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ULAM STABILITY FOR MULTI-TERM FRACTIONAL DELAY
DIFFERENTIAL EQUATIONS EQUIPPED WITH NONLOCAL
MULTI-POINT AND MULTI-STRIP BOUNDARY CONDITIONS

Ravi P. Agarwall and Snezhana Hristova

Abstract. In this paper we focus on Ulam type stability for a class of nonlocal boundary
value problems containing multi-term delay fractional differential equations and nonlocal
multi-point and multi-strip boundary conditions. The application of Ulam stability to any
type of boundary conditions causes some misunderstandings which are mainly connected
with the solutions of the applied inequality and the corresponding boundary condition. If
the inequality is not defined in an appropriate way, then its solutions could not satisfy
the boundary condition and the corresponding integral presentation is not valid. In this
paper we suggest some ways to avoid these misunderstandings. In one of them we consider a
fractional integral inequality. In the second one we suggest a fractional differential inequality
with a boundary condition. In both cases we slightly change the classical definition of Ulam
stability. In the last way we consider a parameter in the boundary condition and a fractional
differential inequality. This parameter depends significantly on the chosen solution of the
fractional differential inequality. We illustrate the three suggested approaches only on Ulam-
Hyers stability and generalized Ulam-Hyers stability with appropriate changes of the classical
definitions. The same approaches could be applied similarly to other types of stability such
as Ulam-Hyers-Rassias stability, generalized Ulam-Hyers-Rassias stability.

1. Introduction

Boundary value problems for the fractional differential equations in which the un-
known function is included both under the sign of fractional derivative and the bound-
ary conditions, were studied by many authors. The interest is connected with their
applications in problems of physics, mechanics and other applied sciences (see, for
example, [5,12,14]). Several qualitative problems such as existence, uniqueness, sta-
bility, are stusied for various types of fractional derivatives and linear and nonlinear
boundary conditions. One of this problems is Ulam type stability, such as Ulam-Hyers

2020 Mathematics Subject Classification: 34A34, 34A08, 34D20
Keywords and phrases: Caputo; delay differential equations; multi-term; nonlocal multi-
point integral boundary conditions; Ulam stability.



2 Ulam stability for multi-term fractional delay differential equations

stability, generalized Ulam-Hyers stability, Ulam-Hyers-Rassias stability, generalized
Ulam-Hyers-Rassias stability. Note that when Ulam type of stability is studied for
initial value problems, the base of the study is to be defined in appropriate way a
differential inequality and then to be compared the closeness of an arbitrary chosen
solution of this inequality and a solution of the studied problem. The main point in
this case is that the initial value of the solution of given problem is taken to be equal
to the initial value of the chosen solution of the inequality. By this way there is a
deep connection between both , the chosen solution of the inequality and the solution
of the studied problem. When Ulam type of stability is applied to a boundary value
problem the same idea has to kept (see, for example, [15]). Otherwise there are some
misunderstandings in the application and proof of the Ulam type of stability.

The main purpose of this paper is to consider a nonlinear multi-term delay frac-
tional differential equation with nonlocal multi-point and multi-substrip boundary
conditions and to apply Ulam type of stability (BVP). The importance of the multi-
strip type boundary conditions corresponds to the values of the unknown function
given on the segments of arbitrary lengths of the given domain (see, for example, the
applications studied in [3,7,9-11,13]).

We focus on Ulam-Hyers stability and generalized Ulam-Hyers stability and sug-
gest three different approaches to study Ulam type of stability and to avoid some
misunderstandings in the literature. In the first approach we consider a fractional
integral inequality. It is based on the integral presentation of the studied boundary
value problem. In the second approach we consider a fractional differential inequal-
ity combined with the boundary conditions. In both approaches the solution of the
studied BVP is given and it does not depend on the chosen solution of the corre-
sponding inequality. In connection with this we define a modified Ulam-Hyers sta-
bility and modified generalized Ulam-Hyers stability. To keep the mentioned above
idea of Ulam stability applied to initial value problems and to have a deep connection
between the chosen solution of the inequality and the solution of BVP we suggest
the last approach- we introduce a parameter in the boundary conditions and later we
choose this parameter to depend on the values of the chosen solution of the inequality.
Note this idea was suggested in [1,2], and applied to linear boundary value problems
for Caputo fractional differential equations. In our paper in all three approaches we
obtain sufficient conditions for Ulam type stability.

The same approaches could be applied similarly to other types of stability such as
Ulam-Hyers-Rassias stability, generalized Ulam-Hyers-Rassias stability.

2. Statement of the problem and some known results

We consider the nonlinear multi-term delay fractional differential equation

Zai CD'”y(t) = f(ta y(t)vy(Wt»v te (07 1]7 (1)
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with nonlocal multi-point and multi-substrip boundary data (BVP)

dy(0)
e = e 1 2 ce . — 2
y(o) y07 dtc 07 C b b 7q b
n nj m (2)
D=0 [ ueds+ Y anlon)
j=1 “’& k=1

where ¢ is a given natural number, “D7 denotes the Caputo fractional derivative
of order v; with v, € (¢ —1,¢) : p € [1,r] is a natural number, v, € (0,1) for
i=1,2,...,r, i # p,we (0,1), a;,bj,ar € R, i € {1,2,...,q}, j € {1,2,...,n},
ke {1,2,....m}, f: [071] xRxR > R, o € (0,1), &,m; € (0,1), & <
k=1,2,...,n,5=1,2 ...,

Consider the space C’q([O, 1], R) with a norm ||ul| = sup,¢o 1 [u(t)| for u € C?([0, 1],

We will introduce the following assumption

m
Assumption Al. Let g =1— - Z b;( ) — Zakag_l #0
J 1 =
We represent some basic definitions given in the general case in [8] and adopted
to our studied problem.

DEFINITION 2.1. The Riemann-Liouville fractional integral of order w > 0 for the
function v : [0,1] — R is defined by

ng(t)zr(lw)/o (tfif))wdﬂ, te (0,1],

where I' denotes the Euler gamma function.

DEFINITION 2.2. Letw >0: p—1 < w < p, p = [w]+ 1 with [w] equals to the integer
part of w. The Caputo fractional derivative of fractional order w > 0 for the function
v :[0,1] — R, is defined by

1 Eop®
cD¥vu(t) = To—w) /O (t_,lg)§+lpd197 t € (0,1].

Note BVP (1) is studied in [4] and the existence is investigated. The following
result will be applied in this study:

LEMMA 2.3 ([4]). Let Assumption Al. be satisfied and y € C([0,1],R). Then the
solution of the linear problem:

; asDViy(t ) y(t), te]o,1],
v(0) = vo, () (=1,23,....¢-2 (3)
o) = ; fU%+Zwa

9] =1
is given by

v()—vo—i— [1)0(21) —§q —l—Zak—l)

R).
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Z /n/ s — 2) 1y (2)dz=ds
ibj i Zw_w/;/() (s — 2) = Ly(2)dzds

T 2 [ o=ty

_ Zak Z %F(’ypl_ %) /ng (O’k — Z)%*Wiflv(z)dz (4)

k=1 i=Lli#p

1 ! 1

e, =7 ) ]

a,I(v,)
i=l,igtp P
I'(

1 t -
—|—ap Pyp)/o(t—z) y(z)dz

Z a—p %)/(t—z)%_"”_ v(z)dz.

i=1,i#p F 7

q
+

Based on Lemma 2.3 and equality (4) we define the operator F : C([0,1],R) —
C([0,1],R) by (see [4])

Flv )_U0+tq7 [vo(Zb 3 +Zak71>
Z /"J/ (s —2)" " f(z,v(2),v(wz))dzds
_Z:b Z L(vp =) /53 / s —2)77 7V o (2)deds

(ok —2)% 7 f(2,0(2), v(wz))dz
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! t vp—1
JrOépF(“Yp)/O (t —2)"" f(z,0(2),v(wz))dz

— i ﬂ# /t(t — Z)Vpd”*lv(z)dz
e, o T =) Jo

In [4] it is written without a proof that the existence of a fixed point of the operator

F in the set C([0, 1], R) implies the existence of a solution of the problem (1), (2). It

would be correct if the fractional orders of the applied fractional derivatives are from

the interval (0,1), but here v, € (¢ — 1, ¢q).

We will use the following known in the literature results.

PROPOSITION 2.4. — If v € C[0,1] and v > 0 then “D7(Ijv(t))
Lemma 2.21]).

v(t) (see [8,

— IfveCi0,1] and v, € (g—1,q) then 1) ( ¢DYeuv(t)) = v(t) — ZZ;% U(ZI(O)tk (see
[8, Lemma 2.22]).

— Ify€(0,1) and v € C[0,1] then I (°Dv(t)) = v(t) —v(0) (see [8, Lemma 2.22]).
Based on Proposition 2.4 we obtain the following lemma.

LEMMA 2.5. Let v, € (¢ — 1,q9), p < r is a natural number, v; € (0,1) for i =
1,2,...,7, i % p.

If the function v € C([0,1],R) is a fized point of the operator F defined by (5),
then the function v is a solution of BVP (1), (2).

If the function v € C1(]0,1],R) is a solution of BVP (1), (2), then it is a fized
point of the operator F defined by (5).

COROLLARY 2.6. Any solution v € C1([0,1],R) of BVP (1), (2) satisfies the integral
equations v(t) = Fu(t), t € [0, 1], where the operator F is defined by (5).

In the forthcoming analysis, we need the following assumption:

Assumption A2. The function f € C([0,1] x R x R,R and there exist Ly, Ly > 0,
such that

£ (01, 02) = f(t, 1, y2) [SLallvr — gl + Lal[ve — || for ¢ € [0,1], v1,v2, 91,52 € R.
We will apply Banach contraction principle to prove the existence and uniqueness
of a solution of BVP (1), (2) . Note, this principle is applied in [4] but since there

are several mistakes in the proof of [4, Theorem 3.5] we will prove the result in our
paper.

THEOREM 2.7. Let the Assumption A1. and Assumption A2. be satisfied and
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A < 1, where

1| (Lit+ L) ¢ o1
A= — &
Bl [I%IF o) 2= BIET =)

! || 1 p—i+1 p—it1
+j§:;|bj|i:§épwm+7 _7)@” IR
Fots (v S ®
pasggy S el 1

L T T+, =)
+Z|ak| 5 o 01

=, [l T+ =)

Then BVP (1), (2) has a unique solution on C1([0,1],R).

Proof. First we will prove the operator F is a contraction in Cq([O 1], R).

.. A
1+App1+}1 the equalities ﬁfo (A — s)ktds = F(fj:lt) and fﬁ Jo(z = s)tdsdz =
% and obtain for any vq,vy € C9([0,1],R) and ¢ € [O, 1], the inequalities
191 [ (L) + L) / / )
Fui(t) — Fou b; 2)7 " dzds
| Foi(t) 2(t)] < Bl | lao ) Z| |

g 5
p—Yi—1 _
+Z|b| Z |ap‘F% / / s —2)7 7V dzds||vg — va|

= i=1,i#p

L +L2 - L
St Z|ak|/ (op — 2)"* 7 dz||v1 — va|

k::l
+ Z TAID S / (0 — 2) 7 dzlon - vl
|0‘p|F(7p_%) 0
i=1,i#p
L1+L2/ —1
—= [ (1—2)"""dz||v; — va]
F(’Yp)
o] /1 —yi—1
1-— Yp—i d _
S FRINCH — [a-9 o — vl
i=1,i#p
Li+ Ly

t
21T C) / (t =2 dzljor = v
P P

|ovi /t —yi—1
+ e t—2)"P 7T dz| v — vg
Z o, T, %) (t=2) | |

i=1,i#p
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1
<
1]

q
| 1 —yit1 —yit1
b 7;) Yi o ’Yp Yi
! Z| |7, ;;ép o[ T(2+ 7, = 2)(53 K )

L+ Ly i .
= (L4 B+ ) ’
a,I(1+7,) ( Al lax 1o

(L1 + L) Yo+l
by (€
AR Z‘ & = n")

q

% 1

i=1,i#p
m q
+Z|ak\ Z |ai|;(jzww ~
k=1 i=1,i%p lap| T(1 47, — %)

or ||[Fuvr — Fua|| < AlJur — va]|, where A is defined by (6).
The above inequality proves F is a contraction since A < 1.

We will choose A > 0 such that FBx C Ba, where Bo = {’u € C1([0,1],R) :

[lv]| < A}. Let v € Ba. Then ||F(v)|| < ||F(v) — F(0)|| + ||F(0)||. According to the
proved above we have ||[F(v)|| < AJv|| + || F(0)]] < AA + ||F(0)]].

Choose A such that || F(0)|| + AA < A or ||[F(0)]] < (1 — M)A or % < A,
where

1 ~ s
F(0) = M(;bj /{j /0 (s — 2)7% 1 f(2,0,0)dzds
+ 3 a Uk(a —2)" 71 £(2,0,0)dz

1 ¢
—/ (1- z)Wﬂ*lf(z,O,O)dz—i—/ (t—z)”ﬁlf(z,0,0)dz)
0 0

Thus, by Banach fixed point theorem there exists a unique fixed point of the
operator F in C%([0,1],R). According to Lemma 2.5 the fixed point is the unique
solution of BVP (1), (2) on [0, 1]. 0

3. Ulam-Hyers stability results

Note Ulam type stability for BVP (1) is studied in [4]. Unfortunately, there are some
misunderstandings.

Let us discus [4, Definition 4.3]. The authors define the inequality (4.16) depending
on ¢ > 0. Note the inequality (4.16) has many solution. Therefore, the written in
Remark 4.1 is not correct. Actually, if a function v(t), ¢ € [0,1], is a solution of the
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inequality (4.16) then there exits a function ¥ € C([0, 1], R) such that |[9(t)| <€, t €
[0,1], and

D afDvu(t) - f(t,v(t). v(w) ~ 9(6) = 0. ")

The solution of (7) could not satisfy the boundary conditions (2) and therefore Lemma
4.3 is not applicable for it.

To illustrate the above written we consider a very simple scalar differential equa-
tion ' = z+e€',t € [0, 1] with a boundary condition z:(1) = 2 (compare with (1.1)). Its
solution is z(t) = e’(2e "1 +t—1). Now let € > 0 and consider the differential inequality
|y’ —y—et| < & (compare with (4.16)). Then y(t) = e’ (¢t+0.5¢)—0.5¢ is one of the possi-
ble solutions of the differential inequality. It is obvious y(1) = e(1 + 0.5¢) — 0.5¢ # 2,
i.e. the solution of the differential inequality could not satisfy the given boundary
condition.

Now look at the proof of [4, Theorem 4.6]. According to [4, Definition 4.6] the
authors consider a solution v(t) of inequality (4. 16) This solution could not satisfy
the boundary condition, i.e. v(1) # >°7_, b f s)ds + > +k =1"axv(oy) and [4,
Lemma 4.3] is not applicable for the chosen functlon v( ) and the proof of [4, Theorem
4.3] is not correct.

Similar is the situation about [4, Definition 4.4, Definition 4.5 and Theorem 4.7].

By the way, in the proof of [4, Lemma 4.3] there is a typo, the function v €
C(]0,1],R) is not a solution of of (1.1) but a solution of the boundary value problem
written in the statement of the lemma.

We will suggest three different ways to avoid the mentioned above misunderstand-
ings.

3.1 Fractional integral inequality

Let € > 0 be an arbitrary number. Consider the following fractional integral inequality
v(t) — Fo(t)| <e, fortel0,1],eR (8)

where the integral operator F is defined by (5).

REMARK 3.1. If the function v € C([0,1],R) satisfy the inequality (8), then there
exists a function ¥ € C([0,1],R) : |9(t)] < e, t € [0,1], such that the function v
satisfies the fractional integral equation

o(t) — Folt) — 9(t) = 0. (9)

In this case we will change slightly the classical definition for Ulam-Hyers stability
in the following way:

DEFINITION 3.2. The BVP (1), (2) is called modified Ulam-Hyers (MUH) stable, if
for the unique solution v*(t) of BVP (1), (2) there exists a constant K7 > 0 such that,
for any € > 0 and any solution v € C([0, 1], R) of the fractional integral inequality (8)
the inequality ||v — v*|| < K7€ holds.
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DEFINITION 3.3. The BVP (1), (2) is called modified generalized Ulam-Hyers (MGUH)
stable, if for the unique solution v*(¢) of BVP (1), (2) there exists a positive func-
tion £ : [0,00) — [0,00) with £(0) = 0 such that for any ¢ > 0 and any solution
v € C([0,1],R) of the fractional integral inequality (8) the inequality ||v —v*|| < &(g)
holds.

Now we will obtain sufficient conditions for the defined above Ulam type stability.

THEOREM 3.4. Let Assumption A1l. and Assumption A2. be satisfied and \ < 1,
where X\ is given in (6). Then BVP (1), (2) is MUH stable and MGUH stable.

Proof. According to Theorem 2.7 there exists unique solution v* of BVP (1), (2) and
according to Corollary 2.6 the equality v*(t) = Fv*(¢), ¢t € [0, 1], holds.
Let v € C([O 1], R) be a solution of ( ). Then apply Assumption A2., equalities

1+u _§u+1

F(/L fo Yrds = F(H—u) and & “) f,é’ fo s)dsdz = 2 e and obtain
lu(t) — ( ) =lv—=Fv* @) < |v—Fo(t)| + |Fo(t) — Fo*(t)]

1 L +L
<ed — e B Z‘ ]| l+’Y,, _ 1+'yp)

|| 1 T+, =i 14+, =i
+N b, = (ptem e
Z ! Z |0‘p|1—‘(2+’7p_%‘)(7]j S )

L1 + Lo i 4 |al| 1 ogYe i
E la k| “ > laxl Y
|O‘p|F |ap‘ F('Yp i

P k=1 i:Li;ﬁp - 'Yz) ’YP - ’YZ
Li+Ly 1 L ayl 1 1 " — o]
— = —)
lo T () Vo i=Titp lao| T(vp — %) Yo — ¥
(Ltlatr  shlel L0y
—— vt —0
|O‘p‘r(7p) Yp i=1itp |ap| F('Yp — %) Yo — Vi
1 n

Ly + Ly 1+ 1+
la,T(2+7,) Z‘”' TG
p p

M

q

ai| 1 I+v0—vi I+v,—7i
NI (e e
Z' |2 gt 8T

= i=1,i#p
Li+ Ly T N
T (L (Bl + ) akloy”)
|aP|F(1 +7p)( | | ;‘ ‘ k
S
Qe O ¢
21 2o o, I T+, — )

q
|a1| 1 * *
+ s LB |l =l = e+ A" =],
FZ Joro | DL+, — %)
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or |lv —v*|| < e
It follows the MUH stability of BVP (1), (2). If we take x(e) = 12x¢, then we
obtain the MGUH stability of BVP (1), (2). U

3.2 Fractional differential inequality with a boundary condition

Let € > 0 be an arbitrary number. Consider the following fractional differential
inequality

CDViv(t) — f(t,v(t),v(wt))| <e, wheret € [0,1] (11)

with a boundary condition (2).

REMARK 3.5. If the function v € C%([0,1],R) satisfy the inequality (11) and the
boundary condition (2), then there exists a function 9 € C([0,1],R) : [9(¢)|] < e,
t € [0, 1], such that the function v satisfies the fractional differential equation

Z DY (t) — f(t,v(t), v(wt)) — I(t) = 0. (12)

with the boundary condition (2 ) Then according to Corollary 2.6 the integral equality

v(t) = Fo(t) + - [ Z /m / s —2)" 7 Y (z)dzds
! Zak/ (o — 2)7 " 19(2)dz (13)

apF(yp
1 ' Vp—1 1 ' —z Yp—1 2)dz
e )/ (1-2) I(z)dz| + o T() /0 (t—2) I(z)dz.

holds where the operator F is defined by (5).

REMARK 3.6. Remark 3.5 and integral presentation (13) are very important for the
Ulam type stability. Note that (13) is true for a function satisfying the fractional
inequality (11) if this function also satisfies the boundary condition (2). If a function
is satisfying only the inequality (13), it is not sure that it will satisfy (2) and the
integral presentation (13) could not be true for it.

The written in Remark 3.6 explains the reason for studying the suggested ap-
proach, i.e., to consider both, (13) with (2), not only (13) as it is done in [4].

Now, for a function v € C?([0,1],R), satisfying (13), (2) we could apply the
following result which is similar to [4, Lemma 4.3] with slight changes:

LEMMA 3.7. Let v € C([0,1],R) be a solution of the problem (13), (2) with function
9 e C([0,1],R) : [9(t)| <e, ¢t 6 [0,1] (see Remark 3.5).
Then the inequality |v(t) — Fo(t)| < Sie, holds where

%+1§]b|%“'aﬁh+2]%wmﬂ
k=1

1
SFW%WW#DQBI *Q‘“Q
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In this case we will changes slightly the classical definition for Ulam-Hyers stability
in the following way.

DEFINITION 3.8. The BVP (1), (2) is called modified Ulam-Hyers (MUH) stable, if
for the unique solution v*(¢t) of BVP (1), (2) there exists a constant K; > 0 such
that, for any € > 0 and any solution v € C%([0,1],R) of the fractional differential
inequality (13) with a boundary condition (2) the inequality ||v — v*|| < Kje holds.

DEFINITION 3.9. The BVP (1), (2) is called modified generalized Ulam-Hyers (MGUH)
stable, if for the unique solution v*(¢t) of BVP (1), (2) there exists a positive func-
tion k : [0,00) — [0,00) with x(0) = 0 such that for any € > 0 and any solution
v € C(]0,1],R) of the fractional differential inequality (13) with a boundary condi-
tion (2) the inequality ||v — v*|| < k(e) holds.

Now we will obtain sufficient conditions for the defined above Ulam type stability.

THEOREM 3.10. Let Assumption A1l. and Assumption A2. be satisfied and
A < 1, where X is given by (6). Then BVP (1), (2) is MUH stable and MGUH stable.

Proof. According to Theorem 2.7 there exists unique solution v* of BVP (1), (2).

Let v € C4([0,1],R) be a solution of (13), (2). According to Remark 3.5 there
exists a function ¢ € C([0,1],R) : [9(t)] < e, t € [0,1], such that the function
v satisfies the fractional differential equation (12). According to Lemma 3.7 the
inequality |v(t) — Fo(t)] < Sie, t € [0,1], where the constant Sy is defined by (14).
Then we have

lv(t) = v ()] = v = Fo* ()] < |v = Fo(t)| + | Fo(t) — Fo* (1)

< Sie+ Alu(t) — v (2)],
S
or Hv—v*Hglj)\E.
It follows the MUH stability of BVP (1), (2). If we take k() = 1‘§1A5, then we
obtain the MGUH stability of BVP (1), (2). O

3.3 Fractional differential inequality

In both above approaches given in Sections 3.1 and 3.2 the solution of the given
problem is one and the same for any chosen solution of the corresponding inequality.
Therefore, it changes the meaning of the classical Ulam stability.

Now we will give an approach which keeps the idea of Ulam stability for initial
values, i.e. the solution of the given problem will depend on the particular chosen
solution of the corresponding inequality. For this purpose we will introduce a param-
eter in the boundary conditions (2) and later the parameter will be defined by the
help of the values of the chosen solution of the corresponding inequality.



12 Ulam stability for multi-term fractional delay differential equations

Consider the following boundary conditions.

y(0) = vo, “y(0)

y(1) = ij/ s)ds+ Y agy(ow) +p,

j=1 9] k=1

:07 4:132a"'aq72a

i
where p is a parameter.

Then the operator F : C([0,1],R) — C([0,1],R) defined by (5) will be slightly
changed. Define the operator G : C([0,1],R) — C([0,1],R)

G(v )—vo-i- lvo(zb (nf — &) +§:ak_1>
k=1

/n]/ 2)70 7 f(z,v0(2),v(wz))dzds

al nj
- ij Z o, T, =) / / s —2) iy (2)dzds

J=1  i=Lli#p

0,1

;ma UU—zvﬁl z,v(2),v(wz))dz
*aprmkzl'f/o (o8 = 2) 7 f(z,0(2), v(w2)d

q 1 o
- a — = on — 2P (2 dz (16)
2:: kzlzz:;ép pF(%—%‘)/O (ok = 2) (2)d

a,I'(y )/( — )7 (2, 0(2), v(wz))dz

Lo 1 o
Z;ﬁ 7 %)/ (1 =2)% v(z)dz +p
! t Yp—1
! arm/o (t = 2) 7 f(z,0(2), v(w2))dz
q &é t —z 'Yp*’Yz‘*l,U Ndz
z-_%p @, (9, =) /0 (t—2) (2)dz.

Similar to Corollary 2.6 we have the following.

COROLLARY 3.11. Any solution v € C([0,1],R) of BVP (1), (15) satisfies the inte-
gral equations v(t) = Gu(t), t € [0, 1], where the operator G is defined by (16).

Note Theorem 2.7 is true for BVP (1), (15).

Let € > 0 be an arbitrary number. Consider the following fractional differential
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inequality

p
‘Zagmv(t) — f(t (), v(wt)| <&, forte[0,1]
=1 (17)
dSv(0)
dt¢
REMARK 3.12. If the function v € C([0,1],R) satisfy the inequality (17) then there
exists a function ¥ € C([0,1],R) : |#(t)] < e, t € [0,1], such that the function v
satisfies the fractional differential equation

Z aSDYiu(t) — f(t,v(t), v(wt)) — I(t) = 0. (18)

:O’ C:17275q_2

If we choose yo = v(0) and p = v(1) — 37, b; fg_j v(s)ds + > prq arv(ox), then
the function v satisfies boundary conditions (15) and according to Corollary 3.11 the
integral equality

v(t) = Go(t) + % lapl—‘l(vp) Z b; /’7] /OS(S — 2) " 9(2)dzds
1 ™ Ok -

+ m ;ak/o (ok — 2) 9(z)dz (19)

1 ! Yp—1 L ! — Yp—1 2Vdz

~ ooty Jy A 4 s [ e o

holds where the operator G is defined by (16).

REMARK 3.13. Remark 3.12 and integral presentation (19) are very important for
the Ulam type stability.

Now, for a function v € C9([0,1],R), satisfying (13), (2) we could apply the
following result which is similar to Lemma 3.7.

LEMMA 3.14. Letwv € C1(]0,1],R) be a solution of the problem (13), (15) with function
9 e C([0,1],R) : [9(¢)| <e, te€][0,1] (see Remark 3.12).

Then the inequality |v(t) — Gu(t)| < Sie, holds where the constant Sy is defined by
equality (14).

In this case we will use the classical definition for Ulam-Hyers stability.

DEFINITION 3.15. The BVP (1), (2) is called Ulam-Hyers (UH) stable, if there exists
a constant K7 > 0 such that, for any € > 0 and any solution v € C?([0,1],R) of the
fractional differential inequality (13) with a boundary condition (15) the inequality
[|lv — v*|| < Kie holds where v*(t) is a solution of BVP (1), (15).

)
DEFINITION 3.16. The BVP (1), (2) is called generalized Ulam-Hyers (GUH) stable,
if there exists a positive function & : [0, 00) — [0, 00) with £(0) = 0 such that for any
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e > 0 and any solution v € C?([0,1],R) of the fractional differential inequality (19)
with a boundary condition (15) the inequality ||v — v*|| < k() holds where v*(t) is a
solution of BVP (1), (15).

Now we will obtain sufficient conditions for the defined above Ulam type stability.

THEOREM 3.17. Let Assumption Al. and Assumption A2. be satisfied and
A < 1, where X is given in (6). Then BVP (1), (2) is UH stable and GUH stable.

Proof. Let v € C1([0,1],R) be a solution of inequality (19). According to Remark 3.12
there exists a function ¢ € C([0,1],R) : |9(t)] <e, ¢t € [0,1], such that the function
v satisfies the fractional differential equation (12).

We choose yo = v(0) and p = v(1) — 327, b; fgj v(s)ds + Y o, agv(oy) and
substitute them in boundary condition (15). Then
— According to Theorem 2.7 for the operator G and Corollary 3.11 there exists unique
solution v* of BVP (1), (15) with the chosen yo and p and v*(t) = Gv*(¢), t € [0,1];

— the function v satisfies boundary conditions (15) and according to Corollary 3.11
the integral equality (19) holds.
According to Lemma 3.14 the inequality |v(t) — Gu(t)| < Sig, t € [0, 1], where the
constant S is defined by (14). The we have
lv(t) =v* ()] = v = Gu* (1) < v —Gu(t)| +[Gu(t) — Gv™(t)]
< Spe+ Au(t) —v*(t)],

or [lv —v™|| < 51 €

T1-2T
It follows the UH stability of BVP (1), (15). If we take x(e) = 1“31/\6, then we obtain
the GUH stability of BVP (1), (2). O
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