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Abstract: An initial value problem for nonlinear fractional differential equations with a tempered
Caputo fractional derivative of variable order with respect to another function is studied. The absence
of semigroup properties of the considered variable order fractional derivative leads to difficulties
in the study of the existence of corresponding differential equations. In this paper, we introduce
approximate piecewise constant approximation of the variable order of the considered fractional
derivative and approximate solutions of the given initial value problem. Then, we investigate the
existence and the Ulam-type stability of the approximate solution of the variable order ¥-tempered
Caputo fractional differential equation. As a partial case of our results, we obtain results for Ulam-
type stability for differential equations with a piecewise constant order of the ¥-tempered Caputo
fractional derivative.
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1. Introduction

Fractional derivatives and integrals of variable order are widely studied in the lit-
erature, and a comprehensive review and a good mathematical framework of fractional
calculus of variable order, based on Scarpi’s approach, is provided in [1]. Surveys of
the types of derivatives/integrals of variable order with some physical discussions are
given in [2,3]. There are several types of definitions of variable order fractional deriva-
tives/integrals (see, for example, [4-6]). These definitions keep the basic property of
fractional derivatives—the nonlocality. This property unfortunately does not have the semi-
group property when variable order is applied (see, for example, [5,7]). This does not allow
us directly to convert the differential equation with variable order fractional derivative to
an equivalent fractional integral equation as is possible for fractionals of constant order
(see, for example, [8-13]). In [14], the author defines a derivative in a new way, again called
a fractional derivative. This derivative keeps the locality property of ordinary derivatives
and it enables one to apply directly a variable order with a semigroup property.

One of the main problems, existence, is studied by many authors. For the Riemann—
Liouville fractional derivative of variable order for differential equations, existence is
studied in [7], and the concept of approximate solution of the given problem is introduced.
This concept is based on the application of piecewise constant orders of fractional integrals
and derivatives used for various problems in [15,16].

To be more general, we consider a tempered Caputo fractional derivative with respect
to another function and variable order. This type of derivative has an exponential kernel,

Fractal Fract. 2024, 8, 11. https:/ /doi.org/10.3390/fractalfract8010011

https:/ /www.mdpi.com/journal/fractalfract


https://doi.org/10.3390/fractalfract8010011
https://doi.org/10.3390/fractalfract8010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0002-4096-1469
https://orcid.org/0000-0002-4922-641X
https://orcid.org/0000-0003-0634-2370
https://doi.org/10.3390/fractalfract8010011
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com/article/10.3390/fractalfract8010011?type=check_update&version=2

Fractal Fract. 2024, 8, 11

2 of 15

and it generalizes the classical Caputo fractional derivative. Furthermore, this derivative is
called the variable order y-tempered Caputo fractional derivative. In this paper, we study
the initial value problem of a nonlinear differential equation with the abovementioned
fractional derivative. Based on the tempered Caputo fractional derivative, its application to
differential equations, and some known results for this type of derivative, we introduce
approximate solutions of the given problem and study existence and Ulam-type stability.
Several examples are provided to illustrate the main results. Furthermore, as a partial
case, we obtain existence and Ulam-type stability results for differential equations with a
piecewise constant order -tempered Caputo fractional derivative.

2. ¥-Tempered Fractional Calculus of Variable Order

There are several definitions for fractional integrals and derivatives of variable order
depending on the time variable (see, for example, [5]).

In this paper, we combine the ideas of variable order fractional integrals and deriva-
tives (see [5]) with Y-tempered fractional derivatives/integrals to generalize fractional
calculus in variable order.

Let 0 < T < co be a fixed number; @ : [0,T] — (0,c0) be a smooth increasing
function with ¢’ (t) > 0 almost everywhere in [0, T|; A > 0 be a given constant; the function
0:[0,T] — (0,1) be locally integrable; and v € ACy([0, T|, R) where

W(t)
¥'(t)

ACy([0, T, R) = {h:[0,T] - R: e AC([0, T),R)}.

Definition 1. The tempered Riemann—Liouville fractional integral of variable order with respect to
the function ¢ (TFIVO) is defined by (here t € (0, T])

OI?P((tt)),AU(t) - r((gl(t)) /Ote%(w“)fw(s))(lp(t) —(s))° 7y (s)v(s)ds.

We will also generalize the Caputo-type fractional derivative of variable order com-
bining the ideas of [17] and the type III Caputo fractional derivative of variable order (see
Definition 2 [5]).

Definition 2. The tempered Caputo fractional derivative of variable order with respect to the
function P(t) (GFDVO) is defined by

w(t ( 1 %+A)

) 7
sy (Jg et Pt — i) O (o)
Moo~ w()( (1) = () "' (s)v(s)ds), ¢ € (0,T)

w(t Mot

+Afe

Remark 1. The tempered derivatives/integrals with respect to another function, given in Definitions
1 and 2, are called Y-tempered derivatives/integrals.

Remark 2. TFIVO and GFDVO are generalizations of the well-known and studied fractional
integrals and derivatives (see, for example, [17-19]).

2.1. Some Results on Caputo-Type Fractional Derivatives of Constant Order

In our paper, we will use some known results for tempered Caputo fractional deriva-
tive with reference to another function and a constant order.

Lemma 1 (Theorem 5.2 [18]). Let & € (0, 1) be a given constant, A € R, the function ¢ : [0,b] —
(0,00),b < o0 be a smooth increasing function with ' (t) > 0 almost everywhere in [0, b], and
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f € C([0,b] x R,R). Then, the IVP for the fractional differential equation with the -tempered
Caputo fractional derivative of constant order

§Dy () = f(ty(1)), £ € (0,8], y(0) = wo, 1)
is equivalent to the fractional integral equation

y(t) = e MO0 >>y
i Jo e OO (1) — p(s)* 1 (5) F(s,y(s))ds, £ € [0,B],

both to be solved for functions y € ACy([0, T], R).

Lemma 2 (Lemma 5.4 [18]). Let « € (0,1),A € R, ¢ be a smooth monotonic function on [0, b]
with ' > 0 almost everywhere, the function f € C([0,b] x R,R) with0 < b < oo and

|f(t,u) — f(t,0)] < Llu—v|,u,0o € R,t€[0,b].

Then, the IVP (1) has an unique solution y € ACy([0,b],R), provided that
L < T(a+1)((b) — (0)) " “MPO)~$(0),

Lemma 3 (Corollary 2 [20]). Let « > 0, b € (0,00), ¢ : [0, T] — (0, 00)) be a smooth increasing
function with ' (t) > 0 almost everywhere in [0, T], C,K > 0, u € C([0, 1], [0, 0)). If

u(t) < CHK [ (p(t) = ()9 (u(e)ds, £ € (0,8,

then we have

u(t) < CEq (KT () (y(t) — 9(0))%), t € (0,b].

We will use the following result for the Caputo fractional derivative with respect
to another function (a special case of GFDVO with A = 0 and 6(f) = « € (0,1) being
a constant).

Lemma 4 (Lemma 2 [21]). Let p € R, o € (0,1) and ¢ : [0, T| — (0, 00) be a smooth increasing
function with ' (t) > 0 almost everywhere in [0, T|. Then, the function Eq (u(p(t) — 9(0))") is
a solution of the equation ng"l‘]( t)y(t) = ny(t) where ng( y) is the Caputo fractional derivative
with reference to another function given in Definition 2 with A = 0 and 6(t) = «.

Lemma 5 (Lemma 1 [21]). Given > 1, we have

_ r e
6D (1) — ()P = r(ﬁ(f)a)(gb(t) ()
2.2. Some Results for Variable Order of Fractional Derivatives

For a general function 4(t), the i-tempered Riemann-Liouville variable order frac-
tional integral does not have the semigroup property.

Example 1. Let T = 2, y(t) = 0.75¢t + 0.15, 4(t) —025(t—|—1) A=0,¢(t) =tand v(t) = 1.
We will compare OIW(( % (015@), ) v(t)|;—q and OIW( J+o(t). v(t)|,q applied in Definition 1.

t) w(t) w(t)
From Definition 1 we have

(t)+o(t),A
OI;;(t) U(t)t t)+6(t)—1
= W 0e e MO (g(t) — (s)) DOy (5)u(s)ds 2
= rmramy o (B0 — 9() 0T (s)ds
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and

Ty (0Tt )10

= oM e - P () (0T v(s)ds
= (’y(t)) OF((S(S)) — )" St = 5)°C) N dods

=t I(0.25+0.255) -1 025es05
- To) J T(125 102550255 7025) (F ~ 5) 771502550255,

Note

Ozléf;w(tmv(t) ‘tzl ~ 0.805043,

A 70(t),A 1.16595
oZo) (6" ) o(®

=1~ T09)

(A ([ 76(8),A o(t).A
Thus, OIZ() (OI (t) ) ( )‘t 1 # 0 l[J(t U(t)‘

= 1.09107.

=1

Remark 3. Without the semigroup property of the \p-tempered Riemann—Liouville variable order
fractional integral (see Example 1), the integral presentation of Lemma 1 is not true for the case
when the order is variable (see, for example, Equation (7) [22]).

In our study, we will use the ideas of Lemma 6 [7], which will be slightly modified:

Lemma 6. Let 6 € C([0, T}, (0,1)). Then, for any € > 0 there exist a natural number m = m(e)
and points Ty = Ty(e) : 0=Tp < T1 < Tp < ... < Tpy_1 < Tyy = T such that

|0(t) —a(t)| <e t€[0,T],
where a(t) = Y 0" 1 6(T_1)Ix(t) for t € [0, T], and Ii(t) is the indicator of the interval [Ty_q, Ty,

k=1,2,...,m,ie.,
_ [ Lifte(Tr1 Til,
I(t) = { 0, otherwise.

Proof. Lete > 0 be a given fixed number. Note that ¢ is uniformly continuous on [0, T], so
there exists a @ > 0 with |6(t) — é(s)| < e fort, s € [0,T]and |t —s| < 6.

Take p1 = 5(0). If |6(¢)—p1| < € for t € (0, T], then we choose m = land Ty = T
and stop the process. Otherwise, there exists a number Ty € (0, T] (note T; > 6) such
that |0(t)—p1| <€, t €[0, T1]. Take po = 6(T1). If |6(t)—p1| < € for t € (Ty, T], then we
choose m =2, T, = T and stop the process. Otherwise, there exists a number T, € (T, T|
(note T, — Ty > 0) such that |5(t)— p2| < €, t €(Ty, Tz]. Take p3 = 6(T,) and continue this
process (the process will stop after a finite number since there exists a positive integer !
with 10 > T). Thus, we have constructed (for some m1) the function

0(To) if t € [To, Tn),
n t) = i pklk(t) — 5(Tl)/ lft € (Terz], (4)
k=1
(5( ) lffE(m erm]

O

Definition 3. The piecewise constant function « defined by (4) will be called an e-approximation of
the variable order 6(t).

Remark 4. Note that the partition as well as the piecewise function «, defined by (4), depend on the
number €.
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Example 2. Let T = 2, 6(¢) = 0.5sin(t) + 0.4 € (0,1).

Let € = 0.2. We will construct an 0.2-approximation of the fractional order (t). Since
|6(t) — 6(0)| = |0.5sin(t)| < 0.2 for t € (0,sin! ($Z) = sin~!(0.4)] we take Ty = sin~1(0.4) €
(0,2). Then, from |6(t)—6(T1)|=10.5sin(t) — 0.5(04)| <0.2 for t € (T1,T2) with
T, = sin"1(0.8) € (Ty,2). Furthermore, |5(t) —(T)| = |0.5sin (t) — 0.5(0.8)| < 0.2 for
te [Tz, 2]

Therefore, the partition is 0 < sin~1(0.4) < sin~1(0.8) < 2, and the 0.2-approximation of
O(t) is

0.6, if t € (sin~1(0.4),sin~1(0.8)], (5)
0.8, if t € (sin~1(0.8),2].

Let € = 0.1. Since |5(t) — 6(0)| = |0.5sin(¢)| < 0.1 for t € (0,sin! (§1) = sin~1(0.2)]
we take T; = sin~1(0.2) € (0,3). Then, from |6(t) — & (Ty)| = |0.5sin (t) — 0.5(0.2)| < 0.1
fort € (T, Tp) with T, = sin ' (32) = sin~1(0.4) € (Ty,2). Furthermore, |5(t) — 6 (T2)| =
0.5sin(t) — 0.5(0.4)| < 0.1 for t € [T», T3] with Ty = sin~ ' 32 = sin~1(0.6). Furthermore,
6(t) — 6(T3)| = |0.5sin () — 0.5(0.6)| < 0.1 for t € [T3, Ty] with Ty = sin~ 152 = sin"10.8.

Therefore, the partition is 0 < sin~1(0.2) < sin~!(0.4) < sin"1(0.6) < sin~1(0.8) < 2
and the 0.1-approximation of 6(t) is

04, if t € [0,5in1(0.4)],
a(t) = {

04, ifte [O,szn (0.2)],
0.5, if t € (sin~ (0 2), in~1(04)],
a(t) =23 06, if t € (sin~1(0.4),sin71(0.6)], (6)
0.7, if t € (sin=1(0.6),sin=1(0.8)],
0.8, if t € (sin"1(0.8),2].

The example illustrates the e-approximation of the fractional order depends on e.
Note that the claim of Lemma 6 could be proved on a half real line.

Lemma 7. Let 6 € C([0,0),(0,1)) be such that lim;_« 6(t) = & € (0,1). Then, for any € > 0,
there exist a natural number m = m(e) and points Ty = Ty(€) : 0 < T3 < To < ... < Tpyyq < 0
such that

|06(t) —a(t)| <€, te]0,00),

where a(t) = ZmH (Tk,l)lk(t) + CIr(t) for t € [0, T|, Ik(t) is the indicator of the interval
[Tx_1, Tk, k=1,2,...,m+1, and I(t) is the indicator of the interval (T,,41,00) (here Ty = 0).

Proof. Let e > 0 be a given fixed number. From lim; . d(t) = ¢ € (0,1) it follows that
there exists a number T > 0 such that

|0(t) — ¢l <€ t>T.

Consider the finite interval [0, T] and apply Lemma 6 to it. Then, the piecewise
constant function

6(To), if t € [To, Tnl,
m (M), if t € (Ty, To],
w(t) =) prli(t) = ¢ 7)
k=1

(5(Tm), ifte (Tmr Tm+1]/

is the function needed. O
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3. Differential Equations with Variable Order of the Fractional Derivative

Consider the initial value problem (IVP) for the nonlinear scalar differential equation
with the ip-tempered Caputo fractional derivative of variable order

chf(g) w(t) = F(L,w(t), t € (0,T],

where Vj € R, 0> 0,0 < T < o0,6(.) : [0,T] — (0,1), gDi((tt))’Q denotes the y-tempered
Caputo fractional derivatives with variable order é(-), and F: [0,T] x R — R is a given

function.

Definition of Approximate Solutions of the Initial Value Problem (8)

We will assume € > 0 is a fixed number and 6 € C([0, T}, (0,1)).

According to Lemma 6 for the given fixed number €, there exists a partition
P = {(Tx_1,Tx], k=1,2,...,m} of the given interval [0, T] and an e-approximation of
J, defined by (4) with |6(f) — a(t)| <€, t € [0, T|. Note that for the given number ¢, the
partition P is not unique. In this section, we will consider a fixed partition P, i.e., fixed
points0 =T <T1 <Tp... < Ty 1 <Tpy=T.

Let t € (Tx_1, Ty, where k is an arbitrary integer 1 < k < m. Then, a(t) = p; with
prx = 6(Tx_1), and the fractional derivative can be written

24 o)
(ft e MPO=6) (1) — p(s)) D’ (5)ds
AL NBO-9 901 1) 5o ©

= iy Jo e P~ 9(s) " (e d + A )wls)ds
_C:Dpk

Applying (9), we could define for any integer k : 1 < k < m, the following IVP for the
differential equation with tempered Caputo fractional derivative of a constant order py,

which is deeply connected to the studied IVP (8) and the e-approximation of the variable
order 6(t):

Sollu(t) = F(t,v(t)) for t € (0, T4,

¥ (10)
1/(0) = Vo.
With the help of the IVP (10), we will define an approximate solution of (8).
Definition 4. For a given € > 0 the function
1 (t), th € [To, Tl]/
1 (t), if t € (T1, T,
o= { e a

Vm(t)/ lft € (Tm/ Tm+1]r

is called an e-approximate solution of IVP (8), where vi(t) € C([0, Ty, R) is a solution of IVP (10),
k=1,2,...,m
Example 3. Consider the following linear IV P:

§Dlot0 = 02010, ¢ < 02
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where 6(t) = 0.5sin(¢) + 0.4 and gDi((?) is the variable order Caputo fractional derivative with
reference to another function given in Definition 2 with A = 0.
Let € = 0.2. Then, according to Example 2, the 0.2-partition of the fractional order 6(t) is

given by (5), and the 0.2-approximate solution of (12) according to Lemma 4 and Definition 4 is
VoEoa( —02(p(t) — 9(0)*), if t € [0,sin"1(0.4)],
wo2(t) = VoEos(—02(1p(t) — (0))*°), if t € (sin~'(0.4),sin"1(0.8)], (13)
VoEos( — 0.2(y(t) — (0))°%), if t € (sin~"(0.8),2].

Let € = 0.1. Then, according to Example 2 the 0.1-partition of the fractional order (t) is
given by (6) and the 0.1-approximate solution of (12) according to Lemma 4 and Definition 4 is

VoEoa( — 0.2(y(t) — 9(0))%%), if t € [0,sin"1(0.2)],
VoEos(—0.2(ip(t) — l/J(O))OS), if t € (sin™1(0.2),sin"1(0.4)],

wo1(t) = { VoEos(—02((t) —1(0))*), if t € (sin"(0.4),sin"(0.6)], (14)
VoEo7( — 02(y(t) — 9(0))%7), if t € (sin~1(0.6),sin"(0.8)],
VoEos( — 02(p(t) — $(0))°%), if t € (sin=1(0.8),2].

Remark 5. If the piecewise constant function a(t) is an e-approximation of the variable order 5(t);
vk(t) € C([0, T¢],R), k = 1,2,..., m are solutions of the initial value problems; (10) and w(t) is

an e-approximate solution of (8), then, according to (9), we have 8@31((?)’/\(4}(1%) = g@i"(’g v (t) =
F(t,v(t)) = F(t,w(t)) forany t € (Ty_q, Ty] with py = 6(Tx—1), k=1,2,...,m

We now introduce condition (H):

Hypothesis 1 (H1). The function ¥ : [0,T] — (0,00) is a smooth increasing function with
Y/ (t) > 0almost everywhere in [0, T], A > 0, and the function 5 € C([0,T], (0,1)).

Hypothesis 2 (H2). The function F € C([0,T] x R,R), and it is globally Lipschitz with a
constant L such that

MDY max {1, (p(T) — (0))"} < A,
where p = maxe|o 7 6(t) € (0,1), A =min,co (14 p) > 0.

Theorem 1. Let € > 0 be a given number, condition (H1) be satisfied; P = {(Ty_1, Ty, k =1,...,m}
be the the partition of the interval [0,T], defined in Lemma 6 for €; the function
F € C([0, T] x R,R); and there exist constants Ly > 0,k = 1,2,...,m, such that

[F(ty) = F(tz)| <Lily—z[, t€[0,T], yzeR

with
L < T(1+ pe) (¢(Ti) — 9(0)) Pre MT=¢O)) =12, .., m

Then, IVP (8) has an e-approximate solution.
Proof. According to Lemma 2 with L = Ly, b = Ty, f = F, the initial value problem with
the fractional derivative of constant order (10) has a solution vy € ACy ([0, Ti], R) for all

k=1,2,...,m. Then, the function w(t) defined by (11) is an e-approximate solution of the
IVP (8). O

We now define an approximate solution of (8).

Definition 5. The initial value problem (8) has an approximate solution if for any € > 0 it has an
e-approximate solution.
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Remark 6. The approximate solution of (8) depends on the initial value.
Theorem 2. Let condition (H) be satisfied. Then, IVP (8) has an approximate solution.

Proof. Let € be an arbitrary given number. According to Lemma 6 for the given number €,
there exist a partition P of the interval [0, T| and a piecewise constant function «(t) defined
by (4) which is an e-approximation of the variable order (¢).

Then, for any k = 1,2, ..., m the inequalities

L (¢(Te) —¢O0)™ _ L(@(T) —¢(0)™
F(1+pk) - A

hold.
Furthermore,

- fory(T) —9(0) > L wehave (p(T) — 9(0))" < (p(T) — (0))";
- for¢(T) — ¢(0) < 1wehave (y(T) — (0))* < 1.

Thus, e*¥T)=¥0) ((T) — 1(0))PF < APM=9O) max{1, (p(T) — (0))? }. There-

fore, w&(‘/’(m_lp(o)) < 1, and, according to Theorem 1, the IVP (8) has an

e-approximate solution (the function we(t) defined by (11)). Since € is an arbitrary number,
we are finished. O

4. Ulam-Type Stability of Approximate Solutions

Note that the Ulam-type stability for differential equations with the Caputo-tempered
fractional derivative with respect to another function is studied in [5] for the case of constant
order. In the case of constant order, the fractional differential equation is equivalent to a
fractional integral Equation (see Lemma 1), but it is not true for the variable order. We
will now study the stability of approximate solutions of (8). In this case, we change the
definitions for Ulam-type stability given in [5] (Definition 5.1).

Definition 6. Lef condition (H1) be satisfied, and F € C([0,T] x R,R). Now, (8) is said
to be approximately Hyers—Ulam-stable if there exists a constant Cy > 0 such that for any
€ > 0, an e-approximation «(t) of the fractional order 6(t) (defined by (4)) with a partition
P = {(Tx-1, T}, k =1,...,m} and for any function . € ACy([0, Ty], R) satisfying the inequality

A
Spik(t)ﬂk(t) - F(t’?k(f))’ <etel0T] k=12...,m, (15)

with py = 6(Ty_1), k =1,2,...,m, there exists an e-approximate solution we(t) of (8) with
[we (£) = 1(£)] <Coe, £ € [0, T],

where
m(t), if t € [To, Ta,
7 ] TrT 7
n(t) = 72(” yre ) (16)

Theorem 3 (UHS). Let condition (H) be satisfied. Then, (8) is approximately Hyers—Ulam-stable.
Proof. Let e > 0 be an arbitrary number. According to Lemma 6 there exist a partition

P = {(Ty_1,Tx], k=1,...,m} and an e-approximation «(t) of the fractional order J(¢),
defined by (4). Let the function 7, € ACy([0,Ti],R) be a solution of inequality (15),
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k=1,2,...,m. Then, forany k = 1,2,...,m we consider the functions g € C([0, T¢],R) :
|gk(t)| < e such that

A
§ Dy k(t) = F(t, k(1)) + gk(1), t € [0, Ti]. (17)
According to Lemma 1, the integral equality

ﬂk(t) = e_/\(‘/}(t) ‘P(O))y]k(())
ey Jo e M POVE () — ()P () (F(s,mk(s)) + gk(s))ds,  (18)

= WOy (0) +oZhN (E(s,me(s)) + 84(5)), £ € 0, T,

holds.
Voo € R Wy < mo+e Accordmg to Theorem 1 the initial value problem (8) has an
e-approximate solution we (t).

Letk : 1 < k < m be an arbitrary fixed integer. Then, for t € (Ty_1, Ty] the equality
we(t) = vk (t) holds where v (), t € [0, Ty, is the solution of (10) with Vp = #j.

Then, for any ¢ € [0, Ty, we obtain

[Ve(t) = i ()] < [e(t) — e MOy 0) = o TV (s, e (5))

v (£) — e APO-O) v OIW)p(slvk(s))‘Jre—)»(t/ﬂ(t)—w(o))|V0 — 17k (0)]

awq@<@w» F@w )|
U&u] MO0V — 5, (0)]

re Joe MO w&”<¢<w W) (5) |k (5)) —va(s)) |ds

f A ‘“S”(w(t) P 1¢ (s)ds + e 19)
+u)ft”' YD ((t) — p(s))P 1 () |7k (5)) —vie(s)) |ds
SFHW<<> P(0)" + €

fot(lli() ( $))" Y (5) |7k () —vi(s)) s

(@(Ti)—9(0)Pk
<e(1+ Fl+p

e Jo (W) - lp(s))pkillpl(s)mk(5))_Vk(5)>|d5-

max{ 1,(y(T)—y(0))?P
Denote M = 1+ { (¢(A) ¥(©) } We have (¢(Ty) — 9(0))P* < max{1, (y(T)—
(0))?} (see the proof of Theorem 2).
Therefore, for any t € [0, Ty we have

V(D) = 1 (1) < eMot 5 o (9 ()P (5) |7k (5)) —vie(s)) Ids. (20)
According to Lemma 3 with u(t) =|v(t) — ni(t)|€ C[0, Ti],[0,0)), C = €M,
K = %pk)’ & = pr, b = T and inequalities E,(x7) < %,x > 0,7 € (0,1), and

WL(p(T) —9(0)) < %A < {/Abecause A € (0,1] (see, condition (H)), we obtain

vk () =i (B)] - < eMEy, (L(lP(f) - #’(0))”")

< eMEpk(( (0) ) Y 1)
< €M$ < M@, t e [O,Tk],

where § = min,¢ (g 1] 6(t) > 0.
From inequality (21), it follows that

|we (1) —n(t)| = vk (t) =y (1) <Coe, t € (T, T, k=1,2,...,m, (22)
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KA

with Cy = M z

.0

We will illustrate the approximate Hyers—Ulam stability with a simple example.

Example 4. Consider the linear fractional differential Equation (12) with variable order

5(t) = 0.5sin(t) + 0.4, p(t) = t?, and gDi((tt))—the variable order Caputo fractional derivative
with reference to another function given in Definition 2 with A = 0.

The assumptions (H1) and (H2) are satisfied with L = 0.2 because in this case Le¥(T)=$(0))
max{1, (p(T) — ¢(0))"} = 02(4) = 0.8 < min,e(q)T(1+p) = 0.8872. According to
Theorem 3 Equation (12) is approximately Hyers—Ulam-stable. We will illustrate this for a particular
value of €. For example, let € = 0.2.

In Example 3 several e-approximate solutions of (12) are given.

Then, the inequality (15) is reduced to

§DI () + 0.217k(t)‘ <02, te[0,T, k=123, (23)
with Ty = sin"1(0.4), T, = sin"1(0.8), T3 = 2 and p; = 0.4, p, = 0.6, p3 = 0.8 (see Example 3).

Then, according to Lemma 5 with B = 2, p(t) = 2, & = 0.4,0.6,0.8, we obtain

(see Figures 1-3)
m(t) =03(2)° ", t € [0,sin"1(0.4)],
m(t) = 01(2)*7, t € [0,5in71(0.8)], (24)
n3(t) = 0.05(2)> ", t € [0,2],

According to (13), the 0.2-approximate solution is

VoEoa(—0.2(2)"%), if t € [0,sin1(0.4)],
wo2(t) = { VoEoe(—02(12)"%), if t € (sin~1(0.4),sin1(0.8)], (25)
VoEos(—02(t2)*%), if t € (sin"1(0.8),2],

where Vo = min(0.3,0.1,0.05) 4 0.2.
Then, |woz (t) — 1(t)| < Co0.2 with Cy = 2 and (t) defined by (16) with m = 2 (see Figure 4).

020}
0.5

i B ID% ¢ n4(8)+0.5m4 ()|
0.10 e

I JPtae 0.2
0.05] -7 -

- L 1 L L L L 1 L L L L 1 L 1 1 1 1 )
0.1 0.2 0.3 0.4

Figure 1. Graphs of SD?ZAm(t) +0.571(t)| and € = 0.2 on [0, sin~1(0.4)].
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015 .-
. Lo 0.6
1 et e ID™%2 na(t)+0.5n,(1)]
010t I
I ,4'— 0.2
0.05 - __—"’
-".' I . . . I . . . I . . . I
L 0.2 0.4 0.6 0.8
Figure 2. Graphs of SD?2'6112(t) + 0.5171(1‘)‘ and € = 0.2 on [0, sin*1(0.8)] .
0.20
0.15 ,»"
i I 0.8
i e e ID™% ns(t)+0.5 n3(b)]
0.10f ke
[ e 0.2
005} e
-
1 1 1 1
0.5 1.0 1.5 2.0
Figure 3. Graphs of |§D%3#3(t) +0.57; ()| and € = 0.2 on [0,2].
0Afmmmmmmmeeeeeeeeeeeeesseesmsesse—me———————
0.3

0.1

— T T T T T T T T T T T T T T

Figure 4. Graphs of |w(t) — 5(t)| and Cpe = 2(0.2) on [0,2].
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5. Piecewise Constant Order of the Fractional Derivative

Consider the case when the partition 0 = Top < T1 < ... < T,_1 < Tjy = T of the
interval [0, T] is given initially, and the fractional order of the fractional derivative is defined
by the equality

p1, lft € [T()r Tl]r
p2/ lf t € (Tll TZ]/
o(t) = (26)

Pm, thE( m— 1/Tm]

where the constants p; € (0,1), k =1,2,...,m are initially given.
Lett € (Tx_1, Ty, where k is an arbitrary integer 1 < k < m. Then, §(t) = py and from
Definition 2 we have

Dw((t)))\v(t)
%pk)( tef)»(l/’(t)*lp(S))(lp(t) _ ¢(S>)7Pkl//(s)ds

A ff —A(w(t)—w(S))(¢(t) - w(s))_pklp’(s)v(5>d5>
k-1

sty (2, e MO ¥O (o) p(s)) P ()
f%k | e MYO96) (y(t) — p(s)) P/ (s)ds
+A2f e M) <>)<¢<t>—w<s>>szp’(s)v(s)ds)
+AfT,H 01 VD ((t) = g(s)) Y (s)v(s)ds)
¢ 117”2(? ()
+rl P (le € D9E) ((t) — ¢(s)) P/ (s)ds
A [ e MO (1) — g(s) P ($)v(s)ds ), ¢ € (Tin, Til:

Therefore,

. A
CD(/J(t Z q;(t |t T; + Tk 1D5jzt) ( )r te (kaerk]/

or its equivalent

SO0 £ T P 0l + DY, e (T T2

hold and their corresponding equalities cannot be applied (see, for example, Equation (6) [23],
Equation (5) [16], Equation (9) [24], Equation (3.1) [25]).

In connection with the above, we will apply our approach to study IVP (8) when the
order of the fractional derivative is a piecewise constant function (). Our approach is
based on (9).

We now introduce assumption (A):

Assumption 1 (A1). The function $ € C'(]0,T], (0, 00)) is an increasing function with ¢'(t) > 0
almost everywhere, A > 0 is a given constant, and the function 6 : [0, T| — (0, 1) is defined by (26).

Assumption 2 (A2). The function F € C([0,T] x R,R) and there exist constants L > 0,
k=1,2,...,m,such that

|F(t,y) —F(t,z)] <Lgly—z|, t€[0,Ti], y,zeR, k=1,2,...,m
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with
Ly VIO (p(Ty) — () < L(1+ py).

We obtain the following existence result for the initial value problem (8) with piecewise
constant order, defined by (26).

Theorem 4. Let conditions (A1) and (A2) hold. Then, the initial value problem (8) has a solution.

Proof. Consider the partition P = {(T;_1, T¢], k =1,2,...} defined by the given point
T, k=1,2,...,m—1. Forany k = 1,2,...,m, we consider the initial value problem (10).
According to Lemma 2, it has a unique solution vk (), t € (0, Ty] forany k = 1,2,...,m.
Construct the function

vi(t), if t € [To, Thl,

w(t) = j/z(t), ifte(, T, -

vn(8), if £ € (Ty1, T,

The function w(t) is a solution of (8) because w(0) = Vj and for any t € (Ty_1, T]
we have

Ha(t) = DN u(t) = F(t, v () = F(t,w(b)).

O

Remark 7. The solution of (8) with a fractional derivative of piecewise constant order is not
continuous on the whole interval [0, T.

The definition of Ulam-type stability for fractional derivatives of a piecewise constant
order reduces to:

Definition 7. Let condition (A1) hold and F € C([0, T] x R,R). Now, (8) is said to be Hyers—
Ulam-stable if there exists a constant Cy > 0 such that for any € > 0 and for any function
e € Cy([0, Tk, R), k =1,2,...,m, satisfying the inequality

SO~ Fle(1)] < e £ € [0,T4, ©8)

with py = 6(Ty_1), k =1,2,...,m, there exists an e-approximate solution we(t) of (8) with
|we (£) = n(t)| <Coe, t € [0,T],
where the function 1 is defined by (16).

Theorem 5 (UHS). Let condition (A1) and (A2) hold. Then, (8) is Hyers—Ulam-stable.

The proof of Theorem 5 is similar to the one of Theorem 3 without applying e.

6. Conclusions

In this paper, we consider differential equations with the variable order Caputo-type
fractional derivative with respect to another function and we study the general case of
continuous variable order of the fractional derivative. We define in appropriate way an
e-solution of the given initial value problem and an approximate solution.

Furthermore, we define and study the Hyers-Ulam stability. As a partial case, we
obtain results for stability of the differential equations with fractional derivatives of piece-
wise constant order. In future work, we hope to appropriately define some other types
of Ulam stability, such as Hyers—Ulam—Rassias stability, and obtain sufficient conditions.
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Furthermore, the existence on the the interval [0, o) could be investigated. In addition,
we could consider the general case of the variable order applying a local definition for
fractional derivative [14] in the future.
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