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Abstract: In this article, we delve into delayed fractional differential equations with Riemann-Stieltjes
integral boundary conditions and fractional impulses. By using differential inequality techniques
and some fixed-point theorems, some novel sufficient assessments for convenient verification have
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simulations are presented to illustrate the reliability and validity of our main results.
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1. Introduction

Fractional calculus is a generalization of the traditional integer-order calculus to an
arbitrary real order. The earliest exploration of fractional derivatives dates back to a
correspondence between L'Hospital and Leibnitz in 1695. In the 1970s, it was discovered
that fractal geometry, the memory process, the power-law phenomenon and the genetic
phenomenon are closely related to fractional derivatives. Fractional derivatives are excellent
instruments for memory and genetic processes. Concurrently, due to the widespread
application of fractional differential equations in disciplines such as physics, chemistry,
aerodynamics, complex dielectric electrodynamics, polymer rheology, capacitor theory,
circuits, biology and control theory (see [1-6]), they have received increasing attention
and focus. As a consequence, many articles on fractional-order differential equations
have been published to explore the existence, uniqueness and multiplicity of solutions
by using Green’s function and related fixed-point theorems. One can see [7-17] and
references therein.

Since the last century, some researchers have begun to apply impulsive differential
equations to depict sudden events such as diseases, food shortages, natural disasters, etc.,
in population dynamics systems. Recently, impulsive fractional differential equations have
been widely applied in physics and social sciences. The impulsive effect makes the study
of fractional differential systems more complex and challenging. Specifically, the impulsive
term has affected the dynamic behavior of the system (see [17-19]). Meanwhile, the integral
boundary value problem (IBVP) for fractional differential systems has been widely used
in modern scientific and technological applications such as groundwater flow, chemical
engineering, thermoelasticity, population dynamics, etc. Many scholars have studied the IBVP
for fractional differential systems and obtained many excellent conclusions (see [7-9,20]).

In the process of information transmission between different nodes in brain neural
networks, internet and information networks, due to the influence of transmission speed,
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transmission medium and other factors, the information cannot arrive in time, and there
is always a certain time delay which is inevitable. In many cases, a small time delay
can lead to great changes in the dynamic behavior of the system [7,8,21]. So, we need to
consider the effect of time delay on fractional differential models. In addition, stability
is crucial for a differential system with practical application settings. Many definitions
of stability have been proposed based on actual needs. In 1940s, Hyers and Ulam [22,23]
defined a new type of stability i.e., Ulam—-Hyers (UH) stability. Subsequently, this concept
of stability was promoted as a generalized UH-type, Ulam-Hyers-Rassias (UHR)-type and
generalized UHR-type. Some scholars have conducted systematic research on UH-type
stability and published corresponding survey papers and monographs (see [24-28]). In the
past decade, the UH-type stability of fractional-order systems has been heavily researched,
and many excellent results have been obtained (see [29-36]). Nevertheless, the UH-type
stability of delayed fractional differential systems with fractional impulses has been rarely
studied, as it is much more difficult to investigate than fractional differential equations
with integer-order impulses. Accordingly, it is interesting and challenging to explore the
Riemann-Stieltjes IBVP for delayed fractional differential systems with fractional impulses.

Motivated by the above arguments, this article emphasizes the following Riemann—
Stieltjes IBVP for a delayed fractional-order system with fractional pulses

D%+u()+f(t”tf () 0+u( )):Or tE]:[O,l],f#tk,
D

u(t;) D0+u(t )= L(u(ty)), k=12,...,m
( ) —pu'(0 fo hi(s, ”( ))d 1(5), 1)
'yu( )+ (5(CDO+u fo hy (s, u(s))dAs(s),
u”(0) =0,
subject to the initial function
u(s) =4(s), se[-70], (2)

where o, 5,7,0 > 0,2 < g <3and 0 < p, 0 < 1. CDng,CDg+ and CD(‘)Q express 4, p,0-
order Caputo derivatives. f € C(J x R3,R), h; € C(J x R,RT)(i = 1,2), I, € C(R,R)
(k = 1,2,---,m),0 =t) <t < -+ < ty < typy1 = 1. Both the left and right
limits CDg+ u(ty ) and CD0+u(t+) exist, and CD&u(t,:) = CDg+u(tk). A J—=R(i=12)
indicates the increasing bounded variation. fol hi(s,u(s))dA;(s)(i = 1,2) denotes the
Riemann-Stieltjes integrals. R = (—o0,+00), RT = [0, 400). T > 0 means the constant lag,
&(t) € C¢ (Cr defined as Section 3), uy € Cr, ug(6) = u(t+0),6 € [—7,0].

The main objective of the article is to consider the existence and UH stability for IBVPs
(1) and (2). The contribution of this article is mainly reflected in three aspects. (a) Since
there are few studies on the Riemann-Stieltjes IBVP for the delayed fractional system with
fractional pulses, this study of IBVPs (1) and (2) is the first to fill this gap. (b) We derive the
existence, uniqueness and UH stability of IBVPs (1) and (2). (c) We use the appropriate ODE
toolbox in MATLAB to obtain the numerical solution and simulation of IBVPs (1) and (2).

The remaining parts of this paper are organized as follows. Section 2 mainly introduces
some essential notions, lemmas and the properties of the integral function. Section 3
presents the existence and uniqueness of the solution for IBVPs (1) and (2) by applying
differential inequality techniques and some fixed-point theorems. The UH stability of
IBVPs (1) and (2) are assessed in Section 4. Some interesting examples and simulations
are presented to illustrate the correctness and availability of the main findings in Section 5.
A brief summary is provided in Section 6.

2. Preliminaries

In this section, we introduce some necessary definitions and lemmas, which can be
found in [37-39].
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Definition 1 ([37]). The Riemann—Liouville fractional integral of order o > 0 of a function
u: (a,+00) — Ris given by

Thu(t) = 1"(14x) /Ht(t —5)* Lu(s)ds,

provided that the right-hand side is point-wise defined on (a, +o0).

Definition 2 ([37]). Ifu € C"((a,+o0),R) and a > 0, then the Caputo fractional derivative of
order o is defined as

1

Dpult) = [ syt s)as,

where n — 1 < a < n, provided that the right-hand side is point-wise defined on (a, +00).

Lemma 1 ([38]). Assume that u € C(0,1) N L(0,1) with a Caputo fractional derivative of order
« > 0 that belongs to u € C"[0,1], then

TE DS u(t) = u(t) +dy +dot + - +dut"?,
forsomed; € R,i =1,2,--- ,n, where n satisfiesn —1 < a < n.

Lemma 2 ([38]). Ifa, 3> 0,t € [a,b] and u(t) € L[a, b], then

DL g u(t) = u(t), JEILu(t) = T Pu(h).

a

Lemma 3 ([39]). Let X be a Banach space and Q) be a closed convex subset of X. If the operator
L : Q — Q) is completely continuous, then the operator L has at least one fixed point u* € Q.

Lemma 4 ([39]). Given a Banach space X, let E # @ be a closed subset of X. If the operator
F : E — E is contractive, then there is a unique u* € E such that Fu* = u*.

Consider the following fractional-order impulsive boundary value problem and im-
pulsive integral equation:

“Dfu(t) +f(1) =0, € = |

o 0,1),t #t,2<qg<3,
Dy, u(ty) — “D” (_)*Ik(()
d

), k=1,2,....m0<p<1,

au(0) — ﬁu fo hi(s, u( ))dAx(s), &, >0, (3)
fyu( )+(5(CDg fo ha(s,u(s))dAz(s), 0 <o <1,7,6 >0,
u”(0) =0,
and
) = [ 6t )50+ (1= 07+ ] [ st
+ 5;‘” /01 (s, u(s))dAa(s)
B+ at )
—TR-p)Rg [(wm_g))gtv UL (u( 'er”
k
+T@=p) YT (=) (), tE (b bl k=1,2,..,m, (4)



Axioms 2024, 13, 682

40f25
where
A v —p 5 (a+ )y + %) 6
1= = -,
LA v r(2—0)
_ (t=s)!
G(t,s) = T T8ilts), 0<s<t<1, ©
gi(ts), 0<t<s<1,
and

i) = BT -0+ gy

Lemma 5. Let f € C(J,R) and Ay # 0. Then, a function u € C((t, tyi1], R) solves the
IBVP (3) iffu € C((tx, txi1], R) solves the Equation (4)

Proof. When t € [0, t1], from Lemma 1 and system (3), we obtain

u(t) = =T, f(t) + c10 + 11t + 1ot )

It follows from (7) that u(0) = cj9, and

u/(t) = _1"(111—1) /Ot(f - s)q_zf(s)ds + c11 + 2c10t. (8)

From (8), we derive that u/(0) = ¢11 and u”(0) = 0, which implies that c1p = 0.
In the light of the integral boundary value condition of system (3), we have

1
acqo — e = /0 hi(s,u(s))dA(s). ©)
By Lemma 2 and (7), one yields that
_ c _
D u(t) = —J9 P f(H) + u%pfl P, (10)
and
c - 1-
Dy, u(ty) = T f(h) + ﬁt . (11)

When t € (t1,t;], we similarly have
u(t) = =Jg, f(£) + c20 + et (12)
“Dyult) = =T f(1) + Q—lp)tl*”- (13)
From (7) and (12), we know that
u(ty) = —Jl f(t) + cro + ety
and

u(t) = *«70{1+f(t1) + C20 + C21t1-
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In view of the continuity of u(t) at t;, we obtain
c10 — c20 = (c21 — c11)t1. (14)
From (13), we have
PP u(th) = —~ TP F(h) + =2 P 1
0+”(1> \70+ f(1)+1—v(2_p)1 (5)
By (11), (15) and “D}, u(t]) — “D u(t;) = I (u(t;)), one has
-1
cor—enn =T@2—p)tf L(u(h)). (16)
Similarly, when t € (t, t;41], 2 < k < m — 1, we obtain
k0 — Ck+1,0 = (Ckr1,1 — Ck1) e (17)
and
-1
Cra1p — =T —p)ty Le(u(t)). (18)
From (16)—(18), we obtain
S
11— =T2—-p) ), tf Li(u(t))), (19)
=1
and
k
c0— 10 =T2—p) ), tflj(“(fj)) (20)
=1
Next, let t,, 11 = 1. When t € (t,, t;,41], one derives that
u(t) = =Jg f(t) + cmy10 + Cmyrt. (21)
Similarly,
m
Cmr1,0 = c10 — T2 = p) Y 7 1(u(ty), (22)
j=1
and
L p—1
Cna11 = o1 +T(2=p) Yt Li(u(t)). (23)
=1
From (21)—(23), when t € (f, f,,11], one has
L p—1
u(t) = ~TIF(1) + e+ ent+T@—p) Y8 - 1) (4
j=1
So,
o p—1
u(1) = =Jgh f(1) +ero+ e +T(2—p) o7 (A=) L(u(ty), (25)

j=1
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1-0
CDO+M( ) = —joq:(ff(t) + Cmr1 ﬁ, (26)
and
(Do D)D) =~ T F0 + 5+ Fp g L ). @)
=

Using yu(1) +6(“Di. u)(1) = fol ha(s,u(s))dAs(s), (25) and (27), we derive that

7C10+(’Y+F(2(5_ Jy)en =15 f() + 6T (1) AT = p) th’” = DI(u())
]
_ ‘}Fg— (f)) zzl () + /0 a(s, u(s))d Aa(s). (28)

From (9) and (28), we obtain
Jo I (s,u(s))d A (s) b
G+ fol ha(s,u(s))dAz(s) v+

1) 1 1
:A—l [(1’4- 1"(2—(7))./0 hl(s,u(s))dA1(s)+,Bg+ﬁ/0 ho(s,u(s))dAx(s)|,  (29)

1
€10 :AT

r2-0)

where

=8 f() + 6T F(1) +9T(2 — p) th L= 1) L(u(t))
j=1

T(2—p) & o
“Tae) Y ) (30)

From (9), we obtain

= acyp — fol h(zu(s))dfh(s)‘ 31)

Therefore, Vt € (f, t,1], 0 < k < m, one obtains

u(t) = — Jh f(£) + crsr0 + Crprt

——JIf)+ (1+ﬁt)c10—ﬁ/ Iy (s, u(s))dAy(s) + T(2 — p) Zf” Y= 1) L(u(t))

- j0q+f(t) + Kl(ﬁ + “t)j()q+f(1) + Kl(ﬁ + “t)j0q+ Uf( )
007+ ] [ (s ) s) + 36+ at) [ hals,u(9)dAo
- 2 TP+ s ) B Lty

m k
+er(2p)(ﬁ+at)]§tf1j )+ T(2— p; e t)L(u(t))
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= [ 5 s+ 00+ ] [ (s uE)aa)

+ Bt (s u)dnas)

—T2- p)ﬁzltxt {(74_ 1‘(25— (r)) i tffllj(u(tj)) — 'y]i tflj(u(t )

j=1

k
T@—p) Yt (=t (u(t)).

j=1

The proof ends. [

Lemmaé6. Letw,pB,v,0 > 0,2 <q<3and0 < o < 1. Then, G(t,s) defined by (6) is continuous
and differentiable, and satisfies the following properties

() ﬁ}G@@Msérw11)+ﬁ;%{uain—%mq(;+D}VUJ)EWJ]XMH.
.. 1| 0G 1 i 0% )

(i fy 5| TS T {r(qﬂ)+F<q_a+1)},vu,s)e[0,1]><[0,1].

... 1]9%°G 1

(i), 5 |98 < F(q—l)'v(t's) €10,1] x [0,1].

Proof. From the expression of G(t, s), we obtain

1 1t B
A|cuﬁmu<4(j/’ )qhm+f?j—4ﬁ+ X/(l—@qlk

Y
1 /3+a{ T ) }
“T(g+1) A [T(g+1) T(g—o+1))

(¢~ 5)‘1—2 i B q-1 d g—o—1
el el Evand € S — < <
aG(t,s) _ [lg-1) N F(q)(1 °) +r(q_g)(1 s) , 0<s<t<],
ot 2T g gyt ygeot P
| a- o a0, 0<t<s<t,
and
2G(ts) (=) e
B T(g—-2)" "~~~ ~7
) 0<t<s<1

By simple calculation, we have

1
aG‘ds<1 zx[('y )

o |2t | ST(g) Ta+1) " Ta—orD))
and
192G 1 t 1
< —5)13ds < .
A a2 “\\nq—z)A(t °) “\\uq—n

The proof ends. [
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3. Existence Results

This portion focuses on the solvability of IBVPs (1) and (2). To this end, we need to
introduce some useful Banach spaces.

For 7 > 0, a Banach space is defined as Cr = {¢ : &, &', “D}.¢ € C([-7,0],R)} and
its norm as

1llcoy = sup {I5(s)]18"()], [°Dg: E(s)13-

—1<s<0
Let I = [—1,1]. Then, the set C(I,IR) composed of all continuous functions u : I — R
and the supremum norm ||u||c = sup |u(t)| form a Banach space.
tel

The function space X = PC!(I,R) is defined by
PCY(I,R) :{u(t) € C(LR) : ‘D u(t) € C((te—1, t), R),S Df,u(t{) and D, u(ty)
all exist,‘ D0+u( R CDP u(te),0<p<1,1<k< m+1},
and the norm
[ullpcr = max{||u||c, [1w'llc, ||CDS+M(S)||c}, Yu e PC'(LR),

then, it is obvious that (PC'(I,R), || - || pc1) is a real Banach space.
According to Lemma 5, we define an operator £ : PC'(I,R) — PC(I,R) as follows:

R 60 ) P[00+

X fol hy(s,u(s))dA1(s) + 'B—'_at fo ha(s,u(s))dAs(s)

] re-pera :
R [(wm_g))gt;’ Uy u(t)) @)
—th”I )] + 1@ p) L7 = ) € b,

]7

C(t)/ te[-70.

Then, the system (1) has a solution if and only if the operator £ defined by (32) exists
at one fixed point.

Theorem 1. If the following assumptions (Hy)—(Ha) are fulfilled,
(Hy) f e C(JxR3,R),V(t,U,V,W),(t,UV,W) e ] xR, Ig; e L([0,1])(j = 1,2,3) s.t.

fEU VW) = f(LUV, W) < [or(IU = U+ [g2()IV = V| + |@3(t)[|W — W].
(Hp) by € C(J,R)(i=1,2),V(t,U),(t,U) € ] xR, I¢;(t) € L([0,1]) s.
(8, U) — i < lgi(p)lju—ul.
(H3) [ € C(R,R)(j=1,2,...,m),VUU€cR,ILj > 0s.t.

L) — L(T)| < Lju -1
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(Hy) Ay > 0, and 87 = 3pM + k1 < 1, where

1 B+u Y J
= e o), = - B [ty + }

and

[+t [ @l + EEE [gaolast)

K1

+F(2—P)[ﬁ;“(v+F(zé_g))ﬂ]tf_li%'-

then IBVP (1) and (2) permits at least a solution in X = PC (], R).

Proof. Denote N; = sup |f(t,0,0,0)|, N; = sup |;(t,0)|,i = 1,2,
te] te]

} o A
Qu =N+ -1+ o I [ da(s)+ 2R, [ aae)

Aq
re-pd” (B 0+ i +1| Lo

=

For r > max{ 19}91
subset ) C X and operator £ denoted by (32)

(£)l=<,0}, we choose the following nonempty closed convex

Q={ueX||lullpm <r}, L:O—=X (33)

Next, we apply Lemma 3 to prove that the mapping £ : Q — X admits one fixed
point. To this end, this is carried out in two steps.

Step1.Vu € Q,whent € [T, 0] it is obvious that || (Lu)(t)|[pct = E(8)|[—z,0 < 7-
Whent € (t;,4,1] € [0,1),1 =1,2,...,m, from Lemma 5 and (H;)-(Hy), we have

1
(L)1 < [ 16500 (5, DY () — f5,0,0,0)ds + [ 16(4,9)]1£(5,0,0,0)s

b )| ) (s u) - 0l + [ (0l )]

ﬁ+zx

2] [ hals, ) = (s, 0)dx(9) + [ ra(s,0) 14205

+r<z—p>[ﬁ§1”‘w+ )] [gt;?luj(u(tm —50)]+ it;”uj(on}

<opit+ Lot o) [neae + B [ la)
+r(zp)[ﬁ;rx(%r(z‘s_g))+1}t§—1];Lj}||u||Pcl
. 1 1) A 1 1 N
+N1M+E(7+W>N1/O dAl(S)"FA*l(,B—FD()Nz/O dAz(S)
re-p B s i +a]d T Lo

j=1
Shr+Qisr, (34)
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(Lu) |_‘/ F(s,us,1'(s),“DF u(s ))ds—All/ iy (s, u(s))d Ay (s)
7/ hy(s,u(s))dAs(s) — (ZAlp){(ry_Fr(z(s_U))]étf_llj(u(tj))

_72t }+r2 p) itf "Li(u(t))

j=1

/ 15 ||f s,u(s), u'(s), “DY, u(s)) —f(s,0,0,0)|ds+/01 ]aa—?]|f(s,0,0,0)|ds
0% 1
/ I (s, 1(s)) — R (s, 0)|d Ay (s) 7/ 11 (s, 0)|d Ay (s)
/ (s, u(s)) — ha(s,0) d Az(s) + f/ (s, 0)[d As(s)
4 1
+r<z—p>[m<v+w +1]2t" (u(t) - 5(0)]

+T(2-p) [A"‘1<7+ F(Z‘S_)) +1] Zt*.’*luj (0)]

<{31/J]\7I+A11('y+ /|<P1 s)|dAq(s) s)|dAxa(s)

+F(2_p){ﬁ;“(7+F(zia))—i-l}tf 1};Lj}||u||m

-1 ) — -
FNM (7 ) Nl/ ddi(s) + P Nz/0 dAs(s)

B+ua o

+r(2—p){ A (7+r(2— ))+1}t” 1]Z%|1

<Hr+ Q1 <,

and

|CD£+£u<t>|\ TP (bl D) + L (DLATFF1 >+f<CD" 08 f(1)
~ 3 (DY) /0 (s, u(s))dA(s) + 1-(“Df.) / ha(s, u(s))dAs(s)
A"‘lmr(z‘s_a)) 2-p) Zt” (utt

o p p pl
+A—1r( ) (‘D Zt )) +T(2—p)(“Dy. Et (u(t})

<{3¢M+A11(7+ / (#1(6)laA1(5) + / ($2(5)]d (s

+F(2p){5;0¢(7+ 1"(25— ))+1}tf 1]2Lj}||u||1)c1

pta

+N1M+Z] (’)/"‘1_.(25 p)>/ldA1(S) NZ/ dAz

V“‘ )+1}t”12|1

j=1

(35)
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<hr+Qp <. (36)

Estimates (34)—(36) imply that £(Q)) C O, and £ is uniformly bounded.

Step 2. We show that £ is equicontinuous. Indeed, the fact that f and G are continuous
means that £ is continuous. Therefore, there exist some constants B; > 0 such that | f| < Bj.
Forallu € Q= {u € X, ||u||pc <71}, t,t2 € [—7,1] with t; < t, there appear three cases.

Case 1. When 0 < #; < f, < 1, form Lemma 6, we have

T t
\Lu(h) — Lu(y)| = ‘/z(ﬁu(t))’dt’ gf (Lu(t))|dt < r(la—F) >0, as by —
2 2

()~ (el = [ euyan < [ 12ue)

t

B _ _ _ _
8t2 |f S, Ug, U ( ) 'DOJru( ))|d5dt < F(q—l) (tzftl) — 0, as tp — 1y,

and

D} Lu(ks) — DY, Lu(h)

1 b B , 1 b - /
:'m—p) ) ® =) P (Lw) (5)ds — gy [ (=) Y (L) (s

= ! [ == [ -5 s

1 _
<——— -r
ST =) /?1 (t, — |(Lu)'(s)|ds

T p) /Qtlwz — )P — (f1 =) P)|(Lu)'(s)|ds

<r(lr_ p) [-/tltz(t2 —s) Pds+ /Otl((tl —s) P — (- S)_p)ds}
“t@ e T =6 50 as = b

Case 2. When —7 < t; < 0 < f; < 1, |t — £1] is small enough, namely, |t — t;| — 0
as f; — f» means that f{ — 0~ and f, — 07. Thus, we derive that

(L)) — (L) ()] <I(£1) (F2) — (£a) 0] +|(£1) (0) — (L))
< [ l0eay ()ds + 12(0) ~ &6a)|

<rip +18(0) — &(f)| — 0, as tp — fy,

)'(£2) = (Tw) (0)] + [(£u)"(0) — (Lu)' (B1)]

(ew)' (E2) = (£u) (1) <|(Lu
7wy )lds + 12/ 0) - 3|
B

N

N

B+ &' (0) —¢&' ()| — 0, as f, — 14,

1
I'(g—1)
and

[“Dy+ (Lu) (2) — Dy (Lu) (£1)]
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<IDg. (Lu) (F2) = “Df (L) (0)] + DY (L) (0) — D (Lu) ()
<r<11— )/ot (F2 =) 7" (Lu) (s)ds +|“Df. £(0) = D (1)

1— - - _
t, ' +[“DF,&(0) — “DE.&(H)],— 0, as f, — F.

I'2-p)
Case 3. When —7 < 1 < t, < 0, we have
(| (Lu)(2) = (Lu)(t1)]| per

—max {[¢(E2) ~ £(R)], ) ~ € (R)|, D} £(02) DY E(R)| | 0, as o+ o

By Cases 1-3, we derive that, Ve > 0 (small enough), f1,f, € [-7,1], u € X,
36 =6(e) > 0s.t. |[(Lu)(t2) — (Lu)(f1)|per < & whenever |f; — t1| < §, namely, L is
equicontinuous. Together with the Arzela—Ascoli theorem and Steps 1 and 2, one derives
the complete continuity of £ : O — Q. By Lemma 3, one asserts that £ admits at least one
fixed point u € O, which meets with IBVPs (1) and (2). This ends the proof. [

Theorem 2. IBVPs (1) and (2) admit a unique solution in X, provided that the assumptions
(H1)—(Hy) hold.

Proof. We define a mapping £ : X — X as (32). To prove the existence and uniqueness of
the solution of system (1) and (2) using Lemma 4, it suffices to verify that £ is contractive.
Actually, for all u,v € X, whent € (t,t;,1] C [0,1],1 = 1,2,...,m, it is similar to
(34)—(36) that

[(Lu)(t) - / |G (t,)I|f (s, us,u'(5), “Diyu(s)) — (5,05, 0/ (5), “Dy v(s)) |ds

+Al(7+(250){/ |h1(s,u(s)) —hi(s,v(s))|dA1 (s )]

# BT s s) s o))

re-p) [ ) + 1) S ) - e |

1

{1/}M+A1('y+r(20 / |p1(s)[dA1(s) + /|4’2 s)|dAz(s)

B+a ) _
+F(2—p){ A (’y+r(2_(f))+1}tf 1];Lj}|u—v||Pcl
<bllu— o]l pr, (37)
[(Lu)' (1) - |\/ 12515, (), (5), DY (s)) — £(5,05,9/ (), “Dh, o(s) s
/ 1 (5, u(s)) — (5, 0(5)) |4 A1 (s) / a5, u(s)) — ha(s,0(s))|d Az s)
+r<z—p>[§1<v+r(2‘5 +1}2t’” u(t) ~ i (o(,)|

~ 1
opits Lottt [Nneiae + B [l
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B+a J 1 v
1= p) B+ )+ ];Lj}wvnp@
<O [lu— 2|l per, (38)
and

1 «

Dg£u(t) — <D} Lo(t)] < {3pM+ (v + 15 p) [ a0l s) + B

< [ 102(6) dAz(s) + T2~ p)[ﬁt”‘mr(z‘s_g)>+1}t§"l:zlg}||uv||pc1
<O |lu — v per- (39)

When t € [7,0], (Lu)(t) = (Lo)(t) = &(t), then

1(£1)(8) = (£0) (Dl = 1608 — E(B)pcr = 0. (40)

It follows from (37)—(40) and (Hy4) that £ : X — X is contractive. The proof ends.

Theorem 3. Provided that the following (Hs)—(Hy) are fulfilled,

O

(Hs) f € C(J x R3,R), V (£, U,V,W) € ] xR3, Jv € (0,1) and g(t) € L+ ([0,1], R+) s.t.
|f(t,U,V,W)| < g(t), where Ly ([0,1], R*) stands for the 1-Lebesgue measurable function

space with the norm ||U||1 = (fol |U(s) |%ds)v.
(Ho) by € C(LR), ¥ (,U) € T x &, 3p,(t) € L([0,1]) s.t. (1, U)] < log(D)||U], i = 1,2.
(Hy) Ij € C(R,R), YU € R, IH; > 0s.t. | [(U)| < H|U|,j=1,2,--,m
If Ay >0, and

{=y e+ Niar(s) + X [ lpa(s) (o)
+r(2p)[a;ﬁ(7+r(2(s—a))+l}tf4 ﬁHJ <1,

j=1

then IBVPs (1) and (2) permit at least a solution.

Proof. Let B,, = {u € PC'(J,R) : ||u||pc1 < r1}. A constant is chosen r > 8—34-, where

- 1—v gy v@+B) 1-viy  d@+p)  1-v
QS_{r(q—l)(q—V—l) +A1F(q) (q—y) +A1F(q—0)(q—a—v) ]||g||$

The operator £ : B,, — PC!(J,R) is defined as (32); for any u(t) € B,,, we have

(En O] < [ 16691860+ 20+ ) [ lorlluts)aars) + EEL [ oa(s) o)zt

+T(2-p) [ﬁ;a(’y—i— F(zé—g)) +l] ];tf_lHj|u(tj)|

1ot - y(a+p) ! . Sa+p) 1 .
ér(q)/o(l—s)‘? 1g(5)ds+ AT () /0(1—5)‘1 1g(s)ds—|—m/0 (1—35)191g(s)ds
1 a 1
3+ ey ) @A) + B a2
B+u 5 L
+T(2—P)[ A (’Y+F(20))+1]]§t]’7 Hilu(t})|
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v o9l Y
< ha-orie] [ faera] R fa-ora] | et
+Al<;;;ﬁg){/;u- ) ds} [/01<g< )} ds}
et ) ) el aa )+ EEE [ oa(s) )t

w12 p) B2 ) +1] 1 ol 1H]-|u<tj>r

ya+p)y 1 1-vy, d@+p) 1-v
<[<1+ & T =) Targ-oG=e—v) }ng

- [All(v+ r(z(s_g))/ol lo1(s) |¢1Al(s)+M/1 |02(s)|d Az (s)

+1= PRt 1)+ ) Lo e

1 1-v 1.,  v@+p) 1 1—y 5(a+ B) 1-v .,
<[I‘(q—l)(q—v—l) AT (q) (q—u Ag—o) go = }Ilgg/

ot e [ @A + B [ iaas

12 ) O lZH]HuHPCl

1 ) j=1
SQ3+frn<n
a0l =| [ 5 ), Dhu(s)ds = 2 [ (s, u(s))d(5)
ra / (s, u(s >>dAz<s>—A"‘l<r+r(2‘5_ T L )

j=i
k

+ a2 p) gltw >>+r<zp>];t5"1fj<u<tj>>

<[5 lg)s+ - [ 1aans) + 5 [ loa(o) u9)lasz(e)

o ) !
T2 p) | 0+ rmy) ] L tluts)

S {r(ql—l)(./ol(l — 5)15d5>1_v + Alu;y(q) (/01(1 - s)”d5>1_v

+"“S/1(1—s)q1"vlds]|| I +{’/1| (5)|dAq (s)
A1F(q—0) 0 &lla/v A Jo 01 1

‘Q

14 1 o P
* 5y Jy (o) lAe(s) + (M*r(z_a>>+1)F<2—v>]§tp ] Il

1 1-v oy, (@+B)y 1-vy, (@+p)d  1-v 4,
<|:r(q_1)(q_1/—1) AT (q) (q—v A1T(q—a)(q—a—v) ]||g||3
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+ All('”r(za / |01(s)|d A (s) /Ipz 5)|dAx(s)
+F(2—p)(a;ﬁ(r+r(25_ ))+1 ) 1ZH] [ per

j=1
<Q3 + érl < r1,

and

DY Lu(t)] < [ =51 o, DY )

T(q—p) Jo
1
mr bty (= W Dl
o
MT(g—0)

+A— (D!t / I (s, 14(s)) |d Ay (s )+— DL, 1) / Iha (s, u(s)) |d As (s)

+

+

1
(CDF’ t)/o (1 )q o— l|f(s u, u/ cDP )|ds

T2 p) |50+

r<z_a>>+1]<f>§ 3 17|

j=1

1 1 e ro _

\W/O (1—s)i7F 1|g(5)|d5+m/0 (1—35)7"|g(s)|ds
ou

! qg—o—1
+ MT(2—p)I(q—0) /0 (I-s) lg(s)|ds
r 1 N 1
+ m/ |P1 S ||u(S)|dA](S) + m/o ‘P2(5)||M(S)|dA2(s)

+ [Aal(mr(zé } i 7 H ()

1-v
+ AJ(Z—i)F(q —0) (/0 (1 _S> Al ds) ] l1gll1/v

r 1 « 1
- [AJ(Z—p)/o |Pl(5)|dA1(5)+m/0 |lo2(s)|d Ay (s)

o ) 2ot
+ (Al(r+ 1"(2—(7)>+1) ];tj H]} |u]] per

1 1-v 4, re 1-vi_,
<[F(q—p)(q—rf—v) +A1F(2—p)F(q)<q—v>

n ou ( 1—v
MI2=p)l(g—0) q—0—v

r 1 M 1
* [AJ(Z—p)/o |P1(S)|dAl(5)+m/o l02(5)|d A (s)

® ) LA
+ (Al(r+ F(2_0))+1) ];t]- HJ} 1| |pcr

sl

g[ 1 1-v )HJFr(oc+,8)(1;v)1_,,+ (5(oc+/3)( 1=

MT(q) "q—v MI(g—0)'g—0c—v

I'g—1)'gq—1-v

g1l
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+{A11(7+F(2 o) /|P1 s)|dAq(s) /|P2 s)|dAx(s)
+r(2_P>(“Z1‘B(r+1—'(2{0’))+1)tf_1];Hj:|||u||PC1

<Q3 + (;1’1 <n

Therefore, £(B,,) C Br1 Similar to Step 2 in the proof of Theorem 1, one acquires the
complete Contlnulty of L: Br1 — B,,. One derives from Lemma 3 that £ permits at least a
fixed point u* € B,,, and u* satisfies IBVPs (1) and (2). This ends the proof. [

4. UH Stability

This portion adopts direct analysis methods to explore the UH-stability of IBVPs (1)
and (2). For u € PC! (J,R), consider the following inequality:

cpé -+ (0, D)l < et e byl IO <m

Dl u(t] ) 0+u(t,:) ( ()| <€ 1<k<m, (41)
W<o fo (5, u(5))dA1(5), yu(1) +8(Dg,u)(1) = fy hals,u(s))dAa(s), u"(0) =0,
w0 2, te o)

wheree >0,2<g<3,0<p, o<l
Similar to [23,29], we define the UH-stability of IBVPs (1) and (2) as follows.

Definition 3. If there is a unique solution u*(t) € PC(J,R) of system (1) and (2) and a constant
C1 > 0 such that for all € > 0 and each solution u(t) € PC'(],R) of inequality (41),

Hu(t) - ”*(t>‘|pcl S C1€.

then problems (1) and (2) are said to be Ulam—Hyers (UH) stable.

Remark 1. u(t) € PCY(J,R) is a solution of inequality (41) iff there exists a function
¢(t) € PCY(J,R) and a sequence { @i}, such that

1) let)] <ete(t,tiy],0<I<mand|p| <€ 1<k <m

@ Dyu(t) = —f(t,u(t),u'(t), Dy u(t)) + @(t), t € (t,t11a] € [0,1,0 < T < m;

@) Dlultf) —Dlu(ty) = L(u(t) + g 1 < k < m;

@) au(0) — Bu'(0) = [y h(s,u(s))dAr(s), yu(1) + 6(“DG.u) (1) = [y ha(s,u(s))dAa(s);
(G) u"(0)=0,u(t)=2¢(t), te[-r,0]

Theorem 4. IBVPs (1) and (2) are UH-stable, provided that conditions (Hy)—(Ha) are fulfilled.

Proof. Let u(t) € PC'(],R) be a solution of the inequality (41). From Remark 1 and
Lemma 5, we have

fo fs,us,u'(s), DY, u(s))ds + Al{(l — )y + r(z‘sa)} fol (s, u(s))dAq(s)
/5 ab 1o ,B+zxt RN .
() — e hy(s,u(s))dAx(s) —T(2—p) A [('Y-i- F(Z_U))];t] Ti(u(t)) o

—7Zt +T(2-p) th Yt —t)T(u(t)), te (t ] 0,1,

C(t), t € [—1,0].




Axioms 2024, 13, 682 17 of 25

where f(t,ut,u/(t),Dg+u(t)) = f(t,ut,u/(t),Dg+u(t)) — ¢(t) and Tj(u(t;)) = Li(u(t)) +
Pj-

By Theorem 2, IBVPs (1) and (2) admit a unique solution u*(t) € PC!(], R) satisfying
the impulsive integral equation as follows:

i Gt (5), Do o)is + 1107+ 5| s )

’”"‘t Ji ol (s)ds(s) T2~ | +

+

L () )

k

—y z PL (1) | + T2 = p) Lt (= )L (), € (ttia] € [0,1],
1

g(t), t € [-1,0]. "

When t € [—1,0], we have

u(t) —u™ ()] = [5(t) = (5] =0, (44)
W' (t) —ur ()] = |¢'(t) = ' (H)| =0, (45)

|“Dgiu(t) = Dy, u*(t)| = |°Dy. &(t) — “Dg,&(t)| = 0. (46)

When t € (t,t,.1] C [0,1], from (42) and (43), we obtain

) —u* |</ |G(t,)||f (s, us, 1 (s), DY u(s)) = f(s,u,u* (s), Df u”(s))|ds

i s m‘sg)} [ (s, u) ~ (s ()l 5

'B—'_D‘t/ |ha(s,u(s)) — ha(s,u*(s))|dAz(s)

I'(2—p)(B+at)
+ A

(r+ m_(ﬂ):zl £ Guy) - L (1))

—vzt” ~ 5 ()| + T2~ ) 0 I u) ~ )

mm»

ﬁ—i—a

{31PM+A1(7+F(20 [ ieneaans) + 5 [Mgmo)iaaas)

+12-p) | B+ 5 )>+1}t’”2L}|u> w ()l

=1

+€{M+F(Z—P)[ﬁ;1“(v 1"(2(5—(7))+1:| :th;’—l}

_|_

=0 [Ju(t) —u* ()l pcr + (M + Ne, (47)

Y < /‘BG

/ Iy (s, u(s) hlsu<>>\dA1<s>+A% /O Il (s, u(s)) — (s, u* (s)) | dAa(s)

'(s), Dy u(s)) = f(s,ul,u” (s), Dy u*(s))|ds
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(v+ 2 5 zt’” (u(t) = (" (1))

—’rztp = Ij(u ()))‘H“Z p) th ) = L ()]

<{3¢M+A1 /0 P15 () + 1 [ 1))

FT@=p)| 0+ ) F 1 L P~ 0 Ol

j=1

+e{M+r(2 p) [“1(7+ r(zé— o)) +1] Ji t]’."l}

<O [Ju(t) — u* ()|l per + (M + N)e,

and

1 1 1 o
Dfu(t) = Dhu (O Sy | (¢ =977 s, D) = fls, " DY) s

“Ta-p)Jo
m(C’DgJ)

MI(q)
sa(°Dy, t)
MI'(q — ‘7)

cDP
D[ s )~ s ) )

/01(1 )1 F (s, w0, DY u) — f(s,u*,u* <DL u*)|ds

/1(1 $)T= 1 f(s,u,u, CDP u)— f(s,u* ut CD0+M )|ds

cDP
D[ ot ) — bt s)) )

T2 p)[ -+ ey 1 PR Zt’” () — L (1))
Jopits g [[0Ola©) + xrh— /0 (42(5) dAa(s)

|t ) 1]21L}||u w* ()l

+e{]\7[+ Ml(wr r(z(s—a)) +1] it}“}

j=1
<O [[u(t) — u* (B[l pcr + (M + N)e,

whereN:F(Z—p)[ﬁM('y—i- o= ))—i-l} gt]’fl.
j=1
We derive from (44)—(49) that

[u(t) = u(B)llper <O fJu(t) — u*(£)l[per + (M + N)e,

which implies that

[u(t) =w* (D)llpcr € 75~

(48)

(49)

(50)

(51)

Thus, by (51), we obtain the UH stability of IBVPs (1) and (2). This ends the proof. [
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5. Examples and Simulations
Example 1. Consider the following Riemann—Stieltjes IBVP:

CDZ'Q ()+Si"(”t)+3o“f+3 u'(t) + 40CD0+”() 0, tel03 U1
D2, u(} > Dmu( ) =nud)),
Ju(0) —u'( fo hl (s,u(s))dAi(s), (52)
gu(l )+§(CD3 = Jo ha(s,u(s))dAa(s),
u”(0) =0,
u(s) = ¢(s), sel-3,0],
whereq =29, p=a =7 = %,(f: %/,3 =16= %,f(t,x,y, ) _sm(nt)—i—%—i-%%—i

1 1 7
hi(s,u) = 3l hy(s,u) = 1 Aq(s) = Ax(s) = =s, I1(u) = 0°=35"> 0, ¢(s) € C%. By
1
3

simple computation, we have —i —ﬁ —ﬁ = —1 L{=0 —i
ple comp ’ =gy 2= BT g1 =g = i=0y=75

o —p

Ay =
LA e

)

- B+a { 0% 5 }
M = ~ 1.723,
Tq) " M —1|T(a+1)  Tla—c+1)

K1=i(7+ 2 ) /|4’1 s)|dAq(s) ﬁ+a/|4’2 (s)|dAxa(s)

T2 p)[ A o) 1A 0097,

and
01 = 3YpM +x1 ~ 0.269 < 1.

Thus, the conditions (H1)—(Hy) are true. According to Theorem 1, we claim that system (52)
has at least a solution on I = [—3,1].

Example 2. Consider the Riemann—Stieltjes IBVP as follows:

D0+u( )+cos(7tt) b+ () + CDéu(if) =0, te0, U},
c 0+u(ﬁ) CDOM( ) =hu(3)),
Ju(0) —u'(0) = [y h1 (s,u(s))dAi(s), (53)
Fu(l)+2(° D0+u = [V ha(s, u(s))dAs(s),
u”(0) —O
u(s) =¢(s), se [—%,0],
whereq—g p:a:fy:U*%,(S:% B=1 f(txyz )-cos(nt)%—%—!—i?—l—%
1 9

hy(s,u) = 3l hy(s,u) = % Aq(s) = Ax(s) = is, L(u) = E T= % >0, ¢(s) € C%. By

simple computation, we have = i = ﬁ t3 - L =0, 1
. B (a4 B)y+ =2 ~12014> 0
1 = w5 ~ L ,
Y v+ F(Z 0_) F(Z — 0')
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-1 B+ua 0% b N
M= q) A1 {F(Hl) +F(q—a+1)} ~ 4.8529,
1 [H—zx
R VA v e} 2 o) /|<P1 5)|dA1(s) /|4>z 5)|dAz(s)
+r(2—r7)[ﬁ/;“(v+ F(Z(Sa)) +1] t’l’*lLl ~ 0.1753,

and
8 = 3pM + 1 ~ 0.6606 < 1.

So the conditions (Hy)-(Ha) hold. One knows from Theorems 2 and 4 that IBVP (53) admits
a UH-stable unique solution on I = [—1,1].

Example 3. Consider the Riemann—Stieltjes IBVP for a delayed fractional differential equation
with fractional-order impulses as follows:

1 2
5 3 / c2
C’D§+u(t)+ t (ut—&-u (H+Dgy ()) - =0, te€ [O,%)U(é,l],
1+ (u(t <>+u’<t)+€1>§+ u(t))

)
D} u(1 > Dmu@ >—1<<>>

Ju(0) — (0) = J] hl AL (s), 54
fu(l) + ;( D0+u fo h2 (s,1(s))d Ay (s),

u”(0) =0,

u(s) =¢(s), sel-30],

B(x+y+z)?
14+ (x+y+2)%

1 1 1
=15 L(u) = 0T 3 >0, ¢(s) € Cl,

1
where q = g,p:a:'yzéza:E,,B:Lf(t,x,y,z):
1

hy(s,u) = 38 u, ho(s,u) = isu, Aq(s) = Ax(s)

Clearly, |f(t,x,y,2)| < £ = g(t), p1(s) = %S, p2(s) = %s, H; = 110 By calculating, we obtain
1
/ |p1(s)[d A1 (s) / lp2(s)ldAa(s) = 35, A1~ 1.0821,
and
1
=3+ rreey) [ e + L ool
6 _
+T(2-p) ["‘;ﬁ(w )" 1} t’f 1H1 ~ 04793 < 1.

Thus, all the conditions of Theorem 3 are satisfied. According to Theorem 3, we claim that
system (54) has at least a solution on I = [—1,1].

To complete the numerical simulation of systems (52)—(54), a concise algorithm of (1)
is outlined below:

Step 1: Let v(t) = u/(t) and w(t)) = CDg+u(t), then (1) transforms into the impulsive
integral nonlinear equations:
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= I3 6t 9)F s 0(5), w0(s))ds + (1= 07+ Fz 5]y (s, u(9)dAx(5)

B2 s, () Aa(s) — LEREED (4 0

—'r,étffﬂ u(t >)} +T(2- P),E1tp (= 1)(u(r)),
ot) = O1 aGl_gtt,s)f(s’ us,v(s), w(s))ds — fO hi(s,u(s))dA1(s) + Ail fol ho (s, u(s))dAz(s)

_r(z p)a [(74- e ) 2 1 Ii(u(t;)) _ry]é t]’.’lj(u(tj))] +F(2—p)j§l;1 tf‘llj(u(tj)),

(55)

w(t) = m Jy(t—s)"Po( S)ds, t € (t,t1] C [0,1].

Step 2: To take the derivative of system (55), one obtains the following nonlinear differential
system (56). Next, numerical simulations can be conducted by applying ODE toolboxes
in MATLAB.

W (t) = =iy Jo (t = )12 (s, us,0(s), w(s))ds
I [0 =97 0= s w66, (o)
— 2 [y (s, u(s))dA1(s) + £ [y ha(s,u(s))dAa(s)
o (R} v ) = 0] 6)

@ p) £ u0y)

],
o(t) = q o Jot =) 3f (s,u(s),v(s),w(s))ds,
w/(t) F(l—p) fo( -t ( )ds, te (tl/tl+1] - [Or 1]'

In line with the above algorithm, we have completed numerical simulations for three
examples by ODE113 in MATLAB R2018b. The numerical simulation of system (52) is
shown as Figures 1-3. The numerical simulation and UH stability of system (53) are
shown as Figures 4-7. The numerical simulation of system (54) is shown as Figure 8.
From Figures 1-6, it can be seen that the solutions of systems (53) and (54) are oscillatory
because the systems contain periodic terms sin(7tt) and cos(7tt). However, the solutions of
system (52) do not oscillate.

Solution

. . . . . . . . .
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 i
Time

Figure 1. Simulation of solution u(t) for system (52).
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Figure 2. Simulation of solution v(t) for system (52).
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Figure 3. Simulation of solution w(t) for system (52).
1 T T T T T T T T T

o 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Time

Figure 4. Simulation of solution u(t) for system (53).
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Figure 5. Simulation of solution v(t) for system (53).



Axioms 2024, 13, 682

23 of 25

~10°

1 T T

0.5 “/N /\ -1
\ | ) /\‘ | \‘ w\ NAAAN
o [ / \ /\‘ ,‘( \ f\ /‘ ( ‘Q‘ “ ‘. //\‘/ ‘/‘ /‘\’AWA}/ \(\H H‘\(\/NV\/V\‘/\N\N\M/W

\ | 0/0
| V \ AR |

Solution
o
0
T

-1.5

L
0.1

L L L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8

o]
Time
Figure 6. Simulation of solution w(t) for system (53).
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Figure 7. Evolution of UH-stability with € = 0.01 for system (53).
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Figure 8. Evolution of dynamic behaviors for system (54).

6. Conclusions

In the manuscript, a delayed fractional system (1) and (2) with fractional-order im-
pulses is studied. Compared with some previous studies, our system is a more complex
functional differential equation that combines delay effects, fractional-order impulses,
and Riemann-Stieltjes IBVPs. The system optimizes the nonlinear fractional differential
system in reference [9]. By using differential inequality techniques and some fixed-point
theorems, the existence and uniqueness of solutions are obtained. Meanwhile, we apply
mathematical analysis to discuss the UH-stability of the system. Finally, we provide an
algorithm and conduct numerical simulations on three examples to demonstrate the cor-
rectness and availability of our main results. In addition, there are two topics that need
further study in the future. One is the general higher-order delayed fractional differential
equation with different types of boundary value conditions and impulses. The other is
the delayed coupled fractional differential system with different types of boundary value
conditions and impulses.
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