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1. Introduction

Contrary to popular belief, fractional calculus is a more flexible and extraordinarily large field of
differentiation compared to classical calculus. In the realm of fractional calculus, numerous definitions
of integrals and derivatives exist. The most widely recognized fractional definitions are Caputo and
R.L. [1], which have prompted extensive research aimed at extending differential equations of integer
orders to fractional domains. Recently, Hilfer [2] introduced a general formula that connects the
Caputo and R.L. derivatives. This formulation has garnered significant attention from researchers
in the field [3-5]. In general, fractional calculus can be employed to model each issue of instability
phenomena in real life; we refer the researchers to some works that discuss various applications of
fractional calculus [6—-11].

The Leivn-Nohel equations offer several advantages in mathematical analyses. They provide
a powerful framework for studying the analysis of nonlinear phenomena, exhibit well-posedness
properties, and enable the study of stability and convergence. Volterra [12] connected a biological
application by the convolution Levin-Nohel integrodifferential equation of the following form:

y'(u) = —f k(u, ) y(v)dv. (1.1)
u—6;(1)

Afterward, in 1954 [13], Brownell and Ergen employed Eq (1.1) to interpret the temperature of the
reactor generated due to the power circulating-fuel nuclear. Furthermore, the Levin-Nohel systems
have important applications in physics and engineering; for instance, these systems can aid in modeling
of one-dimensional viscoelasticity such that k represents a relaxation function, and y acts as the strain.
The Levin-Nohel systems have received attention from several researchers. In particular, the stability
issue for the Levin-Nohel systems with a constant delay was discussed in [14,15]. In 2017, Dung [16]
established a transfer theorem for the Levin-Nohel systems and the stability conditions by connecting
them with the stability conditions of the corresponding functional differential systems. Khelil et al. [17]
obtained various types of stability for the neutral Levin-Nohel integrodifferential equation by utilizing
Krasnoselskii-Burton’s fixed point theorem. In 2023 [18], the existence, uniqueness, and some types
of UH stability were studied for the neutral delay Levin-Nohel integrodifferential equation via Caputo
fractional derivative of the following form:

11

n 1+17; (1)
k;(u, 0) y(v)do — Z f ' h;(u, ) y(v)do

=1 Yu—6;(u) =1 Ju
+ CDg+ f(ll, Y(u - 61(11)’ ) Y(u - 5,,(11))), ue [0’ T]’

y(u) = o), ue[-d,0], d>0,

where C.Z)g+ is a fractional derivative in the sense of Caputo with a fractional order « € (0, 1].

On the other hand, many physical phenomena have unexpected instantaneous changes in their
situation; additionally, some phenomena have time delays in the occurring processes [19-22].
Impulsive delay differential equations offer several distinct significance in modeling dynamic systems.
They collect delay, sudden, and instantaneous changes, and allow for the exact representation of events,
such as impulsive perturbations. Their analysis aids in the understanding of complex phenomena,
including control systems, population dynamics, and neural networks with delays. Numerous authors
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considered the impulsive delay differential systems with a variety of fractional derivatives [23, 24].
In 2012, Feckan et al. [25] used the counterexample technique to show that an essence error appeared in
the solution formula for impulsive fractional differential problems in previous studies such as [26-28].
Then they presented a correct solution formula for a impulsive Caputo fractional Cauchy problem.
Wang et al. [29] discussed some concepts related to initial and impulsive fractional problems. Anguraj
et al. [30] investigated sufficient criterion of the existence and uniqueness theorems for a impulsive
fractional integro-differential equations. Kharade and Kucche in 2019 [31] established uniqueness of
an implicit impulsive delay -Hilfer fractional problem by utilizing a Banach fixed point, an abstract
Gronwall inequality, and Picard operator properties. Then, in 2021 [32] the qualitative theorems for a
delay impulsive differential system with time delay were studied by utilizing the Gronwall inequality
in the Y-R.L. fractional integral sense and fixed point theorem. Very recently, Chefnaj et al. [33]
established qualitative results for an impulsive hybrid ¥-Caputo fractional differential equation by
classical fixed point theorems.

Furthermore, the various types of stabilities have gained attention by many researchers. Specifically,
the Ulam-Hyers-Mittag-Leffler (UHML) stability pertains to the behavior of solutions to these
equations and is concerned with the existence, uniqueness, and stability of such solutions. Authors
in [34] studied the UHML stability of solution for delay y-Hilfer fractional differential system. Authors
in [35] discussed the UHML stability for a tripled Caputo weighted fractional system via Chebyshev
and Bielecki norms. Authors in [36] investigated the UHML stability by a Gronwall’s inequality and a
Picard operator for a non-local y-Hilfer Cauchy equation. Thabet et al. [37,38] established some types
of the UH stability for several fractional systems.

Motivated by the advantages of the Levin-Nohel equations, and inspired by the aforementioned
works [16—18], in the present article, we investigate the existence, uniqueness, and the UHML stability
for the following multi-term Hilfer fractional impulsive delay neutral Levin-Nohel integrodifferential
(NLNID) system:

1

ERSIOESSY
i=1

+ MDY £, y(u = 6,(w), . ..,y = 6,)), u € T = (0, 7] = {uy, ..., 1), (1.2)

n 1-+77; (11)
kmmmm—Zf i, v) y(0)do
i=1 YU

u—o;(u)

AIZ,IV y) = gi(y(w;)), i=1n 0=u<u <---<u, <uy =7, (1.3)
I, y(0) = yo € R, (1.4)
y(u) = @(u), ue[-d,0], d>0, (1.5)

where WZ)g;ﬁ is fractional derivative in the Hilfer sense of the arbitrary order «, such that (0 < @ <
1) and type B, (0 < B < 1), I(l)? is the R.L. fractional integral of order (1 —y), « < y = a +
B =B, AL y(n) = I y(u)) = I, y(n), T y(uf) = lim 1,7 y(u + €), and I y() =
lir(r)l_ Ié:y y(u; + €). Moreover, the functions £ : I XR" - R, g, : R > R, kj,h; : IXJT > R, 6,7 :
J - R, and ¢ : [-d,0] — R are continuous on their domains, 6;,7; > 0; moreover, the space of

continuous functions from [—d, 0] to R is denoted by C([—-d, 0], R), and gifted with the norm ||¢||c =

sup |e(u)|, where ¢ € C([—d,0],R). Furthermore, similar to Eq (1.1), and for modeling of the
ue[—d,0]
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one-dimensional viscoelasticity by the system (1.2)—(1.5), the functions k;, h; are represented by the
multi-term of relaxation functions, and y acts as the strain.

In what follows, we present the contributions and novelty of this work:

(i) The Levin-Nohel system (1.2)—(1.5) is discussed under a Hilfer fractional derivative, which can be
reduced to a Caputo version at § = 1, R.L form at 8 = 0, which becomes a first order derivative at
a=1;

(if) The Levin-Nohel system (1.2)—(1.5) is studied with initial impulsive conditions and time delays;
(iii) We establish the existence and uniqueness result for the new multi-term Hilfer fractional impulsive
delay NLNID system (1.2)—(1.5), along the UHML stability, by applying the Banach contraction
principle, and the generalized Gronwall inequality;

(iv) Additionally, this work discusses the Caputo and R..L fractional versions of the main proposed
system (1.2)—(1.5).

The rest of our work is arranged as follows. Section 2 recalls essential background materials related
to fractional calculus. Section 3 is divided into five parts; Part 3.1 derives the corresponding integral
equation for the main system (1.2)—(1.5); Part 3.2 proves the existence and uniqueness theorem;
Part 3.3 discusses the UHML stability; Part 3.4 deduces the results that are related to the R.L fractional
version; and Part 3.5 presents the results in the sense of the Caputo fractional version. Section 4 is
devoted to testing our results using illustrative applications.

2. Background materials

This part recalls several basic materials for our work analysis throughout this paper. Let us introduce
the weighted space of continuous functions as follows:

Ci(ILR) = {y : (0,71 = R ' 7y(w) € CA,R)}, and
PCI,(ILR) ={y : (0,71 - Rl y € Ciy (W, w1 R), i = T, 157 y(r), To7 y(u7) exist,
and T y(u) = I, y(up), fori = 1,n},

denotes the weighted Banach space of pieces-wise continuous functions endowed with the supremum
norm [[y|lpc,_, = sup,; [~y (11)|. Moreover, we define the space

Yepe, ={y: [-d, 71> Rl y e CNPCi, I, R)},

equipped with the norm ||Y||Yc,a>c1,7 = max{|[ylle, lIyllpc,_, }- Its easy to show that the space with the norm
Yere,,» ||Y||Yc,1>c1,y) represents a Banach space. Furthermore, in similar way, we can define the spaces
Yegpc,., and Yepc.

Definition 2.1. [I] The R.L. fractional integral of order a > 0 for an integrable function y is given
as follows:

1 u
L5 y)() = @ fo (1 —0)*'y(v)do, u > 0.

r
Moreover, (13.I5,y)w) = (I3 y)w),a. > 0, and T§.1é™" = ©

l+a-1
——r({+a)u , (> 0.
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Definition 2.2. [1] The R.L. fractional derivative of order a € (n — 1, n] for an integrable function y
is given as follows:

1 d\"
RO y)(w) = =) (_u) L (1 — )" 'y(0)do, u >0,

where n = [a] + 1, [@] is an integer part of a. Furthermore, Ri)&ua‘l =0,0<ax<l.

Definition 2.3. [2] The Hilfer derivative of fractional order 0 < a < 1, and type 0 < B < 1 for a
function y is given as follows:

(e - -B)(l-a d
MOy = I DIy, D=

Remark 2.1. We note that the Hilfer fractional derivative reduces to the R.L. derivative at (8 = 0),
the Caputo derivative at ( = 1), and the first order derivative when (a = 1).

Lemma 2.1. [39] Consider0 <a<1,0<y<1,andy, I(l)I“y € Ci—(I,R), then,

190 |

w, Yuel
I'(y)

(i) To. 1Dy () = I.RDY y(u) = y() -
(i) "D Ig, y(w) = y(u).
(iii) "D v =0, 0<¢<1.
Lemma 2.2. [39]IfO<a <1, fe€eC_(R),and0 <y <1, then
Lo )0) = lir{)l+ I f()=0,0<y<ea.

Next, we introduce the generalized Gronwall’s inequality as follows.

Lemma 2.3. (Corollary (3), [32]) Consider a function H € PC,_,(I,R"), which verifies the following
relation:

H(u) < Ku) + cH(u) + g(u) f u(u —v)* ' H(v)do + Z ALHW), u>0,
0

O<u;<u

such that H(w), K(n), oo € PC_,(I, RY) are positive, q is a continuous function, and A; > 0, (i = 1,n);
then, one has

i-1

H(u) < K(u)[a Ma(q(u)l“(a)u“) 1_[ {1 + A Ma(q(u)F(a)u,f)}

k=1

+| 1+ a4 Ma(qaor@ng)} Ma (gl @u?), e ],

k=1
where M, is the Mittag-Leffler law and defined by M,(x) = ), ————,x € C,Re(a) > 0.
k=0 r(ka’ + 1)
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3. Main results

3.1. Integral equation of solution

In this part, we introduce an equivalent fractional integral equation, which corresponds to the multi-
term Hilfer fractional impulsive delay NLNID system (1.2)—(1.5). Regarding this, we present the
following lemma.

Lemma 3.1. Consider 0 < a < 1,0<p<l,a<y=a+B-aB,and p,q : J — R are continuous
functions. Then, the function'y € PC,_,(J,R) for any T € J, is defined by the following:

u!

y(u) = o 17 y(T) - 1,7 p(w) T o q(u)u + I3 q(u) + p(u), (3.1

which is a solution of the fractional equation ﬂ@gf [y(u) — p(w)] = g(u),u € J.
Proof. The result can be proven by the same manner as the Lemma 3.1 [40]. O

Lemma 3.2. The multi-term Hilfer fractional impulsive delay NLNID system (1.2)—(1.5) admits a
solution y € Yo pe,_,, if y satisfies the fractional integral equation of the following form:

—y?

y-1
%[YO + Z gi(y(u;))] + 15 Gy(n) + Fy(u —6,(1)), uel,
y(u) = Y O<u;<u (3.2)

()D(u)’ ue [_d’ O]’

where

Fy(u—6;(w) = £, y(u —6,(w),...,y(u-6,(w))), i=1,n,

G, () = ~ Z
i=1

Proof. Lety € Ycpc,_, verify the multi-term Hilfer fractional impulsive delay NLNID system (1.2)-
(1.5). For u € [0, 1;], we have the following:

2

n 1+77; (1) (33)
k;(u, 0) y(v)do — Z f h;(u, v) y(v)dv.
i=] YU

u—o;(1)

) Gy (W) + MDY o (u - §(w), uel0,u],
"optya =g 1 (3.4)
I0+YY(0) = YO € R’

where Gy (1) and F,(u — 6;(1)) are given in (3.3). Now, by applying 7§, on both sides of Eq (3.4) and
Lemma 2.1, one obtains the following:
y-1

y(u) = ll:(—)/)}’o + 12 Gy() + Fy(u — Si(w),  u e [0,1y]. (3.5)

Next, if u € (11, 1], one has the following:

Hoas Gy(u) + D5 Fy(u = 6,an), € (wma,
Dy =1 - (3.6)
T, y(u)) — 1,7 y(u)) = gi(y(u))).
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Thus, in view of Lemma 3.1, for u € (11, 11,], we find the following:

ur- 1

YO) = s |57 vl = I F o~ &(u))iu] - 137Gy, |+ T3 Gy + - 60
ur- 1
= T |10 YO0 + a1y = I3 B = si)|, 137 Gy, |
+ 15 Gy(u) + Fy(u—06,(n)), ue (u,ul. (3.7

Based on Eq (3.5), we obtain
I yy) = I Fy(u - 5,-(11))‘1“ — I gy(u)'u] = Yo, (3.8)

and by substituting it into Eq (3.7), we have
y—l
I'(y)

Again, if u € (1, u3], one has

y(u) = [yo + g1(y(u)] + I5- Gy(w) + Fy(u = 6:(w)),  u € (ug, ], (3.9)

- Gy(w) + DG Fy (= 5i(w),  u € (1,115,
Dfyw =1 N (3.10)
T, y(u3) = 1,07 y(u3) = g2(y()).

Therefore, by Lemma 3.1, for u € (11, u3], we find

ur- 1
V) = s |67 ¥0) + 2006) ~ I3 T u = 6000 ~ 137 G0 |

+ 15 Gy() + Fy(u = 0;(n)), € (up, uz]. (3.11)

From Eq (3.9), we have

I3 () = I3 Py = S00)| = 237 Gy = yo + gi(y(a)). (3.12)
Thus, Eq (3.11) becomes
y—l
V0D = fs Yo+ 1700) + £ G)] + T3 G50 + Fu = 600), we Gl (313)

Hence, by continuing in the same way, we get

u-

F()

y() = Z&(Y(u |+ Lo Gy(w) + Fy(u = 6:(w), uel, (3.14)

which is Eq (3.2).
On the another hand, suppose that y € YCPCW verifies the system (3.2) for u € J; then, we have

y—l

I'(y )[

yow = o+ D &)+ I5 Gyw) + Fyu = 6,w), wel. (3.15)

O<w;<u
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By taking (HDS;'B on both sides of (3.15), and based on Lemma 2.1 (iii), one obtains
"Dy = Gy(w) + "OGE Fy(u = 6i(w), wel, (3.16)
which is Eq (1.2). Moreover, according to Eq (3.5), we find
I3 y(w) = yo + 17 Gy () + I Fy( = §i(w), e [0,u]. (3.17)

According to Lemma 2.2, this yields that (1):7 y(0) = yo, which is Eq (1.4). Additionally, in view of
Eq (3.14), for u € (u;, 1;,], one has

I3y = yo+ ) gily() + I Gyw) + T2 Fyu = §i(w). (3.18)
i=1

Again, for u € (1;_,1;], one obtains

n—1
I y() = yo + D giy() + L7 Gy(w) + I3 Fy (= §i(w). (3.19)

i=1

Then, due to Eqgs (3.18) and (3.19), we get

n n—1
I3y () = 137 y() = ) gily() = ) gily(n) = gily(wp)),
i=1 i=1
which is Eq (1.3). Hence, the proof is finished. |

3.2. Existence and uniqueness

In this subsection, we establish the existence and uniqueness result for the multi-term Hilfer
fractional impulsive delay NLNID system (1.2)—(1.5). Therefore, we need to introduce the following
assumptions:

(H;) Fory,x € Yc’y)clfy, and u € J, there are constants £; > 0, (i = I,_n), such that
Ty = 6,00) = Fou = 5] < 3 &'y = 6iw) - x(u = 6,00),
i=1

where ¥y (1t — 6;(1)) is defined in (3.3)_.
(H>) Fory,x €€ Yepc,_, and p; > 0, (i = 1,n), a function g; : R — R verifies the following identity:

lgi(y (1) — gz < pr () 7 ly(y) — x(up)).

For simplicity, we define the following notations:

=) [ Wuolds, €= sup 6o,

=1 1-6;(1) 0<u<7
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o )
ew=Y [ ol &= sup el

=1 0<u<7

Now, in view of Lemma 3.2, we define the mapping = : Yepe, , — Yepc,,, as follows:

w! [

I'(y)

Yo+ Y &)|+ I5 Gy + Fy(u—o6,00), uel,

O<w;<u

EY)W) =
(), ue[-d,0],

where G, (1) and Fy (1t — 6,(1)) are given in (3.3).
Theorem 3.1. Let (H,) and (H,) hold, and if

_ 1 < E+TY
(D]"r(y);pi re+n "7 YZRI

(3.20)

(3.21)

then the multi-term Hilfer fractional impulsive delay NLNID system (1.2)—(1.5) admits one solution in

Yepc,_,-

Proof. We prove that a fixed point of the mapping = given in (3.20) is a solution of the proposed

system (1.2)—(1.5). To this end, let y, x € Ycpc,_, and for any u € [—d, 0], one has
(Ey)) - ExW=0=[Ey -Ex[c=0

Now, for any u € J, by using (H,) and (H;), we have

W (EY)W - EDW)| < %7) Z lgi(y(1;)) = gi(x(1;))|

O<u;<u

+ ul_y I5. 16y (1) = Gl + u' ™7 [ (1 = 6,(w)) = F (1t = 6;(w))]

F()’) D i) Ty - X))

O<u;<u

+u! Iy

0; (1)
n
+u'™ Ig.

i=1 v

+ul™ Z Gl Iy(u = 6:() = x(u = 5;(w)|

D P ) Iy = %))
O<u;<u

F()

+ul7 1Y

> ko -xea

i=1 1—0;(1)

k;(u, 0)y(v)do — f k;(u, 0)x(v)do
Zf&,(u) Z u—
14+77;(11) U+ (1)
> f " B, Dy o - Z f " b, myx()do
i=1 Y

(3.22)
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+ulr I

n 1+17;(1)
Y[ o o - xw)do
i=1 v

Al Y Gty = 6i0) — x(u = ()
i=1

* (07

—Zn]piuy—xnm byl
_ 7 T(a+ 1) 7

&T
+
T(a + 1)

Ly - Xl + T any Xllpe,

i=1
n

T é.‘;r]’a .
F()’)Zp' r(a+1) F(a+1)+T Z& ly - xllpc, -

i=1

Thus, by the inequality (3.21), we get

IEy - Exllpc,, < Pilly — xllpc, - (3.23)
Hence, by the identities (3.22) and (3.23), one finds that

IZY = Exllvepe,_, = max{liylle, lyllec,_, }
< max{0, 4[|y — x|lpc,_, }
< Oylly — X||Yc,pcl_y
Therefore, due to ®; < 1, the mapping = is a contraction, and because of the Banach theorem, =

admits one fixed point in Y¢pc,_,, which is a solution of the multi-term Hilfer fractional impulsive
delay NLNID system (1.2)—(1.5) in Y¢pc,_, - O

3.3. UHML stability

This subsection is devoted to discussing the UHML stability for the multi-term Hilfer fractional
impulsive NLNID system (1.2)—(1.3). For this goal, we need to present some basic material which
play a key role in our analysis.

Definition 3.1. [41,42] We say the multi-term Hilfer fractional impulsive NLNID system (1.2)—(1.3)
has the UHML stability with respect to M,(u?), if for each € > 0, ACy, > 0, such that for each
x € Yepe,_,, the following inequalities are satisfied:

HDG? [x(n) = Fx( = 6;(w)] - Gx(w)| < eM,(u"), u €7,
(3.24)
ALy %) - gix(u)| <€, i=T1n,
where
Fe(u—0;(0)) = £, x(u—6;(1),...,x(u—-0,(0))), i=1,n,
(3.25)

no )
G.(1) = Z ‘[l . k;(u, ) x(v)do — Zl: fu h;(u, v) x(v)dv,
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there is exactly one solution'y € Y¢pc,_, for the system (1.2)—(1.3), verifying

{|x(u) —y(w|=0, wue[-d,0]
(3.26)

u! 7 |x(w) - y(W)| < € Gy, Mo ({u®), u€eT, > 0.

Remark 3.1. We would like to declare the following points:

(1) The UH stability and generalized UH are specific cases of the UHML stability, for their definitions
see [43].

(2) The inequalities in (3.24) have a solution x € Ycpc,_, if there is a function w € Ycpc,_,, and the
sequence {w;}, (i = 1,n,) depends on x, which satisfies the following properties:
(@) lw)| < eM,(u?), uel, lwil <ne;
i) DR [x() = Fr(u = §:)] = Gx(u) + W), wel;
(i) ATy x() = g(x() +w;, = 1,n.

Now, we are ready to discuss the UHML stability for the system (1.2)—(1.3).

Theorem 3.2. Let (Hy) and (H,) hold; then, the multi-term Hilfer fractional impulsive NLNID
system (1.2)—(1.3) has UHML stability.

Proof. Consider x € Y¢pc,_, to be a solution of the inequality (3.24); then, based on Lemma 3.2 and
Remark 3.1, we get

y—1

T T(y)
+ Igﬁ G(1) + If; w) + F(u—96;(1)), uel, (3.27)

x(u)

(75720 + > gix(u) + wi]

O<u;<u

where F;(u — 6,(1)) and Gy(1) are given (3.25). Furthermore, let y € Ycpc, , be a solution of the
following system:
DR y() = Gy(w) + "OPEF, (- 5,0),  wel,

AT y(w) = gi(y()), i=1,n,

137 y(0) = 157 %(0),

(3.28)

y(u) =x(u), uel[-d,0],d>0.

Therefore, according to Eq (3.27) and Remark 3.1, for u € J, we obtain

y—-1
x(0) - [T @)+ Y gz )] - Tg Gula) — Tl — 5,(w)
F(’)’) O<u;<u
e
< ;‘(—7) Zl il + T5. lw()
u!

- L ‘ _ el o
< F(y)n€+ F(a)j(;(u 1) M,(v")dv
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w!
ne
[(y)

€ N 1 ! a-1_ ka . _ D . . _
"T@ ,; T(ka + 1) fo (u—0)*"vdv, by taking 1 = —,  implies udr = dv,

IA

u
w!

€ *© uka+(z 1 .
ne+ (1 =" t"dt
I'(y) I'(a) kzz(; I'tka+1) fo

wil o e i wkere T(a)(ka + 1)
I " T &iTka + ) T+ ka + 1)

IA

w!

IA

ur- 1 u(k+ Da

W”“E; T((1+Ka+ 1)

—1 o)

IA

ura
Iy LiTGa+ D
!

< T)’)n € + € M,(u"). (3.29)

IA
=
m
+

Next, for u € [—d, 0], we have

lx(w) —y(w)| = 0. (3.30)
Moreover, from inequality (3.29), and by utilizing (H;) and (H,), for u € J, we find
!

)

[x(u) - y(w)| < (707 x0) + > gix(i )] =I5 Ga(10) = Fut = 5(w)

O<u;<u

y—1
gy O G ~ s o]+ I

O<u;<u

G-(1) — Gy(w)|

+ |Fx(t = 8:(w) = Fy(u = 5;(w)))|

< w! M, (u* v E D7 x() il
+ a + i (U i) — ;

< 1ﬂ(y)ne € M, (u") ro) pi (1 x(u; y(u;)

€ +8)
I'(a)

+ ) G 7RG 610) — y( = ),
i=1

O<u;<u

fo (= 0)*"" () — y(v)| dv

+

which implies that

1
7 () = YO < s+ €T MUT) + s D7 pille =l

O<u;<u
n
1—
+ T Gilx = yllpe,

i=1
(& +&)

+
I'(@)

1
f (1 = )" '1x = Yllpc,_, dv.
0
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Let w(ut) = sup,; u!™ (x(u) — y(u)) |; we find

w(u)<m+e‘7"1 VMQ(T“)+m > piww

+7~1—y;aw<u>+(§lr( 2 [ = ot

O<u;<u

Based on Lemma 2.3, one has

HO) = (), KD = o5+ €717 ML(T). ) = (flr() ’ T”Zf %= Tor

and yields that

n

T ) GML((E + &)

i=1

i—1
X 1—[ {1 REE=vIe F(y) ((51 + fz)uk)}
ﬂ{l + % M, (&} +§2>uk)}

k=1

w(u) < (% +eT ' MQ(T“))

X Mo ((&] + &)

o 1- a
(F( )+6T T Mo (T) )

T )6 M((E + E)T)
P (ri::)
X {1 *T5) M.((& + férr“)}

+ {1 L Ma((& + g*)fr“)}(n) x Mo (€] + &) u®), uel
F(’)’) 1 2 1 2 ’

Hence,
w) < € Gy, M, (¢ u®), uel, (3.31)

where
=(&+&), P=max{py,..., 0,}, and

Cu, = (m + T Mo(T) ) |71 ; 6 Mo((& +E)7°)

(n)

P s« s« @ =D P * * ]
X{1+@Ma((fl+§2)7- )} +{1+mMa((§1 +&)T )}

Thus, in view of (3.30) and (3.31), the multi-term Hilfer fractional impulsive NLNID system (1.2)—
(1.3) has UHML stability. O
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Corollary 3.1. Let (H,) and (H,) hold; then, the multi-term Hilfer fractional impulsive NLNID
system (1.2)—(1.3) has UH stability, and consequently a generalized UH stability.

Proof. According to the incremental function M, (-), the inequality (3.31) becomes

sup [u' 7 (x(1) — y(n)) | < € Cy,M,(( T, uel, (3.32)

ueJ

which implies that
Ix = yllpc,., < €Cg, uel, (3.33)

where Cg := Cy, M, (¢ 7). Furthermore, for u € [—d, 0], one has ||x—y]|c = 0. Thus, we infer that ||x—
Ylltepe, , < € Cg, this means that the multi-term Hilfer fractional impulsive NLNID system (1.2)—(1.3)
has UH stability. As a consequence, if Y/(€) = € Cg, then it has a generalized UH stability. i

3.4. The R.L. fractional version

This part aims at discussing the R.L. version of the Hilfer fractional impulsive delay NLNID
system (1.2)—(1.5) at 8 = 0, which is given as follows:

n 1 n U+17; (1)
“hyw == [ kuoyodo-Y [ huoyoxs
i=1

u—o;(u) i=1 Yu

+ RDE; fa,yu—-o0,(n),...,y(u—-46,(w)),uel, (3.34)
AT y(w) = gi(y(yy), i=1,n, (3.35)
T57y(0) = yo €R, (3.36)

y(u) = (1), uel-d,0],d>0, (3.37)

which is equivalent to the following Volterra integral equation:

ua—l
['(a)

[yo+ D &)+ I3 Gy + Fy(u = 6,0), wel,

y(u) = O<u;<u (3.38)

p(u), uel[-d,0].

To prove the existence and uniqueness of solutions for the system (3.34)—(3.37), we need the
following hypotheses:

(H3) There are constants ¢; > 0, (i = 1,_n) such that for y, x €€ Yepe, ,, and u € J, we have

[y (= 6,(0) = Fr(u = §10] < D L' y(u = §i(10) = x(u = (W),
i=1

where (1 — 6;(11)) defined in (3.3)._
(Hy) Fory,x € Yepe, , and p; > 0,(i = 1,n), a function g; : R — R verifies the following identity:

18i(y (D)) = &) < p; (1) ™y (u7) = x(u)l.
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Theorem 3.3. Let (H3) and (H,) hold, and if

_ - T,
@z._r(a);pl tarn 7 Z£<1 (3.39)

then the R.L. fractional impulsive delay NLNID system (3.34)—(3.37) admits one solution in Y¢pc, -
Proof. The proof can be performed similar to the Theorem 3.1 with 5 = 0. O

Theorem 3.4. Let (Hs) and (H,) be satisfied; then, the R..L. fractional impulsive NLNID system (3.34)—
(3.35) has UHML stability.

Proof. Let 8 = 0 within Theorem 3.2; then, the proof is finished. |
Corollary 3.2. Let (H3) and (H,) hold; then, the R.L. fractional impulsive NLNID system (3.34)—
(3.35) has UH stability, and consequently a generalized UH stability.

3.5. The Caputo fractional version

This subsection focuses on the Caputo version of the multi-term Hilfer fractional impulsive delay
NLNID system (1.2)—(1.5), at 8 = 1, which is given by the following:

i)
D f i, v) y(0)do

i=1 v

CDE, y(u) = Z f 6()k(u,n)y(n)dn—

Cz)g+ fa,y(u - 6;(0),...,y(u—6,1)), uel, (3.40)
Ay(w) = gi(y(;)), i=1,n, (3.41)
y(u) = (1), ue[-d,0], d>0, (3.42)

which corresponds to the following integral equation:

YO+ > gily() + I, Gy + Fy(u = 6,w), wel,
y(u) = O (3.43)

(), uel-d,0]
Regarding the existence and uniqueness of the solutions for the system (3.40)—(3.42), we need the

following hypotheses:

(Hs) There are constants £; > 0, (i = I,_n) such that for y, x €€ Y pe, and u € J, we have

[Fy (1 = 6;(w) = Frut = 6;(w)] < Z li ‘y(u = 0i(w) = x(u = 6;(w)],

i=1

where Fy (1t — 6,(1)) is defined in (3.3).
(Hg) Fory,x € Yeopc and p; > 0, (i = 1,n), a function g; : R — R verifies the following identity:

lgi(y(1;)) — gi(x(u;)I < pi ly(y) — x(u;)l.
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Theorem 3.5. Let (Hs) and (Hg) hold, and if

L (EETY
D, = ; cer & 1, 3.44
5 ;m fasD +Z} < (3.44)

then the Caputo fractional impulsive delay NLNID system (3.40)—(3.42) admits one solution in Y¢ pc.
Proof. Let g = 1 within the Theorem 3.1; then, the proof is finished. |

Theorem 3.6. Let (Hs) and (Hg) be satisfied; then, the Caputo fractional impulsive NLNID
system (3.40)—(3.41) has UHML stability.

Proof. The proof can be performed similar to Theorem 3.2 with g = 1. O

Corollary 3.3. Let (Hs) and (Hg) hold; then, the Caputo fractional impulsive NLNID system (3.40)—
(3.41) has UH stability, and consequently a generalized UH stability.

Remark 3.2. If @« = 1 in the system (3.40)—(3.42), then it reduces to the first order impulsive delay
NLNID system of the following form:

n U n u+77;(11)
lyw=-Y, [ PUCDECTEDY [ oy
i=1 u—o;(u i=1 u

+ Z)(l)+ fa,y(u=0,(u),...,y(u—-90,(11))), uelj, (3.45)
Ay(w) = gi(y(w;)), i=1ln, (3.46)
y(u) = (1), uel-d,0], d>0, (3.47)

which corresponds to the following integral equation:

y(0") + Z gi(y(u)) + I} Gy(w) + Fy(u = §;(w)), uel,
y(u) = O<i<u (3.48)

pu), uel-d,0].

Moreover, the results in the Theorems 3.5, 3.6, and Corollary 3.3 remain valid for the system (3.45)—
(3.47), while taking in account that a = 1.

4. Applications

In this section, we provide numerical applications with tables and graphics to test the validity main
results.
Now, consider the following multi-term Hilfer fractional impulsive delay NLNID system:

u+0.2u
"D y(u) = - f (116 + 1/0¢"™) y(0)do - f (0.01 +0.03 (1 + 3v)?) y(0)dv

u=0.1u u

I-y
+Hppf (?15 — y(u-01 u)),u €J=(0,11- {13}, (4.1)

U
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() ly(f30)

=y —
R TP Uy 2
7,7 y(0) =0, (4.3)
y(u) =0.08, ue[-0.3,0]. “4.4)

Here, we have
n=1,7=1,d=0.3,01) = 0.08,5 (1) = 0.1, (1) = 0.2u,
ki, 0) = Vie + /oe™ ki, ) = 0.01 + 0.03 (1 + 30)>,

(3 y(30)

122 + ly(1/37))’

f,y(u—06,01) = £(u,y(u - 0.1u)) =

siy(137) =

0.5u'”
11 + e

y(u—0.1u),

&) = fo |1/16 + 10| dv, £} = 0.0843791,

Ju

1.2u
&) = f |0.01 +0.03 (1 + 3v)*|dv, & =0.11312.

u

Figure 1, displays the graphics of & and & in the interval u € (0, 1], for the system (4.1)—(4.4). In the
sequel, we study our application for the following three cases:

0.2

0.5
ue (0,1]

Figure 1. 2D plot represents the curves of & and &, in u € (0, 1], for the system (4.1)—(4.4).

The Hilfer fractional version: Let = 0.8 and 8 = 0.6; then y = 0.875, and

1-0.875

‘f(u, y(0.9u)) - £(u, x(0.9u))' < ()'5”1—2‘;:(0.911) — x(0.9)

2 (1/3—)1—0.875
16

Then, ¢; = 0512, p; = /3, and ®; := 0.371274 < 1. Hence, the hypotheses (H;), (H,), and
condition @; := 0.371274. < 1 of Theorem 3.1 are satisfied; thus, the multi-term Hilfer fractional

b

lg1(y(1/37)) — g1(x(1/37))] < ly(/57) = x(1/37)).
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impulsive NLNID system (4.1)—(4.4) admits one solution in the space Y¢ p¢, 4. Furthermore, in view
of Theorem 3.2, for each € > 0, if x € Y p¢, 45 1S @ solution of the following inequalities:

O 1-0.875 1
'Wﬂgfi‘” [x(u) - Wx(ogu)] - fo y (116 + 1/9e"*) x(0)dl
-1ﬁ%@01+0%0H3max@M%geMmﬂﬁﬁx ue (1], 4.5)

(13 x(1/3)|
122 + [x(1/37)D)
then there is one solution y € Yepc, 45 Of the Hilfer version of system (4.1)—(4.2), which is satisfied

that

<

-_— b

'A ]'(1):04875 X(1/3) _

|x(w) - y(w)| =0, we[-0.3,0],
(4.6)

w873 |x(1) — y(w)| < € Cigyps Moss(Qu®™),  we (0,11, £ >0,
where = 0.197499, P =1/3, and Cy,,, = 10.7109. Therefore, the Hilfer version of system (4.1)—(4.2)
has UHML stability. Moreover, by putting Cg := Cy, ., Mg 75({u*"°), and according to Corollary 3.1,
we deduce that the Hilfer version of system (4.1)—(4.2) is UH stable, and as a consequence, it has a
generalized UH stability.
Figure 2, and Table 1, show that the values of @, are less than one at various @ € (0, 1] and 8 € [0, 1],
for the system (4.1)—(4.4).

Figure 2. 3D plot represents the curve of ®; for various @ € (0,1] and 8 € [0, 1], for the
system (4.1)—(4.4).

Table 1. Show numerical values of @, at various values of a € (0, 1] and 8 € (0, 1], for the
system (4.1)—(4.4).

a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

B 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

@, 0.2751 0.3073 0.3336 0.3533 0.3665 0.3741 0.3769 0.3757 0.3713 0.3642
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The R.L. fractional version: Let « = 0.75 and 8 = 0; then y = 0.75, and

1-0.75

‘f(u, y(0.9u)) - £(u, x(0.9u))' < O—‘y(O 911) — (0, 9u)'

1/37)1-075
g1y (1/37)) — g1(x(//37))] < L ly(1/57) = x(1/37).

Then, ¢, = 0512, p; = /3, and @, := 0.358565 < 1. Hence, the hypotheses (H3), (H4), and
condition @, := 0.358565 < 1 for Theorem 3.3 are satisfied; thus, the R.L. version of fractional
impulsive NLNID system (4.1)—(4.4) admits one solution in the space Y¢ ¢, .- Furthermore, in view
of Theorem 3.4, for each € > 0, if x € Y p¢, .5 18 @ solution of the following inequalities:

0 5 111—0.75 1
RDpP [x(u) -~ X090 |+ fo N (116 + 1/9e"*) x(0)dl
1.2u
+ f (0.01 +0.03 (1 + 3n)2) x(n)dn‘ < eMy7s®7), uel, (4.7)
A TE073 x(1/3) — (/3P )|
122 + [x(1/37)D)

then there is one solution y € Y¢pc, ., of the R.L. version for the system (4.1)—(4.2), which is satisfied

that
{|x(u) —yw)| =0, ue[-03,0], “s)

w07 x(u) — y(u)| < € Cugy Mos(Qu®7), € (0,11, £ >0,

where = 0.197499, P = /s, and Cyy,,, = 10.3954. Therefore, the R.L. version for system (4.1)—(4.2)
has UHML stability. Moreover, by putting Cg := Cy,,s Mg 75({u*"®), and according to Corollary 3.2,
we deduce that the R.L. version of system (4.1)—(4.2) is UH stable, and as a consequence, it has a
generalized UH stability.

The Caputo fractional version: Let @ = 0.75 and 8 = 1, theny = 1, and

’f(u, y(0.91)) — (1, x(0.9n) ‘ 'y(O o)

g1(y(57) — g1 (xS < o |y(1/3_) —x(1/37)|.

Then, ¢, = 05/12, p; = 1/8, and @5 := 0.381559 < 1. Thus, the hypotheses (Hs), (Hg), and condition
®; := 0.381559 < 1 for Theorem 3.5 are satisfied; hence, the Caputo version of the fractional
impulsive NLNID system (4.1)—(4.4) admits one solution in the space Y¢pc. Furthermore, in view
of Theorem 3.6, for each € > 0, if x € Y p¢ 1s a solution of the following inequalities:

0.5 x(0.9u)
1 el

0@8;75 [x(u) ~ 1

+ f ) (1/16 + 1/9e<“+°>) x(0)dv
0

Ou

1.2u
+ f (0.01 +0.03 (u + 31))2) x(n)dn‘ < €My 5s(u®™®), ue(0,1], (4.9)
Ax(1f3) - |x(1/37)] <e
122 + x(13HD| ~
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then there is one solution y € Y¢ p¢ of the Caputo version for the system (4.1)—(4.2), which is satisfied
that

- =0, e [-0.3,0],

%) - y()| wel ] .

%) = y(u)| < € Cagyy Mo75(Q0°7),  w e (0,11, £ >0,

where £ = 0.197499, P = 1/s, and Cy,,; = 10.9686. Therefore, the Caputo version for system (4.1)—
(4.2) has UHML stability. Moreover, by putting Cg := Cyy,,, Mo75({ u%7%), and according to
Corollary 3.3, we deduce that the Caputo version of system (4.1)—(4.2) is UH stable, and as a
consequence, it has a generalized UH stability.

Figure 3, and Table 2, display the values of @, and ®j are less than one at various @ € (0, 1] and
specific values of 8 = 0 and 8 = 1 respectively, for system (4.1)—(4.4).

0.4

I I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o

Figure 3. 2D plot represents the curves of ®, and ®@; for various @ € (0, 1]and 8 =0,8 =1,
respectively, for the system (4.1)—(4.4).

Table 2. Show the values of ®, and @3 for @ € (0, 1] and 8 = 0, 8 = 1 respectively, for the
system (4.1)—(4.4).
a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

@, 0.2624 0.2840 0.3035 0.3206 0.3350 0.3466 0.3553 0.3611 0.3640 0.3642
®; 0.3743 0.3818 0.3867 0.3893 0.3895 0.3877 0.3840 0.3787 0.3720 0.3642

5. Conclusions

This paper focused on investigating a new structure of the Hilfer NLNID system (1.2)—(1.5) under
initial and instantaneous impulse conditions with variable time delays. The existence and uniqueness
results were established by applying the Banach contraction principle. Moreover, the UHML stability
was proven by employing the generalized Gronwall’s inequality and nonlinear analysis issues. As a
consequence, the UH stability and generalized UH were deduced as special cases of UHML stability.
Additionally, this paper was enhanced by discussing the R.L. and Caputo fractional types of the
proposed system (1.2)—(1.5). Finally, numerical simulations with tables and graphics were provided
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to test the exactitude of our findings. The results of this work give us a deep understanding of
those applications that are connected with the Levin-Nohel equations, especially those that cause
instantaneous impulses and time delays. In the future, our focus will be on studying sufficient
conditions of positive solutions for the NLNID system involving the Hilfer-like fractional difference
on discrete time scale [44].
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