied the complicated problem

D#‘T(t) = f(t,:c(t),:c’(t), Dﬁx(t)v Ip:L’(t)),

x(1) = [ x(s)ds,

under some different conditions. In fact, f is said to be multi-singular
whenever it is singular at more than one point .

We must try to show that not only well-known differential equations
are stable, but also some complicated equations are stable. This issue
will show us that if we can not obtain numerical solutions of multi-
singular differential equations which are stable, we should be sure that
the existence of computer software is incomplete, and those need new
versions by using modern mathematical methods. Thus, we study only
the stability of some special cases of the multi-singular problem which
has been studied in [56]. Note that, studying each type of multi-singular
equation is important in a sense. We choose the problem because it is
one of the most complicated cases for studying stability.

Here, ||.||1 is the norm of L'[0,1], ||.| is the norm of Y = CJ0,1]
and ||z||« = max{||z|, ||=]|'} is the norm of X = C'[0,1]. We need next
result.

Lemma 1.1. ([75]) Let n — 1 < a < n and u € C(0,1) N L'(0,1).
Then, we have I*(°D%u(t)) = u(t) + Z?:_()l cit’, where ci,...,cn_1 are
some real numbers.
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In next section, we provide our man results on the existence and the
Hyers-Ulam stability of the above complicated problem. In last section,
we give thee examples to illustrate our main result. In this way, we
provide some figures for more illustration of readers on special cases of
the examples.

2 Main Results

Here, we are going to investigate the Hyers-Ulam stability of the multi-
singular problem

DHz(s) = f(s,2(s), 2 (s), DPz(s), IPz(s)), (1)

via the following conditions

#(0) = 2($),
= [ 2(s)ds,

where g € [2,3) and 20)(0) = 0 for j = 2, ..., [u] — 1. Also, we check it
for the case u € [3,00), where t € J = [0,1], 2 € C[0,1], u € [2,+00),
B,¢,n € (0,1), p> 1, D* is the Caputo fractional derivative of order p
and f :[0,1] x R* — R is a function such that f(s,.,.,.,.) is singular at
some points s € [0, 1] (see [56]). This problem has been studied in [56]
and one can find the following results in the work.

Lemma 2.1. [56] Let n > 2, p,& € (0,1) and yo € L'0,1]. Then,

s) = fol Hi(s,r)yo(r)dr is a solution for the pointwise deﬁned pmblem
DFa(s)+yo(s) = 0 via the conditions z'(0) = z(,u) and z( fO
whenever p € [2,3), and also 2'(0) = z(§), fo s)ds and
29(0) =0 for j =2,...,[n] — 1 whenever n € [3, oo). Here,

H(s,r)= H18T+/H187’

5
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and the mapping Hy is defined by
(—(s=r)" " —s(p=r)""'+(A=r)"" "+ (u—r)"""
I'(n) ’

—(s—r)"" 14 (1—r)n—1
I'(n) ’

—s(E=r)" 1+ (1—r)" T (E—r)7" !
1"(7]) bl OSSSr§M§17

0<r<s<1, r<uy,

O<p<r<s<l,
Hy(s,r) =

(1—r)n—1

T 0<s<r<1, pu<r.

One can check that H* = supse | fol H(s,r)ds| =1+ & < 00.

Theorem 2.2. [76] Assume that f : [0,1] x (C[0,1])* — R is a sin-
gular function at some points s € [0,1], b1,....,bs € L[0,1] are some
nonnegative real valued maps that

4

|f(SaIla '"51:4) - f(s)ylv 7y4)| S ZbZ(S)sz - yl”’

=1

for almost all s € [0,1] and all x1,...,x4,91,...,y4 € X. Suppose that
there exists a natural number ko, My, ..., Mg, € L'[0,1] and Ay, ..., Ay, :
R* — [0,00) such that My, ..., My, are nonnegative, Ay, ..., A, are non-
negative and nondecreasing functions in their components,

ko

(8,21, ma)] <Y Mi(s)Ai(1, ..., 34),

=1

for all (x1,...,x4) € X*, almost all s € [0,1] and lim,_,«, M = 6y,
where Oy is a nonnegative real number with 0 < Oy < 10

Chun 2124 | M| +60
for some 69 > 0, vo = min{1,I'(p+1),I'(2 - )} and

Cun = ma:z:{A#m, Bu,n}a

such that A, , = Bu, = Assume that [by +

by + F(Qbiiﬁ) + %]Cmn < 1. Then the pointwise defined problem (1)
via the both cases of conditions has a solution. Here, we considered
bi = [} (1 — )" bi(s)ds.
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Consider the map H : X — X defined by

1
Hz(t):/0 H(t,s)f(s,2(s),2'(s), DP(s), IP2(s))ds,

where H(t,s) was introduced in Lemma 2.1. By using Lemma 2.1, one
can check that the fractional problem (1) has a solution z* if and only
if z* is a fixed point of H. We say that the problem (1) is Ulam-Hyers
stable whenever there is ¢ > 0 so that for every € > 0 and ¢ € C(J,R)
satisfying the inequality

|CDM¢(5) - f(8,¢(8), ¢,(3>7D6¢(8)a1p¢(5))’ < &, (8 € ‘])

there is a solution y € C(J,R) of the problem (1) such that |¢(s)—y(s)] <
cse for all s € J. Consider the Banach space X = C'[0, 1] via the norm

12[] = supse s [2(s)] + supse s [2'(s)]

In below theorem, m(t) = Y1 b;(t) and the other condition satis-
fied. Thus, we provide our main result.
Theorem 2.3. Let f : J x R* = R be a continuous function and 1) :
[0,00) = [0,00) a nondecreasing upper semi-continuous map with (t) <
t for all t > 0. Assume that there exists m € L'[0,1] such that m* =
supte‘]\ﬁ\ < oo and

’f(& T1, %2, 23, 2a)— f(S, Y1, Y2, Y3, y4)’ < m(t)w(\l‘l—yl \+|5€2—y2|+|$3—93|+\I4—y4|)7

for all s € J and x1,x2,%3,T4,Y1,Y2,Y3,ys € R. If %(2 + ﬁ +

ﬁ) < 1, then the problem (1) is Ulam-Hyers stable, where H* =

supte | fol H(t,s)ds| < oc.

Proof. Put ¢y = 1 . Since
T'(p+1) (1_%(24‘%4'%))
m* 1 1
2+ + <1,
H*( F(p+1) F(Q—B))

and I'(p + 1) > 0, we get ¢y > 0. Let ¢ > 0 be given. Assume that
¢ € C(J,R) satisfying the inequality

[DH(s) — f(s,0(s), ¢'(s), I’6(s), D ¢(s))| < e,

7
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for all s € J. Then, we have

—& < DFG(s) — f(s.0(s), ¢'(5), D7¢(5), I'¢(s)) < &

for all s € J and so

sH

Tt 1)

1D (s) = 1" (F(s,6(5), &' (5), DP0(s)), I76(s) | < e =

Thus, [o(s) — Ji H(s,m) f (¢ 6(8), &' (s), DP(s), IP6(s))dr| < mitpse.
We have to show that the inequality |¢(t) — 2*(¢)| < cpe holds. Note
that,

|¢<> ()] = 6(t) — Far (1)]
/ H(s,m)f (s, 6(s), &' (s), I"6(s), DP(s))dr
] / Hs,r) $), (), I7(s), D¢ (s))
— [(s,07(5),2"(s), I@*(5), D 2" (s) | dr|
< ol [ HGme]lo6) - 26+ 1606 - 26

+|176(s) = I'*(s)| + [DP6(s) — DO (s)] | dr.

|21 — 22
L(p+1)

Since |IPx1 — IPxo| < and |DBx — DPay| < F;
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we assume that H* = supscy fol (s,7)dr and m* = supc ]| | Thus,

. t e "
6(0) =" ()] < g+ g [, MO [l — ()

PN et S tad | PR
168/ (5) = 27 (s)| + (p+1)+r(2—ﬂ)]d

. o~ ¢~
<= u+1 et o= [ miow [io -zt + 16 o+ L JE o g

[ * 1 / */
S u+1 et [ mw [0 sl -+ a4 il - o ar

H/ m( _(2+F(p1+1)+F(2£ﬂ))\|¢—x*||*} dr

<L +—/ (){2+ L] }W—m*”*dr
T+l HY Flp+1) T(2-5)

th m* 1 .
I R | L

* 1

Hence, we get [[¢ — 27| < F(/‘H)(l*%(2+r<pl+1>+r(217@))>5' Thus, we
obtain [|¢ — z*|| < cge. Therefore (1) is Hyers-Ulam stable. [

\ /\

<

3 Examples

Example 3.1. Consider the multi singular fractional integro-differential
equation D2 x(t) — (t_?%) X %(12155()4” +2/(t) + D"#x(t) + Ipa:(t)> =0 for
almost all ¢t € [0,1], with boundary condition x (0) = z(§), z(1) =
Jo w(s)ds when p € [2,3), 2/(0) = x(§ = [Jz(s)ds, z1)(0) = 0,
Jj=2,. []—1when,u€[3oo)and:c€Cl[01]B{ne(O,l)and
p> 1. Putﬁ ?7—2, p=2, §—%,u:%and

Pt 2(t) /(). D), '2(1) = _3i) x%(lf‘(i)(L)l+x/(t)+ it 17 (1))

For z,y € C3[0,1] and t € J, clearly we have
|F(t,x(t), 2 (t), D a(t), IPx(t)) — F(t,y(),y' (t), D y(t), Py(t))]

< m(6)(|2(t) — y(&)] + [/ (t) — ¥/ ()] + [ D a(t) — D y(t)] + [[Pa(t) — IPy(t)])

withm(t):ﬁ,m*:%<oo, H*:1+17177:3<oo,w(t):£.

2
Since all the assumptions in Theorem (2.3) are satisfied, this fractional
integro-differential equation is Ulam-Hyers stable.
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Graph of m(t)
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Figure 1: The graph of m(t) in Example 3.1.

Example 3.2. Consider the multi singular fractional integro-differential
equation D%x(t) — t(ti%) X %(2+\§c(t)\ +2/(t) + S)D%x(t) + Ip;(t)> =0 for
almost all t € [0,1], with boundary condition 2'(0) = z(§), x(l) =
Jo @(s)ds when p € [2,3) and 2/(0) = ( = [ z(s)ds, 2 (0) =
0, 3—2 e |10 ]—1When/,L€ 3, 00) and:rEC’l[O 1], B, §,T]E(O 1) and
p>1.Put17:ﬂ—f =3,({= % %and

1 1

Flt, (0,20 D20, (0 = 3y <2 (5~ 0l —&-:n'(t)—&-w%m(t)—kﬁ(t)).

For z,y € C3[0,1] and t € .J, we have
|F(t,x(t), 2 (t), D a(t), Px(t)) — F(t,y(),y' (t), D y(t), [Py(t))|

<m0y (|a(t)—y 0|+’ (t) =y ()| + D72 ()~ DIy (1) |+ 1Pz () - Py (1))
withm(t):@,m*:%<oo,H*:1+1i =3 < o0, Y(t) = 2t.
Since all the assumptions in Theorem (2.3) are satisfied, this fractional
integro-differential equation is Ulam-Hyers stable.
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Graph of m(t)
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Figure 2: The graph of m(t) in Example 3.2.

Example 3.3. Consider the multi-singular fractional differential equa-

. 9 e
tion D2x(t) — m%(zzl 1 1'1:6”9[ H) = 0 for almost all ¢ € [0, 1],

with boundary condition x (O) = 2(£), (1) = [ x(s)ds when p € [2,3)
and 2/(0) = z(&) = [ x(s)ds, mJ)(O)—O Jj=2,...,[u] — 1 when
p € [3,00) ande‘ECl[O 1], 65176(0,1) and p > 1. Put n = = 3,

p=d &=L p=5md

, oo L k@I @I
P, a(t). /(. D20, 1"2() = 71515 * 5T agon * T+ Toa

|1 D7 (t)]||” " 172 ()]]? )
L+ (D@ 1+ |[Pz(t)]]/
For z,y € C30,1] andte J, we have

|[F(t,x(t), 2’ (t), D7 (t), [P(t)) — F(t,y(t),y' (1), Dy(t), IPy(t))]
< m(@)e(|a(t) —y(t)] + |2 (t) —y' ()] + D%z (t) — D7y(t)| + [[Px(t) — IPy(1)])
Withm(t):m,m*:%<oo,G*:1+1%n:3<oo,
Y(t) = % Since all the assumptions in Theorem 2.3 are satisfied, this
fractional integro-differential equation is Ulam-Hyers stable.

+

11
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Graph of m(t)
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Figure 3: The graph of m(¢) in Example 3.3.

4 Conclusion

One of the most important issues that researchers always consider in
computer calculations is to reduce computational error. Therefore, find-
ing numerical methods with high accuracy is always one of the hot topics
in the field of differential equations. Increasing this accuracy is espe-
cially important when the equation under study has single points. In
this study, we took a step in this direction by examining the issue of sta-
bility under different boundary conditions. We also provided examples
for our main result to better understand the subject. Young researchers
can use different ideas for continuing the results o this work. One of best
ideas is numerical approach. As you know, there are lot of published
numerical papers (see for example, [10, 13, 35, 58]). Now the key note is
that which numerical techniques can be used for finding the solution of
such complicate multi-singular fractional integro-differential equations?
Which numerical technique is better? This research path can be useful
for completing mathematical softwares in future.
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