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Abstract

This paper analyzes a nonlocal problem of a delay functional-differential equation with parameters. We confirm that there
is at least one solution x € ACI[0, T] to the problem. Furthermore, we provide the hypotheses that must be fulfilled for the
solution’s uniqueness. The analysis also implements the Hyers-Ulam stability of the problem and the continuous dependence of
the unique solution on some parameters. We provide some exceptional cases and examples to illustrate our findings.
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1. Introduction

Functional equations have been extensively studied by numerous authors [7, 19, 41, 57], influencing
and benefiting many fields with their use and techniques. Their remarkable applications have driven
growth and development in various areas, including not only mathematics but also science, engineering,
economics, epidemiology, computer science, biology, social and behavioral sciences [6, 16] . Understand-
ing the future behavior of a particular phenomenon requires a thorough understanding of functional
differential equations [17, 33, 43, 51]. Particularly, a family of mathematical models including time delays
and parameters represented by parametric delay functional-differential equations finds wide use in simu-
lating real-world processes which has been discussed by numerous authors (see [29, 31, 42, 50, 63]). Delay
functions are widely employed to model the evolution of propagation and population dynamics [45, 48].
Economic systems, for instance, naturally involve delays due to decisions such as investment strategies
and the dynamics of commodity markets spread over time periods [44, 46]. In particular, Dvalishvili et
al. [23] construct a market relations model based on a controlled delay functional-differential equation.

Stability analysis is a highly representative field in mathematical sciences [10, 64]. In order to model a
physical process, an equation or problem can be used if a small alteration to it results in a corresponding

*Corresponding author
Email addresses: amasayed@alexu.edu.eg (Ahmed M. A. El-Sayed), sci.moamenosama2018@alexu.edu.eg (Moamen O.
Radwan), HanaaRezgqalla®@alexu.edu.eg (Hanaa R. Ebead)

doi: 10.22436/jmcs.036.04.08
Received: 2023-12-29 Revised: 2024-07-07  Accepted: 2024-07-19


http://dx.doi.org/10.22436/jmcs.036.04.08
http://dx.doi.org/10.22436/jmcs.036.04.08
http://crossmark.crossref.org/dialog/?doi=10.22436/jmcs.036.04.08&domain=pdf

A. M. A. El-Sayed, M. O. Radwan, H. R. Ebead, J. Math. Computer Sci., 36 (2025), 455470 456

small alteration in the outcome. When this occurs, the equation or problem is said to be stable. The
concept of stability in a functional equation emerges when the equation is replaced by an inequality,
serving as a perturbation. The key inquiry of stability is: how do the solutions to inequality differ from
those of the original functional equation ([35])? In a lecture delivered at the University of Wisconsin
in 1940, Ulam [61, 62] initially introduced the topic of stability in functional equations by asking the
following question: Given a group (G, .), a metric group (H, *) with metric p(.,.), and a positive number
€, the question asks whether there exists a positive number & > 0 such that if a mapping  : G — H
satisfies the condition

P (xy), (x) *(y)) <, Vx,y € G,

then there exists a homomorphism ¢ : G — H such that

p(b(x), d(x)) <€ Vx € G?

In simpler terms, the question is whether a small deviation (controlled by ¢) from the homomorphism
property of 1 implies the existence of a homomorphism ¢ that closely approximates 1\ within e. If so,
we classify the functional equation for homomorphisms as stable [36]. Hyers [34] then offered a partial
solution for the problem in the context of Banach space in 1941 under the assumption that G and H are
Banach spaces with § = € and ¢(x) = limp 00 27 ™P(2™x). Subsequently, Rassias [53, 54] extended this
conceptual framework by including variables in 1978, leading to its designation as Hyers-Ulam-Rassias
stability.

The Hyers-Ulam stability of a differential equation was initially studied by Alsina and Ger [8] in 1998,
they dealt with the differential equation y/(t) = y(t). Furthermore, in 2004, Jung [37] has explored the
Hyers-Ulam stability of the first order differential equation d)(t)y'(t) = y(t), he has published multiple
papers concerning this type of equations (see [38, 39]). In the years from 2010 to 2015, several authors
investigated the Hyers-Ulam stability of second and third order differential equations (see [2—4, 32, 47]).
Recent research has implemented the Hyers-Ulam stability of various types of differential equations,
including hypergeometric and Laguerre differential equations examined by Abdollahpour et al. [1, 5], as
well as integro-differential equations investigated by Tung et al. [59, 60].

Continuous dependence [49, 55], another important concept in stability theory, addresses the behavior
of solutions in mathematical problems under varying conditions. It ensures that small changes in the
initial conditions or parameters of a problem result in correspondingly small changes in the solution.

Nonlocal problems have been extensively studied by several authors in the last two decades (see
[11, 24, 26, 30, 52, 56]), which is essential in the representation of real-life scenarios through mathematical
models. Ensuring the trustworthiness of these models involves integrating the principles of Hyers-Ulam
stability and continuous dependence. Hyers-Ulam stability assesses the problem’s resilience to distur-
bances, while continuous dependence examines how small variations in parameters affect the unique
solution of the problem.

The solvability of problems involving functional-differential equations has been analyzed using a vari-
ety of techniques, such as operator theory and fixed-point theorems. One approach involves formulating
the problem as a fixed-point problem and applying the Schauder fixed-point theorem to demonstrate the
existence of solutions. This method has been extensively explored in numerous publications and mono-
graphs (see [14, 15, 20]). Notably, Boucherif and Precup [12] investigated the existence of solutions to the
nonlocal problem for the first-order differential equation

dx(t)
dt

=f(t,x()), ae. t€[0,1], x(0)+ > apx(ti) =0,
k=1

where ty are given points with 0 < t; <t < --- <ty < land 1+ Y -, ax # 0. Furthermore, the
authors in [27] studied the existence of at least one solution x € ACI0,1] of the nonlocal problem of the
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functional-differential equation

dx(t) _ f<t, dx(t)), ae te (0,1,

Recently, El-Sayed et al. implemented the concepts of Hyers-Ulam stability and continuous dependence
to confirm the stability of a functional integro-differential equation with a quadratic functional integro-
differential constraint [25] and a delay tempered-fractal differential equation [28]. Additionally, Andras
[9] applied the Hyers-Ulam stability for first-order differential systems with nonlocal initial conditions.
Furthermore, Tung and Biger [58] applied the Hyers-Ulam-Rassias and the Hyers-Ulam stability for the
tirst order delay functional differential equation of the form x (t) = f(t,x(t),x(t— 1)), T> 0.

Motivated by the above results, we study the solvability of the nonlocal problem of the parametric
delay functional-differential equation

k
dx(t) d
AT ; f; (t, ?\idtx(cbi(t))>, a.e.te (0,T], (1.1)
with the nonlocal integral condition
' d
x(0) + L g <s,x(s), X > ds =X, (1.2)

where A; > 0 are parameters, ¢; are delay functions, i =1,2,...,k, and xg is the initial data.

Our aim in this paper is to analyze the existence of solutions to the nonlocal problem (1.1)-(1.2) under
suitable conditions, then we study the uniqueness of the solution. Additionally, we implement the Hyers-
Ulam stability of the problem, identifying its resistance to perturbations. Moreover, we investigate the
continuous dependence of the unique solution on the functions f;, parameters A;, the initial data x¢, and
the function g. Finally, in order to demonstrate our insights, we provide a few instances and special cases.
The Schauder fixed-point theorem is applied in this work to determine the hypotheses for the solution’s
existence and uniqueness.

2. Main result

2.1. Formulation of the problem
Consider the nonlocal problem (1.1)-(1.2) under the following assumptions.

(i) fi: [0, T] x R — R satisfies the Carathéodory condition [18], i.e., it is measurable in t € [0, T] for all
x € R and continuous in x € R for almost all t € [0, T].
(ii) There exist integrable functions a; € L'[0, T] and constants b; > 0 such that [f;(t,x)| < |ai(t)| + bilx|.
(iii) ¢4 :[0,T] — [0, T] is continuous and increasing function such that ¢;(t) < t.
(iV) Z]f:l biA; < 1.
(v) g:[0,TI xR xR — R satisfies the Carathéodory condition, i.e., it is measurable in t € [0, T] for all
x,Yy € R and continuous in x,y € R for almost all t € [0, T].
(vi) There exists a function h € L1[0, T] and a constant L > 0 such that |g(t,x,y)| < [h(t)| + L(le + Iyl).
(vii) LT < 1.

The following lemma shows the equivalence between the problem (1.1)-(1.2) with its corresponding
integral and functional equation.
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Lemma 2.1. Let x be a solution of (1.1)-(1.2), then it can be given by the integral equation

T t
x(t) = xg —J g(s,x(s),y(s))ds —i—J y(s)ds, t € [0,T], (2.1)
0 0
where y(t) is the solution of the functional equation
3
y(t) =) fi(t Mdi(y(i(t)), t €0, (22)
i=1

Proof. Let x be a solution of (1.1)-(1.2) and dﬁ(tt) =y € L0, T], then

t

x(t) = x(0) + Jo y(s)ds,

using (1.2), we obtain (2.1)

T t
x(t) =xo —J g(s,x(s),y(s))ds —i—J y(s)ds € AC[0, T],

0 0

and T di(t)
K@t =xa— | gl xts)ulsas+ [ us)as

hence d

o (@it) = o (t)y(di(t)), (2.3)
using (2.3) in (1.1), we obtain (2.2)

k
y(t) =) fi(t, Aid{(hy(i(1), t € 0,T].
i=1

Also, we can get back to (1.1)-(1.2) by differentiating (2.1) and using (2.2) and (2.3) as follows

Kk K
dx(t d
MWy, aete 0T= Y flbAditye:n) =Y & (t,mdtx(wt))),
i=1 i=1
and the nonlocal integral condition (1.2) holds when substituting t = 0 and y(s) = d’é(:] in (2.1). This
proves the equivalence between the problem (1.1)-(1.2) to (2.1)-(2.2). O]

2.2. Existence of solutions

In this part, we demonstrate the existence of at least one absolutely continuous solution x € ACI[0, T]
of (1.1)-(1.2). For this objective, we provide the following theorems.
Theorem 2.2. Let the assumptions (i)-(iv) be satisfied, then (2.2) has at least one solution y € L1[0, T].

Proof. Define the closed ball Q., and the operator F; associated with (2.2) by

k
Zizl HaiH]_l

[— N 1 -
Qni={y €R:lyl, <mj ¢ LT, wherery = (=27

and
Kk

Fiy(t) =) fi(t Md{(t)y(di(t), t€ [0, T).

i=1
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It is clear that Q,, is a nonempty, closed, bounded, and convex subset of L0, T]. Lety € Q+,, then for
t € [0, T], we get

l\/]x

Fiy(t)] = i (t, Aidi (Dy(di(t))) ’

1

,a.
I

|f1(t, A (Dy(i(t))]

'I\’lw

,4
I
_

<

[mi(tn + bimdﬁ(t)ywwn]

M~

<
1

H.
l

I
l\/]x

| (t |+be¢ y (i (1)
i=1

,ﬂ
I
_

Thus

.
[Fry(t)ldt

k
3 Jaylt |dt+j 3 bid{(tlas(oat

1=

%

IFiyllps =
0

T

o
—_

I\/]x

!
jal |dt+Zj bih bl (Uly (s ()]dt

0

i=1

|a1||L1 +Z {b Ai J d)i/(t)|y(¢i(t))|dt}-

Putting ¢i(t) =u = ¢{(t)dt = du, then

Il
I I\/]r

=

.
Znalnﬁszj yWwldu

i=1

K K
= llaillia + Zb Ayl < D llailln+711 ) bidg =71
i1 im1 im1

i=1

~

=

This proves that F; : Qr, — Q+, and the class {Fjy(t)} is uniformly bounded on Q.,. Lety € QO C Q,,,
then

T
IF1y)n = (Fiy)llo = | I(Fry(t)n — (Fry(t)ldt
u"T 1 [tt+h
=[5 ] Favienae — uycon
N"T 1 (tt+h
Sy hL |(Fiy(8)) — (Fiy(t))[dedt
Tq (tth k k
o hL D (0, Mb{(0)y(di(0)) — D fi(t Md{(thy(di(t))|dodt
) i=1 im1
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T rtth k
S L hJ 2 [f(0,A{(0)y(91(6))) — i (t, Audi (t)y(bs (1)) [dOdt
tia

L 1 [tt+h
— Z L hJ ‘fi(e,xid){(e)y(d)i(e))) — fi(tr}‘id)i/(t)y(d)i(t))) ‘dedt.
i=1

t

Using assumptions (i)-(ii), it follows that f € L1[0, T], then
1 t+h
hj (8, Ai{(0)y(dbi(6))) — fi(t, AMidp{(t)y(dbi(t)))|d® — 0 as h — 0.
t

This yields that (Fiy(t))n — (F1y(t)) uniformly in L0, T]. Thus, by Kolmogorov compactness criterion
[21], F1(Q) is relatively compact, hence F; is compact operator. Let {yn} C Q, such that yn — y, then

k

Fiyn(t) = ) fi(t, Aid{(thyn (i), n €N,
i=1

and

k
dim Fryn(t) = lim > fi(t, Aid{(hyn(di(t))
i=1

I
‘MW

,4
I
MR

Tim £ (6 A (Dyn(44(1)))

fi (t, A (t) T}E};o Yyn(di(t)))

,,
I
—

|
.I\/lx

fi(t, Audi (t)y(di(t)) = Fry(t).

I
.I\/]W

I
MR

1

Thus, F; is continuous operator. Now all conditions of the Schauder fixed point Theorem [20] are satisfied,
then F; has at least one fixed point y € Q+,, hence (2.2) has at least one solution y € Lo, T. O

Theorem 2.3. Let the assumptions (i)-(vii) be satisfied, then (2.1) has at least one continuous solution x € C[0, T].
Consequently, (1.1)-(1.2) has at least one solution x € AC[0, T].

Proof. Define the closed ball Q., and the operator F, associated with (2.1) by

_ Ixol +hllps + (L+ 1)y

Qr, = {x € R:[xllc <2} C C[0,T], wherer, = 1—LT ’
and
T t
Fax(t) =xo —J g(s,x(s),y(s))ds +J y(s)ds, t € [0,TI.
0 0

It is clear that Q, is a nonempty, closed, bounded, and convex subset of C[0, T]. Let x € Q,, then for
t € [0, T], we get

t

-
[Fox(t)] = XO—L g(s,x(s),y(s))ds%—J0 y(s)ds
T t
<lsol+ | fo(s,x(s),y(s])[ds+ | ulsas
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T T

[Ih(s)] + Lix(s) +y(s)] ds+L [y(s)lds
T

< |X0+J
0
T

T T

|y(s)|ds+J y(s)lds

< |xO+J
0

[h(s)|ds + LJ
0

L
. [x(s)|ds + J

0
T

<|xO+||h||U+LJ sup x(s)lds + Lyl + Iyl
0 sel0,T]

= Ixol +[[hllLt + LTlixllc + (L + Dyl

Then, we have
IFaxllc < Ixol + |[hl[p1 4+ LTy + (L4 1)1 = 12.

This proves that the class {Fox(t)} is uniformly bounded on Q.,. Let x € Q,, and t;,t, € [0, T], where
t, >t and [t — t1| < 6, thus

t2 T t

g(s,x(s),y(s))ds — Jo y(s)ds

]
Fax(t) — Fax(t;)] = XOJ g(s,x(s),y(s))dwj

0 0

y(s)ds —xo +J0

1%)
< J ly(s)lds < e.

t

This indicates that F> : Qr, = Q+, and the class {F»x(t)} is equi-continuous on Q,. Thus, by the Arzela-
Ascoli Theorem [13], {Fox(t)} is relatively compact, hence F; is compact operator. Let {x,} C Qr, such that

Xn — X, then

T t

g(s,xn(s),y(s))ds —i—J y(s)ds, n € N,

Faxn (1) = xo —
zx(t)XoJ .

0

and
t

-
Iim Foxn(t) =x9— lim J g(s,xn(s),y(s))ds+J y(s)ds.

Using the Lebesgue dominated convergence Theorem [22] and assumptions (v)-(vi), we have

l t
T}gréo Foxn (1) :Xo_uo T}gr;og(s,xn(s),y(s))ds—i—JO y(s)ds
al t
= x0 -, g(s,nlgréoxn(s),y(s))ds—i—JO y(s)ds
T t
=x0— . g(s,x(s),y(s))ds + Jo y(s)ds = Fpx(t).

Thus, F, is a continuous operator. Then, by the Schauder fixed point Theorem, F, has at least one fixed
point x € Qr,, hence (2.1) has at least one solution x € C[0, T]. Consequently, by Lemma 2.1, it follows
that (1.1)-(1.2) has at least one solution x € ACI0, T], which completes the proof. O

3. Stability analysis of the problem

3.1. Uniqueness of solution

At this point, we confirm the existence of a unique solution of (1.1)-(1.2). To perform this, we require
the following additional hypotheses.

(i)’ fi:[0, T x R — R is measurable in t € [0, T] and satisfies the Lipschitz condition in x € R such that

Ifi(t,x) —fi(t,y)| < bilx —y| with constant b; > 0.
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(i) f (t 0) € Lo, T].
(iii)’ g : [0,T] x R x R — R is measurable in t € [0, T] and satisfies the Lipschitz condition in x,y € R
such that
lg(t,x,y) —g(t,v,w)| < (Ix v+ ly— wl) with constant L > 0.

(iv)" g(t,0,0) € L'[0, TI.

Theorem 3.1. Let the hypotheses (iii)-(iv) (of Theorem 2.2) and (i)’-(ii)’ be satisfied, then the solution of (2.2),
y € L0, T], is unique.

Proof. Hypotheses (i)-(ii) of Theorem 2.2 can be deduced from (i)’ and (ii)’ as follows, putting y = 0 in (i),
we get [fi(t,x)| < bilx| +[fi(t,0)], where a;(t) = fi(t,0) € L'[0, T]. Hence, we deduce that all assumptions
of Theorem 2.2 are satisfied and (2.2) has at least one solution y € L'[0, T]. Now let 1, v be two solutions
of (2.2), then

k k
u(t) —v(t) = | > fi(t, A (thu(dbi(t) — D fit, Aipi(t)v(di(t)))
i=1 i=1
k
<D (AP (i (1) — fi (6, Aidi ()v(Ps(1)))]
i=1
k
<D biMd{(tuldi(t)) — Aidi (t)v(Pi(1))]
i=1
Kk
= bihid{(B)[uldi(t)) —v(di(t))].
i=1
Thus
k
u=vll <) b=l
Since Z]le biA; < 1, hence u = v and the solution of (2.2),y € L'[0,T], is unique. O

Theorem 3.2. Let the hypotheses (iii)-(iv) and (vii) (of Theorem 2.3) and (i)’-(iv)’ be satisfied, then the solution of
(1.1)-(1.2), x € ACIO, Tl, is unique.

Proof. Hypotheses (v)-(vi) of Theorem 2.3 can be deduced from (iii)’ and (iv)’ as follows, putting

v =w =0 in (iii)’, we get |g(t,x,y)| < Ig(t,0,0)| + L(Ix| + [y|), where h(t) = g(t,0,0) € L'[0, T]. Hence, we
deduce that all assumptions of Theorem 2.3 are satisfied and (2.1) has at least one solution x € C[0, T].
Now let x1,x; be two solutions of (2.1), then

t t

-
y(s)ds —xo + L g(s,x1(s),y(s))ds — JO y(s)ds

x2(t) —x1(t)] =

N
X0 — L g(s,xa(s),y(s))ds —i—J

0

T T
<J l9(s,xa(s), y(s)) — g(s, x1(s), y(s))|ds < j xa(s) — xa(s)]ds.
0 0

Thus
X2 —x1llc < LTlx2 —x4llc.

Since LT < 1, hence x; = x and the solution of (2.1), x € C[0, T], is unique. Consequently, the solution of
(1.1)-(1.2), x € ACI0, T, is unique, which completes the proof. O
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3.2. Hyers-Ulam stability
Here, we implement the theory of Hyers-Ulam stability for the problem (1.1)-(1.2) attached with (2.1)-
(2.2).
Definition 3.3 ([25, 28, 40]). Let the solution x € ACI0, T] of (1.1)-(1.2) exists uniquely. The nonlocal
problem (1.1)-(1.2) is Hyers-Ulam stable, if Ve > 0, 35(e) > 0 such that for any solution x5 € ACI0, T] of
(1.1)-(1.2) satisfying the inequality
fl< dt)))' <3,

Theorem 3.4. Let the hypotheses of Theorem 3.2 be satisfied, then the problem (1.1)-(1.2) is Hyers-Ulam stable.

dx s

I\’]x

i=1

then ||x —xsllc < e

Proof. Let dx‘iit) Yk n <t, A Sxs (cbi(t)))‘ <9, then
dxs K dXs (d)l(t)) - ’
Zf (t Adi(t FIOOR ) <8, =S <ys() =) fi(t Mdb{(t)ys(di(t) < 8.
t i=1

Now consider

ly(t )—ys( )l

Zf (6 Adi(ty (1) —ys(t)’

k k k
Z fi (6 Ad](ty(di(1) —ys(t) = D fi(t, Mdi(Dys(di(t) + ) fi(t,xicb{(t)ys(cbi(t)))‘
i=1 i=1

k

D fi(t Aud{(tys(di(t)) _ys(t)‘

i=1

< Z [ (t, Aidi (DY (1)) — fi(t, Aidi(t)ys(di(t)) |+

k
<) biAd{(ty(di(t) — Md{(t)ys(di(t) !+6—me )]y(di(t)) —ys(di(t))] + 5.

im1 im1
Thus
K
Iy — sl < ) bidilly —yslls + 8T,
im1
and
Iy — yells € ——>F
—ysllp € —————.
1—Y 5 bk

Since Z]f:l biA; < 1, then [[y —yslli1 < €. Now

t

N
X0 —J g(s,x(s),y(s))ds +J y(s)ds

0 0

x(t) —xs(t)] =

T t
—xO+L g(s,xs(s),ys(s))ds—J0 ys(s)ds

T T
< L ‘g(s,x(s),y(s)) —g(s,xs(s),ys(s))]ds+J0 ]y(s) —ys(s)}ds
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.
< LL [Ix(s) = xs(s)| +Iy(s) —ys(s)]ds + Iy —ysli

< LTlx —xsllc + (L+ 1)y —ysllpa-

Then
Ix —xsllc < LTlx—xsllc +(L+1)e”,
and LeD)
+1)e*
— < -2
Ix —xsllc < 11T
Since LT < 1, then [[x —xsllc < €. So, the problem (1.1)-(1.2) is Hyers-Ulam stable. O

3.3. Continuous dependency results

This portion investigates the continuous dependence of the unique solution of (1.1)-(1.2) on the func-
tions fi, parameters A;, the initial data xo, and the function g.

Definition 3.5. The solution x € AC[0, T] of (1.1)-(1.2) depends continuously on the function y € L1[0, T],
if Ve > 0, 35(e) > 0 such that [[y —y*[[;1 < & = [x —x*|lc < €, where x* is the unique solution of the

integral equation
t

-
x*(t) = xp — L g(s,x*(s),y*(s))ds + L y*(s)ds, t € [0, TI. (3.1)

Theorem 3.6. Let the hypotheses of Theorem 3.2 be fulfilled, then the solution x € ACI[0, T] of (1.1)-(1.2) depends
continuously on the function y.

Proof. Let x and x* be the two solutions of (2.1) and (3.1), respectively, then we have

T t T t
Ix(t) —x*(t)] = |xo — Jo g(s,x(s),y(s))ds + Jo y(s)ds —xp + L g(s,x*(s),y*(s))ds — L y*(s)ds
T t
< L lg(s,x(s),y(s)) —g(s,x*(s),y*(s))|ds +JO ly(s) —y*(s)lds
T
< LL [x(s) = x*(s)|+ ly(s) —y*(s)l]ds + lly —y*[lpr < LTIx —x*lc + (L+ Dy — y*llp1.
Thus
Ix —x*[lc < LTlx —x"llc + (L+1)s.
Hence
CST-iT
Since LT < 1, therefore, the solution of (1.1)-(1.2) depends continuously on y. O]

Definition 3.7. The solution y € L![0, T] of the functional equation (2.2) depends continuously on the
functions f; and parameters A, if Ve > 0, 35(e) > 0 such that

max {[fi(t,x) — f{(t,x)l, A —A{l} <8 =ly—y*lln <e,

where y* is the unique solution of the functional equation
3
yr (1) =) (LA (" (di(1)), te [0, TI. (3.2)
i=1

Theorem 3.8. Let the hypotheses of Theorem 3.1 be fulfilled, then the solution y € 1'[0,T] of (2.2) depends
continuously on the functions f; and parameters A;.
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Proof. Let y and y* be the two solutions of (2.2) and (3.2), respectively, then we have

k

k
D it Al (y(di() = D (LA I (Dy* (di(t))

i=1 i=1

k

<D (AP (y(di () — 5 (£, AT i (Hhy™ (bi (1))
k

<) (b Md{(0y(di(1)) — 1 (L M (Dy(di(t))]

k
+ 3 [F (6 ML (Hy (i (1) — £ (6 AF L (D)y* (d(1)]
i=1

k

k
<) 84 biMd{(ty(di(t) —ATdi(t)y* (bi(t))]
i=1 i=1

K
=8k+ Y bild{[OIAY(bi(t) =A™ (di(t) +Aiy* (ba(t)) — Afy* (bi (1)

i1
K K
<8k+ ) bidf (A1) —y* (b () + Y bidi (DAL —Aflhy* (bi(t))].
i=1 i=1

Thus

k k
ly =yl <8KT+ Y bidilly —y* Il + Y bidlly*lips.

i=1 i=1

Hence

SKT+ 611 Y 5 by .
1—- 3 5 bk
Since Z]le biA; < 1, then the solution of (2.2) depends continuously on f; and A;. O

Iy =yl <

According to Theorem 3.6, we now obtain the following corollary.

Corollary 3.9. Let the hypotheses of Theorem 3.6 be fulfilled, then the solution x € AC[0, T] of (1.1)-(1.2) depends
continuously on the functions fi and parameters A;.

Definition 3.10. The solution x € AC[0, T] of (1.1)-(1.2) depends continuously on the initial data x¢ and
the function g, if Ve > 0, 35(e) > 0 such that

max {Ixo — x3l, lg(t,x,y) — g*(t,x,y)I} <5 = IIx—x*[lc <,

where x* is the unique solution of the integral equation

T t
x*(t) = xg —J g*(s,x*(s),y(s))ds —I—J y(s)ds, t € [0, TI. (3.3)
0 0
Theorem 3.11. Let the hypotheses of Theorem 3.2 be fulfilled, then the solution x € AC[0, T] of (1.1)-(1.2) depends
continuously on the initial data xo and the function g.

Proof. Let x and x* be the two solutions of (2.1) and (3.3), respectively, then we have

t T t

9" (s, x*(s),y(s))ds — Jo y(s)ds

)
() —x*(1)] = xO—j g(s,x(s),y(s))dwj

0 0

y(s)ds —xg +J
0
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T

< Ixo—xi| +L l9(s,x(s),y(s)) — g (s, x*(s),y(s)) | ds

T T
<6+L \g(s,X(SJ,y(S))—9*(&%(8),15(8))\dsJrJ0 lg* (s, x(s),y(s)) —g*(s,x*(s),y(s))|ds

-
<6+6T+LJ }x(s) ‘ds (1+T)d+LTlx—x"|c.
0
Thus 1475
+
_x* < - =
Ix=x"llc < 57— =¢
Since LT < 1, then the solution of (1.1)-(1.2) depends continuously on xg and g. O

4. Special cases and examples

Corollary 4.1. Let the hypotheses of Theorem 2.3 be satisfied with ¢i(t) = vit, where yi € (0,1], then the
functional-differential equation

k

Zf (t AN— y{c)), ae. te (0,T],

under the nonlocal condition (1.2), has at least one solution x € AC[0, T]. Consequently, under the hypotheses of
Theorem 3.2, it has a unique solution x € AC[0, T].

Corollary 4.2. Let the hypotheses of Theorem 2.3 be satisfied with ¢4 (t) = t*t, where &y > 1, then the functional-
differential equation

Zf (t Ai— t“l)), ae. t e (0,1,

under the nonlocal condition (1.2), has at least one solution x € ACI[0,1]. Consequently, under the hypotheses of
Theorem 3.2, it has a unique solution x € AC[0, 1].

Corollary 4.3. Let the hypotheses (i)-(ii) and (iv) of Theorem 2.3 be satisfied, then the initial value problem of the
implicit differential equation
dx(t)
dt

=f; <t ?\1(;1 (yt)), ae.te (0,T], x(0)=x,

where y € (0,11, has at least one solution x € AC0, T]. Consequently, under the hypotheses (iv) and (i)’-(ii)’ of
Theorem 3.2, it has a unique solution x € AC[0, T].

Example 4.4. Consider the following functional-differential equation

dx(t) et 14d LT t 14d 1
it t—|—4+iax (sm(z >)—|—5 -1—55 (2(t+1)>, ae. te(0,1], 4.1)
with the nonlocal integral condition
L/ ss 1 dx(s)
x(0) + JO <(2) +3 <x(s) + >>ds =1. (4.2)
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Set
et T i
f1(t, M1 (ty(d1(t)) = T4 +gcos (2t>y (sm (2’()) p
fa(t A0 (@a(1) = 5+ u( 50+ 1),
and
t.z 1
g(tx(t),y(t) = (5)" + 3 (x(t) +y(1))

We have ¢1(t) =sin (Ft) <1, ¢j(t) = Fcos (5t), b2(t) = 3(t+1) <L () =3, A =3, =3, x =1,
and T = 1. Hence, f1(t,0) = £ 0) 3

1

1
==yl gt ey —glt v, w| < 3 (k=vl+ly—wi),

‘fl(t,X) _fl(t/y)| < g|x_y|/ |f2(tlx) _fZ(t/y)’

thenb; = §, by = %, L= %, Z%:l biA; = 0.223175 < 1, and LT ~ 0.333333 < 1. Obviously, all hypotheses
of Theorem 3.2 are satisfied, then the solution of (4.1)-(4.2), x € ACI0, 1], is unique.

Example 4.5. Consider the following functional-differential equation

dx(t) 1 s 1d (1
== ——x| 3 £. 4.
pm 36 cos(t) + 5 dtx(3t>’ a.e.te (0,3], (4.3)
with the nonlocal integral condition
3
x(0) +J <es sin(2s) + = (x(s) + dX(S)))ds = 1. (4.4)
0 6 ds

The functional equation is given by

1 1 1
y(t) = ge*t cos(t) + Y (gt), t € [0,3].
Set , 11
f1(t M [ty (1()) = e~ cos(t) + 1zu(31),
and

g(t,x(t),y(t)) = e'sin(2t) + %(x(t) +y(t)).

We have ¢1(t) = Lt, v = 3, Ay = 4, x =1, and T = 3. Hence, fi(t,0) = le=t cos(t) € L'[0,3],
3 5 3
g(t,0,0) = e*sin(2t) € L0, 3], and

1 1
f1(t,x) — f1(t,y)| = -l lg(t,x,y) —g(t,v,w)| < E(IX—VI +ly—wl),
then by = %, L= %, biA; =~ 0.013333 < 1, and LT = 0.5 < 1. Therefore, by applying to Corollary 4.1, the
solution of (4.3)-(4.4), x € ACI[0, 3], is unique.
Example 4.6. consider the next nonlocal problem

dx(t)—i+1£x(t2)+ t 14,
dt  t241  3dt 3—t5  8dt

1
x(0) + L (553 2 s+l ;(x(s) + dz(ss)» ds = 2. (4.6)

(t%), ae. t € (0,1], (4.5)
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The functional equation is given by

t 2 3
() = 77 3 (t?) + ot gtzy (t%), te[0,1]. (4.7)
Set
, 2
f1(t, M b1 (Dy(d(t))) = 21 + gty (tz),
B(L 03Oy (a(1) = s+ Py (0),
and

1
g(t,x(t),y(t)) :5t3+t2+t+1+g(x(t) +y(t)).
We have ¢q(t) =12, a1 =2, da(t) =13, 0p =3, A\; = %, A = %, xg =2, and T = 1. Hence, fi(t,0) = o= €

Eas)
L'[0,1], f2(,0) = 545 € L'[0,1], g(t,0,0) =5t> + >+t +1 € L![0,1], and

2 3 1
[f1(t,x) — f1(t,y)| < 3=yl [fa(t,%) —f(ty)| < skl lgltxy) —g(t,v,w)| < = (x=vi+ly—wi),
then b; = %, by = %, L= %, Z%:l biA; &~ 0.269097 < 1, and LT = 0.2 < 1. Obviously, all hypotheses of

Corollary 4.2 are satisfied, then the solution of (4.5)-(4.6), x € ACI0, 1], is unique.

5. Conclusion

Understanding the stability of problems involving functional and differential equations is crucial for
ensuring the predictability and reliability of mathematical models that represent real-life phenomena. In
this study, we delve into the problem of the delay functional-differential equation with parameters (1.1)
under the nonlocal integral equation (1.2). We establish the existence of solutions to the problem (1.1)-
(1.2). We have outlined the necessary hypotheses that ensure the uniqueness of the solution. Furthermore,
our study involves a rigorous analysis of the problem through the implementation of the Hyers-Ulam sta-
bility to the problem and the continuous dependence of the unique solution on key variables, including
the functions f;, parameters A;, the initial data xg, and the function g. We presented various examples and
special cases to illustrate our work. The solvability study presented here could be applied to future in-
vestigations into the stability of various types of initial value, boundary value, and constrained problems.
Interested researchers could subsequently extend this concept to different kinds of functional-differential
equations of fractional order.
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