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1. Introduction

Fractional derivatives are often considered more accu-
rate than ordinary (integer-order) derivatives for model-
ing complex, real-world systems primarily because they
inherently incorporate memory and hereditary prop-
erties into the model, a crucial feature that classical
integer-order models typically neglect [1]. While or-
dinary derivatives are local operators whose value de-
pends only on the immediate neighborhood of a point,
fractional derivatives are non-local operators whose def-
inition involves an integral, meaning the current state
depends on the entire history of the function’s process
[2]. This long-term memory capability allows fractional
differential equations (FDEs) to more adequately de-
scribe phenomena like anomalous diffusion, viscoelas-
ticity, and biological kinetics, often providing a better fit

to experimental data with fewer parameters compared to
high-order classic models [3].

The application of FDEs has recently intensified
across multidisciplinary fields, leveraging their non-
local nature to model systems that exhibit memory ef-
fects and long-range dependence with high fidelity. In
biomathematics, FDEs are increasingly used to model
complex biological phenomena, such as the spread of
infectious diseases (epidemiology) and the movement
of biomolecules in crowded cellular environments, cap-
turing the anomalous (non-Fickian) diffusion more ac-
curately than classical models [4]. Furthermore, in en-
gineering and control theory, new research focuses on
using fractional operators for the enhanced design of
dynamic systems, including robust fractional-order con-
trol algorithms and the precise modeling of materials
like viscoelastic polymers and electrical circuits with
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fractal, where the memory of past stresses or charges
significantly influences the current behavior [5, 6]. This
trend is facilitated by the development of novel ana-
lytical and numerical methods, often based on integral
transforms, to solve complex fractional-order equations
that were previously intractable [7]. For more applica-
tions, see [8, 9, 10].

The mathematical notion known as Ulam’s type sta-
bility was first proposed by Stanislaw Ulam in 1940
and subsequently refined by Donald Hyers. This con-
cept addresses the resilience of solutions to differential
equations, specifically describing their behavior when
subject to small disturbances (perturbations) in the ini-
tial conditions or the equation itself. In essence, it
serves to quantify a system’s stability and responsive-
ness to these minor errors [11, 12]. The work of Ulam
and Hyers focused on the stability properties of various
integer-order differential equations, resulting in the for-
malized notion of Hyers-Ulam stability for Cauchy func-
tional equations. Their findings provided stronger con-
clusions regarding key functions like polynomials, iso-
metric mappings, and convex functions. Following their
foundational contributions, countless researchers have
extended and generalized Hyer’s framework. The sub-
sequent literature now features extensive investigations
into many generalized stability concepts of Ulam type
[13, 14, 15,16, 17, 18, 19, 20].

Tripled fractional derivatives and tripled fixed points
play an important role in advancing modern mathemati-
cal modeling and analysis, particularly for complex sys-
tems with memory, nonlocal interactions, and multi-
stage dynamics. A tripled fractional derivative extends
classical fractional calculus by capturing three interde-
pendent rates of change, allowing more accurate de-
scriptions of phenomena such as viscoelastic materi-
als, anomalous diffusion, and coupled biological or eco-
nomic processes. Similarly, tripled fixed points general-
ize fixed-point theory to settings where three mappings
or variables interact simultaneously, providing power-
ful tools for proving existence, uniqueness, and stability
of solutions to nonlinear systems, for more details, see
[21, 22,23, 24, 25].

Integro-differential equations are essential mathemat-
ical tools for modeling complex systems where the rate
of change depends on both the current state and a histor-
ical accumulation of data, a feature particularly preva-
lent in viscoelasticity, population dynamics, and epi-
demiology [26, 27]. Recent advancements have seen
integro-differential equations applied to modern fron-
tiers such as neuroscience, where fractional integro-
differential equations are used to model the long-term
memory effects of EEG signals for emotion recogni-
tion [28], and stochastic viral modeling, where par-
tial integro-differential equations approximate the un-
predictable spread of infections in compartmental sys-
tems. These equations typically require specific initial
or boundary conditions such as the Caputo fractional
derivative to maintain physically interpretable integer-
order initial states to ensure the existence and unique-
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ness of solutions in non-local environments [29, 30].
By incorporating integral operators, these models effec-
tively capture hereditary properties and time lags that
standard differential equations often overlook, making
them indispensable for high-fidelity simulations in fluid
mechanics, bio-chemical reactions, and neural network
dynamics [31].

The practical implications of these findings extend
across various disciplines that rely on complex differ-
ential systems constrained by integral boundary condi-
tions. In the realm of hydrogeology, for example, frac-
tional integro-differential equations serve as a critical
tool for modeling the complexities of subsurface wa-
ter flow [32], while chemical engineers utilize similar
frameworks to investigate reaction-diffusion processes
[33, 34]. Because the utility of these mathematical mod-
els in fields such as population dynamics or circulatory
system analysis depends on their predictive reliability,
establishing the absolute stability of solutions is essen-
tial for their real-world application [35].

Integral boundary conditions are crucial in mathemat-
ical modeling because they allow the constraints of a
physical system to be defined not just at discrete points
but by requiring that an integral quantity of the unknown
function (or its derivatives) over a specified domain
must satisfy a certain value. This approach is essential
in fields where conservation laws or cumulative effects
govern the system’s behavior. For instance, integral
boundary conditions are commonly used in phase field
models to describe electric or thermal transport phenom-
ena and appear naturally in the study of certain second-
order differential equations related to steady-state diffu-
sion with reactions. Furthermore, the study of the exis-
tence and uniqueness of solutions to problems involving
FDEs frequently incorporates integral boundary condi-
tions, making them a significant focus in contemporary
analysis [36, 37].

To see the practical importance of integral boundary
conditions, consider this real-world example

{ 0" +g W) h(y,0) =0,
0(c1) =0, abd'(c2) -0 (y) =0,

where c; < ¥ < ¢, 0<y <1,a>0andcy,cr € R.
This is a thermoregulator model for the one-dimensional
heat equation. It has well-defined solutions for a heated
bar where a control system modulates the heat input
based on temperature measurements from a sensor at
position y. The formulation extends the heat equation
to include nonlinear gradient terms and time-varying
sources. In this more general setup, a controller at y
regulates the heated bar’s heat output using temperature
data from multiple sensors distributed along its length.
It can be stated as

0" —h(y,0,0) =0,
0(c1) =0, 0'(c2) = [ 6 (r)dk(r) (y) = 0.

Building on prior work concerning integro-systems with
fractional order derivatives, we aim to extend the re-
sults of [20, 38]. Integro-differential equations are
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critical tools, as they model complex systems where
current states depend on both instantaneous rates of
change and accumulated past effects. Despite their im-
portance, studies investigating Ulam-type stability for
integro-differential equations with fractional derivatives
are scarce. Furthermore, while extensive research exists
on FDEs, Ulam’s stability for tripled systems subject to
integral boundary conditions remains an open area. The
proposed system is as follows:

CDKI”(() = ¢l ({’v(é’)’w(é’)’gw (())’
leV=]0,1],

Dy (L) =2 (L,w(),u(l),Q“(), L€V,
Dw () =¢3(Lu(),v(), Q" (), (eV,
@u (0) +7u (0) =6 [ 1 (u(r))dr,

wu (1) +7u’ (1) =6/1m(u(r))dr,

@v (0) + 7' (0) =06 [, [ (v (r))dr,
Gv()+7v' (1) =6 [ m (v (r)dr,

Gw (0) + 7w’ (0) =6 [, T(w (r)) dr,

Gw (1) +7w (1) =6 [, m (w(r)) dr,

(1)
where D", *D*2 and °D** are the Caputo fractional
derivatives with orders ki, k2, k3 € (0, 1], respectively.
Moreover, [,I,[,m,m,m : R — R, w, @, @, 5.0.0 >
0 and 7,7,7 > 0 are real numbers. Furthermore,
é1,h2,¢3 1 VXR} = Rand Q¥, Q. Q" : VXV —
[0, 00) such that

Q" () = [F e w(r)dr,
Q) =[£G u(r)dr,
Q" () = [F e (L) () ar.

The motivations of this manuscript is summarized as fol-
lows:

(1) This study investigates a system of nonlinear frac-
tional integro-differential equations (1) governed
by integral boundary conditions, addressing sys-
tems where memory and hereditary properties are
central.

(2) By leveraging the Banach fixed-point theorem in
the framework of nonlinear functional analysis,
we establish rigorous proof for the existence and
uniqueness of the solution.

(3) We systematically apply Ulam-Hyers stability cri-
teria to quantify the system’s resilience to perturba-
tions. This analysis ensures a high degree of close-
ness between approximate and exact solutions.

(4) The stability results confirm the model’s well-
posedness and fundamental dependability, ensur-
ing it remains robust under the fluctuating condi-
tions typical of complex physical systems.

(5) The theoretical framework is substantiated through
a series of illustrative applications, demonstrating
a high degree of correlation between our numerical
results and the established analytical findings.
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2. Basic facts and hypotheses

In this section, we lay the groundwork for our investi-
gation by introducing essential concepts, notations, and
preliminary results. These foundations are critical for
maintaining clarity and rigor throughout the following
derivations and proofs. Specifically, we state the neces-
sary lemmas that will be directly utilized in the subse-
quent parts to establish our main theorems.

Definition 2.1 [24]

(i) For the function v : (0,1) — R, the Caputo frac-
tional derivative with order « > 0 is described as

e
DO = = | €=

(o —«)
o= [«k]+1.

(ii) For the function v : (0,1) — R, the Riemann-
Liouville fractional derivative with order xk > 0 is
given by

K _ 1 d\’ ¢ o-k-1
IV(D—m(d—g)/o({—r) v(r)dr,
o= [k] +1,

provided the integral exists, where [«] stands for
the integer part of x and I' (.) is the Euler gamma
function.

Lemma 2.2 [24] For any real number « > 0,

(i) the solution of the FDE
‘Dv() =0
is
V(O =po+pil+palt et pealTT
(ii) the solution of the FDE
‘D*v({) =h({)

is given by
ICED v ()=1V()+po+p1d+p2l*+ - +pr1 77

where o = [k]+1,p; €eR,i=1,2,--- ,0—-1.

Lemma 2.3 [25] Assume that 7, 1,92 € C ([V,R]).
The fractional problem

‘Dv({)=n(), LeV=101],
wu (0) + Tu’ (0) = 5/0] @1 (r)dr,
wu (1) +7u’ (1) = 6/01 @2 (r) dr,

has the following unique solution:
! §
0= [ Feenimds Si@i-0+n

1 1
/sol(r)dr+<r+w§>/ soz(r)dr],
0 0
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where F, (£, r) is the Green’s function defined by

@(L-r) " (r-wm ) (1-r)!
@l'(k) r< g’
‘r(‘rf'tzr{)(lfr)’(’2
@2 (k—1) >

+

FK(g’r) =

(r-wl)(1-r)*"!
@l (k) g =r.

T(T—w()(l—r)”'z

@I (k-1) ’
Now, assume that A = {v({):v e C(V)} is a Ba-
nach space under the norm ||v||, = maxgcy [v({)].
Then, the norm on product space is described as
|, v w)llo=axaxa = llulla + 1Ivlla + lIwll4 . Clearly,
©,]1(., ., )lle) is a Banach space too. Furthermore, the
cone B C O is given by

B=(u,v,w)€®:u({)=0,v({) =0, andw () > 0.

Now, to transform our problem to a fixed point prob-
lem, we define the operator J : ® — © as

I (v, w) (£)
I, v,w) (0) =| Ty (vow,u) (£)
Jis w,u,v) (£)

/01 Fo, (&, 1)1 (ryv (r),w (r), Q% (r))dr
+2 [(w(l —o ) [ () dr
+(T+w§)f01m(u (r))dr],

Jo Fia (47 2 (r,w () ,u (1), Q4 (r)) dr
A rZ|Ea-0+n [ Toe)ar
7+ &) [ () dr] ,

o F (€07 3 (ro (1) v (1), Q7 (1) dr
+Z | @0-0+D [ Tw e ar
@+ [ i (w () dr] .

The fixed point of the operator J is equivalent to the
solution of the tripled system (1). To establish the exis-
tence and uniqueness of this solution, we need the sub-
sequent hypotheses:

(Hy)) For ¢ € V = [0,1], there exists
ai,az,as,as, by, ba, b3, by, e1,er,e3,4 € C(V,RY)
such that

61 (£.v(D).w (), QY ()] < a1 (d)
+aa (§) v (D] +a3 () Iw ()] +as () 1Q" (D],

g2 (£, w (0),u (L), Q" ()] < b1 ({)
+by (O) [w (D] + b3 () |u (D] + b4 (£) |Q“ (D],

63 (£, u(£),v (), Q" ()] < e ({)
+e2 (§) [u (D] + 3 (0) [v (D] + ea () Q7 (D],

foru(s),v(),w () € C(V,R) with

aj =supa; ({),b; =supb; ({),
leVv {ev

e =supe; (&), i=1,23,4.
eV
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(Hz) For ¢ €V, there exist N, Ny, Nj, Njz, Ny, and N
such that

1 (@)] < Nilu (D)
I (e (O)] < Nl ()]
[P @] < Nl o),
7 ()] < N ()]
[P @] < Nl @)
I (e (O)] < Nl ()]

for all u (¢) € C (V,R*). In addition, there exist
positive real constants Y;, Y,,, Y75 Y, YT’ and Yj;
such that

|L(u) =1 ()| <Yqlu—ul,
lm (u) —m (u)| < Yo lu—u"|,
T -
lm (u) —m (u*)| < Yz lu—u"|,
(T(u) —T(u*)‘ < Yplu-u'|,

m (u) —m (u*)| < Y |u —u™],

< Y7lu—u*|,

for each ¢ € V and all u,u* € C (V,R).
(H3) For { €V, there exist Ny, , N,,, and N, such that

1

/0 o (.9 dr <N,
1

/0 (L1 dr < Ny,

1
/0 @ (£, r)|dr < N,,.

Moreover, we assume
1
D, =‘/0 |F,<1 ({,r)’al(r)dr < 00,
1
E, =/0 |F,<1 (g’,r)iaz(r)dr
1
+‘/0 iFKl (g’,r)‘a3(r)dr

1
+Npl</o |FK1 (g“,r)|a4(r)dr

+((5(w+‘r)(2N1+Nm))< 1
@

s

W

1
D2 = [ |Fa @]y <o,
1
Es = /0 |Fy (£.1)| ba(r)dr
1
Fe, ({,r)|b d
+/0 ey (¢.9)| b3(r)dr

1
+Np, /0 |Fe, (£,7)| ba(r)dr

(5(5+B(NT+NM)) 1
+ <3

52
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and
Ds = /0 N (2P er(r)dr < oo,
Es = /O e (@9 ex(rrdr +
/O N (2.7 esrdr

1
+Np3/O |F,<3 ((,r)|e4(r)dr

&6+ﬂ@%+wﬂ .
+ < —-.
52 3

(Hq) For each ¢ e 'V, there ezc\ist _constants
Y¢| s Yd’z’ Y¢3’ Y¢1 s Ytﬁz’ Y¢3’ Yd’l > Y(ﬁz Y¢3 > 0
such that

lp1 (£, v (), w (L), Q" (£))
—41 (27 @)W (@27 )|
<Yy, v (§) =v' (D)
+Y g, W () =w" ()]
Xy, @ (0 -0 (),

162 (2w (), (£), Q" ()
~2 (v ()0 (0.9 )|
<Y, I () =W (D)
g, lu(2) =" Q)]
Q" () -9 (),

+Y¢2
and

193 (£ () v (2), 9 (0)
~3(¢.0 (@7 (0,27 )
< Yoy lu ()~ (O
Yo, v () =V ()

Wyl @0 -27 @),

for all u, v, w,u*,v*,w* € C (V,R).

(Hs) We assume that

(i) Ry = Guw7 (Y¢3 + T¢,3 + Y¢3Np3) +Y &7,
5(T+7) (Yp+Y) an

where Yz = ————=— and
1
Guos = F ,r)d
o= s | [ o e
1 2(@+7) 2(P?+@7)

ZF(]+K3) I'(1+«3) @ (k3)

%10.57647/mathsci.2026.2002.13

(i) Ry =G 57 (Y,,,l + Yy + Y¢1Npl)+Ym,
6(w+T)(2YI+Ym) and

w
Gy 7 = max

1
F. (£,r)d
Ze[0,1] /0 (o) dr

B 1 +2({5+ﬂ+2(?2+5?)
T T(l+k) T(l+k) @ (k)

where Y 5+ =

(i) R3 = Gr,orr (Y¢2 + Yy, + Y¢2Np2) +Yos,

_ 8D (YY) an

where Y7 = ————= and
1
G, = F., (Z,r)d
Y TT gren[%?(l] ‘/0' 2 (¢,r)dr
1 2(w+1) 2(T?+w7)

“T(+x) T(+x) @ (k)
3. Existence theorem

This section establishes the existence and uniqueness of
the solution for the system (1) under hypotheses (H;)-
(Hs).

Theorem 3.1 Via the hypotheses (H\)-(Hs), the frac-
tional problem (1) has a unique solution, provided that

R =max {R, Ry, R3} < 1.
Proof. Assume that A is a positive number such that
2D, 2D, 2D3 }
1-2E"1-2E," 1 -2E;)°
Define a set U as

U=A{wv,w)e®:|(u,v,w)lg <A1}.

/lzmax{

We begin with prove that the J maps U into itself. In-
deed, for £ € V and by the assertions (H;)-(H3), one
has

19 (ovow) (0]
1
/0 |Fe, (20161 (rav (7) ow (7). Q" ()] dr

IN

1
|<w(1—o+r>|/0 11 ()] dr

o

i)
1

flr+ wo% Im (u (r))|dr]

1
/0 |Fy (21| ay () dr

IA

1
" /O IFy ()| a2 () v ()] dr
1
" /O |Fu, (227 [as () Iw ()] dr
1
" /O IFo (27| s ()19 ()] dr

1
|(w+r>|/0 1 ()] dr

L0
wZ

1
+|(r+w>|/0 e (r))|dr]
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IA

1
/0 |Fy (29| a1 () dr

1
+A4 /0 |F,(l ({,r)|a2(r)dr

1
o [ 1Py @l @y

1
+Np1/0 |F,<I (g“,r)|a4 (r)dr

6(w+71) (N1+Nm)]
+ 2
@

= D+ AE;.

Maximizing both sides of the inequality over the set J
gives

A
||5,<] (u,v,w)HA < 3

Similarly, we have

W~

A
131 (v w, ) ()|, < 3 and [|J., (w,u,v)(Q)]|, <
Hence,

”5 (M,V,W)“@ = Hskl (M,V,W)”A
+ ||SK2 (v,w,u) (§)||A + ||SK3 (w,u,v) ({)”A <A

This proves that, J is maps U into itself.

Next, we show that J is a contraction mapping. For
each ¢ € V, by the assumptions (H»)-(Hs), we can write

|5K1 (M,V,W) (é,) - SK1 (M*,V*,W*) (§)| (2)
1
< [ 1 @nlier v ()ow (.27 ()
0

—1 (rv" ()W (1), 9 (1)) dr

1
o [I(W(l—{)H)I/O 1 () = 1 ()] dr
1
e+ @) / i (e (7)) —m (u* (r))|dr}
0

1
< [ 1R @nl (Yo v@ =" @)
g, w () =W (Ol + Yy, |27 () -2 (2)])

@+

1
i (Yl /0 () - u* () dr

1
m u _u* d
Y /O lu (r) - u* (7)] r)
< Grmr (Yo v (r) v (1)

g, b () =" (] + T, [@7 (0 -2 (0)
0(m+71) (X1 + Y
+ 2

lu (r) —u” (r)].

%10.57647/mathsci.2026.2002.13

Since
o (1) -2 ()| 3)
I'4
-| [ ewnmina
z
—/ o (L) w' () dr
0
Fe
< /0 o (£.7) ] Iw () = w* ()] dr
< Ny, Iw (r) =w* (r)].
It follows from (2) and (3) that

|SK1 (M,V,W) (é’) - 5K1 (u*’V*’W*) (é’)|
<Gz (Yo v (r) =v' (r)]
+ (Yo, + Yoo, ) v () = w" ()]

@D QU)o y
w

Maximizing both sides of the inequality over 3, yields,

||fi,<l (u,v,w) — Iy, (u*,v*,w*)”A 4
< GK] E?Ytﬁl ”V - V*”A
+GK1 o7 (Yq)l + Y¢] Npl) ”W - W*”A

S(@m+7) (X +Y,)
+ 2
w

llu —ulla.
Similarly, we have
196 (v, w,u) — 3, (v*,w*,u*)”A
< szw'TY¢2 ”W - W*”A
+Gryr (Yoo + YNy ) = 'l
5(6 + ﬂ (YT+ Yr'ﬁ)

+ _ v =v*las
w

and
196 (. v) = S (v, v 5)
S Gumr Yo llu—u'lls
+G’<3E‘? (.Y¢3 + Y¢3Np3) v —v*lla

S (@+7) (Y7+ Ya)
+ = I
w

- w'la
From (4)-(5), we get

13 (u,v,w) =3 (", v, w)llg

< R ||(I/t, V7W) - (M*’ V*’W*)”G) >

where ® = A X A X A. Since R < 1, J is a contraction
mapping. By employing Banach’s fixed-point theorem,
we conclude that 3 has a unique fixed point, which is a
unique solution to the tripled problem (1).
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4. Stability results

This section is devoted to investigating the Ulam-type
stability characteristics of the proposed coupled system
(1). Specifically, we aim to determine the conditions un-
der which small perturbations in the system’s equations
lead only to small changes in its solutions, confirming
its robustness.

Assume the following ine uahty holds for some real
number ¢ = max {f,q s liys € q}

[“D*1u($) —¢1 (L, v($),w(), Q" (D < by, L€V,
|CDK2V (év) - ¢2 (é”w (() s U (() ’Qu (())' < gkz’ év € V,
|CDK3W (g) - ¢3 ({,M (g) sV (4) vgv (g))l < €K3’ g ev.
(6)
Motivated by the definitions of Ulam stability in [20],
we introduce the definitions below:

Definition 4.1 The tripled system (1) exhibits Ulam-
Hyers stability if, for every solution (u,v,w) € © of
the inequality (1), there exists a unique exact solution
(u,v,w) € O of the problem (6) such that

|(Lt, v, W)(() - (ﬁ, v, W)(§)| < GK1K2K31D'T5?6‘?€’ g ev.

Definition 4.2 The tripled system (1) exhibits gen-
eralized Ulam-Hyers stability if, for every solution
(u,v,w) € O of the inequality (1), there exists a func-
tion J (¢) € C (RR*) with J (0) = 0 and there exists a
unique exact solution (i, v, w) € O of (6) such that

|(M,V,W) (é’) -

Remark 4.3 A trio (,v,w) is considered a so-
Iution of the system (6) if there exist functions
K(u),L(v),M(w) € C (V,R) such that

> IM(Q)]

(w,v,w) ()| <J(), L eV.

(1) Forall £ € V, |[K(0)| <
IL(O] < biss

(i)
{ D u(l) =1 (Lv (). w(l), Q" () +K (), L€V,

< ¢y, and

D2y ({) =2 (Lw (), u(d), Q) +M(), L€V,
cDK}W(g) =¢3 ((,u({),v({),ﬂ" (g))+L(£)v JevV.

Lemma 4.4 For any solution (#, v, w) € © to the prob-
lem (6), the following inequalities are fulfilled:

w (@)= fo Fa (&7) 1 (v (1), w (1), Q7 (7)) dr
- 2@ -0+ [ 1wy ar
Hr @) [ mw () dr| < Gty

v () = ) Fo (27 62 0w (), (), @ (1)) dlr
- & |@EU-0+D [ To ) ar
+@F+30) [ v () dr] < Gl

W () = f) Fu (£ 83 (o ()0 (),92° () dr
-2 |@EU-0+D [ Tov () dr
+F+B0) ) 7 v () dr|| < Gumeti, V.

%10.57647/mathsci.2026.2002.13

Proof. It follows from Remark 4.3 (ii) that

D (¢) =

¢1(£,v(0).w (). Q" () +K({), L€V,
‘D*%v({) =

#2 (&w($),u(Q),Q"(0) +M(&), €V,
‘Dw({) =
¢3 (Lu($),v(5),QV () + L), L€V,
@u (0) + 7’ (0) =6 [ 1 (u(r)) dr, )
wu (1) +7u’ (1) = 6_/0] m (u (r))dr,
Gv(0) + 7V (0) =3 [ 1 (v (r)) dr,
Gv(1) +7v/(1) =3 [ i (v (r)) dr,
Fw(0) + 7w’ (0) =6 ;' T(w (r)) dr,
Fw(1) + 7w (1) =3 [, i (w (r)) dr.

By Lemma 2.3, the solution of (7) is given by

U(Q) = fy Fu (&) 1 (r,v (1), w (1), Q% (1)) dr
+/0] Fy, (¢, r)K(r)dr
+2 [(w (=0 +7) [ L () dr
+(T+1U§)f01m(u(r))dr] , eV,

v = Fis (€:7) 92 (row () (1), Q1 (1) dr
+f0 F, ({,r) M(r)dr
+2 [(w(l—g)mfo (v (r)) dr
+(T+w§)/o m(v(r))dr], eV,

w() = [ Fia (€763 (rou (1), v (1), Q" () dr
+f0 Fu, (¢ 1) L(r)dr
+2 [<w<1—§>+af0 Tow (1)) dr
+ @B [ w ) dr| eV

Applying Remark 4.3 (i) in the first equation of (8) and
using the hypothesis (Hs), we can write

[ () = f) Fua (27 81 (v (), w (), @ () dlr
- [(w(l — O+ [y 1 () dr
+ (e o) [ m () dr|
< |} Fa @) K()ar
< [ |Fa (Cr) K| dr < Gy el

Similarly, we have

v({) - fo Fy (&, )2 (row (r) ,u (r),Q"(r)) dr
-% [(w(l—orvfo (v (r)) dr
+ (T + &) [ () dr” <Gmile

and
() - f0 Fo (€183 (r,u(r), v(1), Q@ (r))dr
-& [<w<1—4>+?>f0 Tw (1) dr
+ (T + @) fo m (w(r)) dr” < Gmrls-

for each ¢ € V. This finishes the required.

®)
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Theorem 4.5 The fractional order tripled system (1) is
Ulam-Hyers stable and also generalized Ulam-Hyers sta-
ble, provided that the hypotheses (H3)-(Hs) are satisfied
and

A = (1-Yqu) [(1-Yz:) 1-Yz2) - Yum: Yot
Y57 [Yozr (1 - Ya2) + Yoo Y or
_Y/q oT [YKZE?YIQWT + (1 -

Proof. Suppose that (u,v,w) € © is a unique solution
to the fractional system (1), and (u*,v*,w*) € @ is a
unique solution to the following problem:

‘DXt (£) = ¢ (£, v* (), w* (0), QY (2)),
ev=101],

‘D () = $2(& W (0).u(§), Q9 (1)), L€V,
Dw(L) = ¢3(L,u™ (), v (), Q" ({), { €V,
@ (0) +7u” (0) =6 [ 1 (u* (r)) dr,

aut (1) + 7w (1) =6 [ m (u* () dr,

@v* (0) + v (0) =6 01 L () dr,

v (1) +7v¥ (1) = gfol m (v* (r)) dr,

Gw* (0) + 7w (0) =5 [ T(w* (r)) dr,

Gw (1) + 7w (1) =5 [ (w* (1) dr.

By Lemmas 2.3 and 4.4, the solution of the above system
can be expressed as

W) = [} Fo (1) (r v (1), w (), Q% (r))dr
+ 2 [(w(l —o+1) [ 1w () dr
+(t+ @) /01 m (u* (r)) dr] ,

VO = ] Eal&r)alrw (). 0(0),9 ()dr
b [(w(l— O+ [ T0 () dr
+(T+w§)f0 m (v* (r))dr],

W) = f0 Fa(£or)$3(r,u (1), v (1), @7 (1) dr
1 [(w(l—omfo Tw™ (1) dr
+(T+w§)f0 m(w*(r))dr], leV.

Hence, we get

1 (Q) - u* (0|
1 *
= |u(o) - / Fo (€)1 (" ()" (1), @ () dr
0

1
L <w<1—4)+r)/0 LGt (7)) dr

1
+ (7 + w‘{)‘/o m (u” (r)) dr]

%10.57647/mathsci.2026.2002.13

YE?) YK31.D’T] # 0.

1
u(Q) - /0 Fo ()1 (rov(r). w(r), Q% (1) dr

<

1
o (w<1—4>+r)/0 ! (u (1) dr

1
rrrao) [ munal

+

1
/0 Fo (Cr) [61 (v (1) ow (7). Q" (1)

—¢1 (r, vi(r)y,w* (r), o) (r))] dr|
1
2 Nw(1-0)+1) / () - 1" ()] dr
0

1
F(rt @) /O [m(u(r)) = m (u” ()] dr

1
< Gyaorly +/ |FK1(§’r)| (Yo, V(O =v* (DI
0
X, I (0) =" (O + Ty, [@7 () -2 )
M( / () - u* () dr

Y, —u* d

+ /O|u<r> u () )

< GK[‘(UT€K1 + GKIEF (Y(bl |V (r) -V (r)| +
(Ytﬁl +Y¢1Np1) lw(r) —w" (r)|)

< GK]’!D'T£K1 + Yklﬁ?lv (r) - (V)l
=W (N + Yoz |u(r) —u”(r)],

+Yy 7w (r)

where YK] o7 = GK] =TT (Y(/)l + T¢,1 + Y(/)INPI) and

Yor = W. Therefore, one has

(1 - Y'm‘r) ||I/L - M*HA < lewrflq (9)
+YK| 5? ||V - V*“A + YK[ 5? ||W - W*”A *

Similarly, we have

(I=-Yz7) Iv=v'lla £ Gzm7ta, (10)
Yoz lw—wila+ Yz llu—ulls,

and
(1 =-Yz2) llw=w'lls £ Gymzli (1)
+Yisor ||z — ”*”A + Yot v - V*”A >
where Yoz¢ = Gozr (Y¢2 + Yy, + Y¢2sz),
Yiuor = Guor (Y¢3 + Ttﬁs + Y¢3Np3)’ Yzr =
5(w+T’¢)%(2Yl~+Y,71) and YE‘? — (S(‘lD’+T;5£ZY7+Y;;L) )
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Equations (9)-(11) allow us to write where £ = max {f,q sy €K3} and
(1= Yoro) llu =l = Yo7 IV = v*l 4 ;  Guor (At A+ AY)
_YKI @TT ”W - W*”A < GKIzUTng Kikk@ToToT = A
Guar (M +As+Ag)  Gumzr(As+As+ o)
(I =Yz2) v =vlls = Yzz llw —w'lls A + A :

—VYzzllu—ully < G,z7li,s

(1 =Yz2) llw =wlla = Yo llu —u”ll4
_Ykz‘(D'T ”V - V*”A < GK35?€K3~

The equation can be expressed in a matrix form as

(1-Yor) Yyzr —Yuzr
_YIQE‘? (1-Ygzz YKZ’(D’T
_Ykgm‘r _YKZ’EFT ( Yz’v\?)

||M - M*HA GK] ’(D’TKK
X ”V_V*”A < szw [
”W_W*”A GK3’¢D'

Using the inverse of the matrix, one can write

”u_u*”A A1 A2 A3 GK]’(D'T K1

4
”V - V*”A < % A4 AS A6 GKz’lD’Tgkz 5
”W - W*“A A7 AS A9 K;wrg
(12)
where
A=(1-Ygp) [(1-Yz7) (1 -Yz7)
_YKZE?YKZWT]

_Ykl oT [YKZE? (l - YTE?) + YKZE?YIQWT]
Y57 Yoz Yoor + (1 - Yz7) Yuor| #0,
A =0-Yz2) (1 -Yz7) ~ Yho Voo
A=Y 57(1-Yzz) - Yz Yo7
A =YmiVnor +t Yoar (1 - Ya7),
A= Ym7 (1 - Yz7) ~ Yo Vawr
As=(1-Yg) (1 -Yz7) - Ya: Va0
Ao =VYmr: (1 - Yor) = Yoz Va7
A7 = YKZE?YKZMT + Ykgw‘r (1 - YE?) s

Ag = _Ykz’(D'T (1 - Yw*r) - qu E?Y/qw”ra
Ag = (1 - YID’T) (1 - YE?) - YK] E?YIQE?

From (12), we can write

= u*|l, < AlleAmfkl + Aszi\a?% + A3GK3Aa?l’K3 ’
G ¢ AsG,, 70k NeGr, =€k
* K| W7 UK KQ@T VK) K3TTT K3
v =v*[[4 < A + A + A ,
AN71Gywolic NG, w7l NG 7l
* 1 1 2 2 3 3
”W -w ”A = A + A + A .
Therefore

= ulla+1lv=vlla+ 1w =willa

lem‘rflq
<——— (A1 + M+ Ay)
A
G
& (A2 + As + Ag)
A
Gmwr
T (Az +Ag + Ao) .

It follows that

||(’/l, V, W) - (u*7 V*7 W*)” S GK1K2K3ZD'T5?E?€’

%10.57647/mathsci.2026.2002.13

Consequently, the preceding inequality implies the
Ulam-Hyers stability of the tripled system (1). More-
over, the inequality can be succinctly expressed as:

[ (u,v,w) = (u*,v*,w*)|| < J(£),with J(0) =0

This inequality confirms the generalized Ulam-Hyers
stability of the proposed tripled problem (1).

5. Illustrative applications

In this section, we transition from theoretical derivation
to practical application by presenting a series of illustra-
tive cases that demonstrate the utility of our model. To
validate the core findings regarding existence, unique-
ness, and Ulam-Hyers stability, we provide a detailed
numerical example that substantiates our analytical re-
sults with concrete data.

The significance of a tripled system of fractional
integro-differential equations under integral boundary
conditions lies in its ability to model complex, intercon-
nected phenomena that possess memory and non-local
interactions as follows:

* Biological Memory and Heredity: Unlike classical
calculus, fractional derivatives capture the history
of abiological process. In a tripled system, this rep-
resents the co-evolution of three interacting species
or biomarkers where the rate of change depends on
past states, such as in multi-strain viral dynamics or
nutrient-phytoplankton-zooplankton cycles.

 Physical Anomalous Diffusion: In physics, these
systems describe anomalous transport in porous or
fractal media, where the tripled nature accounts for
the coupling between temperature, pressure, and
concentration, and the fractional order represents
the sub-diffusive movement of particles that don’t
follow standard Brownian motion.

* Non-local Feedback: The use of integral boundary
conditions is physically significant because it im-
plies the system is governed by a weighted aver-
age or total mass/energy constraint over a spatial
domain rather than just fixed values at the edges.
This is crucial for modeling closed-loop biological
systems or thermal equilibrium in a rod where the
total heat energy is regulated.

* Viscoelastic Synergy: In materials science, a
tripled system can represent the interaction be-
tween stress, strain, and internal damping in com-
plex polymers, where integro-differential terms ac-
curately reflect the material’s ability to dissipate en-
ergy over time.
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Now, to validate the the theoretical results, we intro-
duced the following example:

Example 5.1 Assume that the following fractional
tripled system:

Ny _ 1 (I w()|
‘Dru({) = 9072 | T+ v ()] 1+|w(§)l]

Z
+f —smggmw(r)dr,

0
gt _ et [ Iwl [v()]
Div()) =55 | i + 1+|v(£)|]
4

+0fW289V(r)dr7
CD%W(é’):7]—5[g’sinu({)+é'COSM(§)]
+/e( :)u(r)dr,

u (0) +u’ (0) = /0 14'3\(:()1)\‘1
w(l)+u (1) = [ —16|f‘(:()r|)‘dr

v (0) +v' (0) = 210 fo sinv (r) dr,
v(1) v (1) = & [Tsinv (r) dr,
w (0) +w (0) = & [ cosw (r) dr,
w (1) +w (1) = % [l cosw (r) dr,

(13)
for £ € V = [0, 1]. Clearly, system (13) is another form
of the system (1) with x; = %, Ky = %, K3 = %, w =
5‘:6:1’6252521 T:?:‘?:l,l(u(l’))=

e (u ") = sttt L (v (1) = 55 sinv (1),

m@v(r) = 25 sinv (r), l(w(r)) = 31()cosw(r),

¢
m(w(r)) = 35 cosw(r), Q¥ ({) = /*m(ré)w(r) dr,
0

4 g
Qv () = / 2oy () dr, Q@ (1) = [ v () dr
0
and
$1(Lv (D) w (D). Q% ()
= gz | HveT + T | * f g () dr,

¢2 ((’W({)’M(é’)’gu (())

¢
W], )] ]+fr4+89”(r)d’
0

e ¢ [
T30 | THw (T T TV

‘93 (L,u(d),v(0),Q"(0)

Now, from the condition (H;), we have

@)l e < @,

kOl L),

Im (u ()] € —F—= 16+| 1S 16

Fov @] < 55 bsinv (1 < 55 (1,

|m(”(§))|ﬁg|v(”)|

%10.57647/mathsci.2026.2002.13

= 7L [¢sinu (&) + ¢ cosv ()] +f e Ov(r)dr.

[Fov @) < 55w @
m @ (€)1 < N (0)] 55 w (D)

and

oy = | ()] |u” (r)]
) =) = '14+|u(r)| RG]

1
< ﬁYl lu —u*|,

1
e (u) —m ()| < e fu —u’l,

_ 1
(z ) < 35 Isinv (1) = sinv* ()]
Py
<% v —v",

) = ()] < 5 o=l

1 (w)—1(wh)| < % [cosw (r) — cos w* (r)]

< Liwow,
_30WW

— — 1
i (w) = m (Wl < == [w = w,

Thus, N; = Yl=]4,N =Y, _]6’NT:YI~: %,
Nﬁl:Ym_zsyN Y —30,andN —Y"_LS
From the hypothesis (H3) one can write

! _ [ 1sin(r0)]
/0|90(§7r)|dr—/ Td<%

1 1
— 1
[eemar= [ |2 <
1 1
[ eenia= [
1

-(r=2)
¢ 70 dr < %
Thus, Ny, = 25, Ny, = 75, and N, = 5.
From the hypothe51s (Hy), we get
61 (£,v (D). w (), Q¥ ()
41 (¢.v @)W (@, )|

’ L[ @, W@l ]
907 [T+ (O] " T+Tw (D]

Z
+/ Sms(gé’)w (r)dr
0
1
902
g .
+/ —sms((})‘g) w* (r) dr
0

1 . 1 .
5517 (O =V (Ol + 55 1w () = w* ()]

VOl W ) ]
L+ (O 1T+]w ()]

IA

| . W
+ |2 @0 -2 @
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192 (Zow (), (), 2" (2)
b2 (6w (@0 (0,97 D)

el w@l Iu(f)l]
50 [1+w (@ 1+ ()l

IA

z
2
+/r4+89u(r)dr
0
lw (DI lu (D)
2
+/r4+89u(r)dr
0

e
Lo (O] T+ (@)
z
1 . 1 N
W (O =W @1+ 55 (@) —u Q)

IA

1. .
+ [0 -9 )
Yo 0 (8) =" (O] + Yo lu () = (2)]
Q" (- ().

IA

+Y¢,2

and

193 (. ()0 (2),97 (2)
~g3 (20" ()" (.27 )
5 [£5inu () + Zcosv (0]

; e~ (=)
+/ 70 v (r)dr

0

1
— 25 [&sinu (9) + L eosv (0]
¢
e (r=0)
+ v (r)dr

0/ 40

1 . 1 .
() = Q)]+ 52 0 () =" ()]

IN

Q" (D) -9 (),

N 1
40
Y 1 ¥ 1 ¥ 1
Thus, Yg, = Yy, = 90° Yy, = 50° Yy, = Yy, = 350°
Y 1 Y 1 ~ 1
Yg, =75, Yooy = Yy = =5, and Y, = 5.
From the hypothesis (Hs), we have

1 2 (@ 2(F?+ @7
Gumr = + (@+9 + (AT &%)
; IF'l+x) T(1+k3) @I (k3)
~ 6.6196,
G o— = 5 . 4 5 N 4
KNoTT - =
! F(1+%) F(%) 0.88622 +/r
~ 7.8987,
1 2 2(12 +
Gszr = + (W+T) + (T w‘r)
IF'l+x) T(1+k) @I (k2)
~ 7.0924.
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Moreover,
Ri = Guze(Ye + Yy,
§(@+7) (Y7+ Ya)
,{5-2
11 1 11

= 66196 (o + o 4+ —— | +2(=m + —

6696(75+75+4040)+ (20+25)
0.3607 < 1,

+Y¢3Np3) +

Q

Ry = Guwzr (Y¢1 + Y(151 + Y¢1N;01)
S(w+1)(X +7Y,)
+ 2
w

= 7.8987(i+i+ii)+2(i+ l)

90 © 90 ' 5050 14" 16
~ 0.4465 < 1,

and

R3; = Guor (Y¢2 + Td’z + Y¢2NP2)

+3({5+?) (Y7+ Y,;,)

o2
1 1 1 1 1 1
0.4110 < 1.

Thus, R = max {R, Ry, R3} = 0.4465 < 1. There-
fore, all requirements of Theorem 3.1 are fulfilled and
the tripled system (13) possesses a unique solution. Ad-
ditionally, it is not difficult to see that A # 0. Hence,
by Theorem 4.5, the tripled fractional problem (13) is
both Ulam-Hyers stability and generalized Ulam-Hyers
stability.

X

6. Conclusion and future work

By leveraging the Banach and Schauder fixed-point the-
orems, the solvability of nonlinear systems of fractional
integro-differential equations under integral boundary
conditions is recast as a fixed-point problem within a
suitable function space. Our investigation first estab-
lished existence and uniqueness through the Banach
fixed-point theorem and then utilized Ulam-Hyers sta-
bility analysis to quantify the system’s resilience, con-
firming that approximate solutions remain close to ex-
act ones and ensuring the model is well-posed and
physically meaningful. Despite these theoretical suc-
cesses, significant challenges remain in managing com-
putational complexity and the strictness of required con-
ditions, such as the difficulty of maintaining a contrac-
tion constant less than 1 in highly coupled systems or
constructing Green’s functions for non-local integral
boundary conditions. Furthermore, the memory ef-
fect inherent in fractional derivatives complicates stabil-
ity for tripled systems, as errors can propagate across
all coupled variables. Consequently, future research
is expected to shift toward complex coupling dynam-
ics,including non-instantaneous impulses and stochas-
tic perturbations while exploring generalized opera-
tors like Hilfer or Katugampola derivatives and hybrid
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fixed-point theorems.

Ultimately, the field is mov-

ing toward prioritizing Ulam-Hyers-Rassias stability in
higher dimensions and developing optimized numerical
schemes, such as fractional-order neural networks, to
address these computationally demanding problems in
real-time.
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