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A STUDY ON A COUPLED SYSTEM OF QUADRATIC
VOLTERRA-STIELTJES INTEGRAL EQUATIONS

SH. M AL-ISSA

ABSTRACT. The main purpose of this paper is to investigate some existence results for a coupled
system of nonlinear quadratic integral equations of Volterra-Stieltjes type in the space of contin-
uous functions defined on a closed bounded interval. Our proof depends on the Schauder fixed
point principle, such an approach allows us to obtain existence theorems under rather general
assumptions.

1. INTRODUCTION AND PRELIMINARIES

It is well known that integral equations have many useful applications in describing numerous
events and problems of real world, and the theory of integral equations is rapidly developing with the
help of several tools of functional analysis, topology and fixed point theory (see [1, 12, 13, 14, 15, 18]).
The interest in the study of quadratic Volterra-Stieltjes integral equations was initiated mainly by
the papers [7, 9, 19, 20, 21, 22].

The goal of the paper is to discuss the solvability of a certain class of coupled system of quadratic
Integral equations of Volterra-Stieltjes type. For the definition, background, and properties of the
Stieltjes integral, we refer to Bana$ [6]. The interest in the study of such coupled system of integral
equations was initiated mainly by the papers (see [4, 3].

In this paper we prove some existence theorems for a coupled system of quadratic Volterra-
Stieltjes integral equations containing numerous types of Volterra integral equations as special cases.
We investigate solvability of those coupled system of integral equations in the space of continuous
functions defined on a closed bounded interval. The main tool used in our considerations is the
Schauder fixed point principle. Such a proof enables us to obtain our existence results under quite
general and convenient assumptions. Moreover, we generalize our results to the indicate existence
result of the coupled system of quadratic Hammerstien-Stieltjes integral equations.

The results proved in this paper generalize several ones obtained up to now for various types of
nonlinear Volterra integral equations like the coupled system of quadratic Volterra integral equa-
tions of fractional order, the coupled system of quadratic Volterra-Chandrasekhar type and nonlinear
equations of mixed type, also, we deduce existence theorems for coupled systems of Cauchy problems.

Throughout this paper, let I = [0,7] and X be the Banach space of all ordered pairs (x,y) €
X =C(I) x C(I), with the norm
(2, y)llx = max{[|lzllc, [[yllc},
where
[zllc = sup ], [lylle = sup |y
tel tel

It is clear that (X, ||(z,y)|/x) is Banach space.
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Now, we shall present some auxiliary properties of fractional calculus that will be need in this
work.

Definition 1. The Riemann-Liouville of a fractional integral of the function f € L*(I) of order
a € RT is defined by

t _ g a—1
o= [ Sl s as
and when a = 0, we have I* f(t) = I§ f(t).

Definition 2. The (Caputo) fractional order derivative D%, o € (0,1] of the absolutely continuous
function g is defined as
d
D2 g(t) = I —
a9O)=1."" -9
For further properties of fractional calculus operator (See [26],[27],[28] and [29]).

(t), t€la,bl.

2. MAIN RESULTS

The main object of the study in this paper is the solvability of the coupled system of nonlinear
quadratic integral equations of Volterra-Stieltjes type having the form:

‘T(t) = al(t) + fl(tay(t))/o 'Ul(tv 57y<5>) dsgl(tv S>7 tel
¢ (1)
y(t) = as(t) + fg(t,x(t))/o va(t, s,2(8)) dsga(t,s). t €1

Our goal is to show that system (1) has at least one solution in the space X. For our further
purposes we denote by A the triangle A = {(¢,s) : 0 < s <t < T}.
In our investigations, we assume that the following conditions are satisfied

(i) a; : I — R, (i = 1,2) are continuous functions on I. There are constants a;, where a; =
sup,c lai(t)].

(ii) fi : I x R — R, (i = 1,2) are continuous functions and there exist continuous functions
m;(t) : I — I such that

filt, @) = filt,y)| < mi(t)]z —yl,

for all ,y € R and ¢t € I. Moreover, we put m; = max{m;(¢t) t € I, }.

(iii) v;(t,s,2) : A x R — R,(1i=1,2) are continuous functions and there exist continuous
functions n; (¢, s) : A — I, and continuous and nondecreasing functions ¢, : Ry — R, such
that

vi(t, s, )| < nit, 5)i(lz]),
for all (t,s) € A and x € R. Moreover, we put n; = max{n;(t,s) t,s € I'}.

(iv) Functions s — g;(¢, s) are of bounded variation on [0,¢] for each t € I, i =1, 2.

(v) Functions g; are continuous on the triangle A and g;(¢,0) =0 for ¢ = 1, 2.

(vi) gi(t,s) = gi : &; — R, i = 1,2 and for all ¢1, to € I with ¢t; < {9, the functions s —
gi(ta, 8) — gi(t1, s) are nondecreasing on I.

(vii) For any e > 0 there exists § > 0 such that, for all ¢1;t5 € I such that t; <ty and to —t; <6
the following inequality holds

t1

\/ [9i(t2,s) — gi(t1,8)] <€, i=1,2.

s=0
Obviously, we will assume that g;, (i = 1,2) satisfy assumptions (iv) — (vii). For our purposes, we
will need the following lemmas.

Lemma 1. [8] Under assumptions (iv)-(vii), The functions z — \/_; gi(t,s) are continuous on
[0,t] for any any t € T (i=1,2).
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Lemma 2. [8] Let assumptions (iv)-(vii) be satisfied. Then, for arbitrary fized number 0 < to € I
and for any € > 0, there exists 6 > 0 such that if t, € I; t1 < to and to —t; < § then

vi2=t1 gi(t27 5) <e (Z':Z}Q)'

Further, let us observe that based on Lemma 1 we infer that there exists finite positive constants

K, such that
t
K, = sup{\/ gi(t,s): t e [O,T]} ,

s=0
where T > 0 is arbitrarily fixed (i = 1,2).
We now introduce some functions that will be useful in our further studies:

2
Wi(E) = Sup{\/(gi(tQu 8) - gi(ths)) : t17t2 S Iy tl < t27 tl - t2 S €, 1= 172}
s=0
In what follows let us denote by F; the constant defined by the formula:
F; =sup{|fi(¢,0)| : t € I, i =1,2}.
Now, we are in position to present tha main result of the paper.

Theorem 1. Let assumptions (i)- (vii) be satisfied. Then the coupled system of quadratic Volterra-
Stieltjes integral equations (1) has at least one solution (x,y) belonging to the space X.

Proof. Consider the operator A by putting
Az, y)(t) = (Ary(t), A2(t)),
where
Auglt) = an(0) + Alty(t) | nalts.uls) (e
¢ (2)
Aalt) = ax(t) + olt. o) [ walt.s.0(5) ).

We prove a few results concerning the continuity and compactness of these operators in the space
of continuous functions. We define the set U by

U=A{u=(x(),y®); (x(t),yt) € X :[l(z,y)x <7}
For (z,y) € U, and define The operator A map U into U, we have

Ay < Ial(t)|+f1(t,y(t))|/0t 01, 5,5(5)] |dsg1(, 5)]
< llaall+ [ma(@®)y(6)] + fl(t70)|]/0t ni(t, s) 1(ly(s)]) ds(S\i/(Jg1(t,p))
< aall + [llyllma + F1] n1<p1(|y||)(s\i/091(t7p)),
Ayl < t

llaxll + [rim1 + F1]n1901(7“1)5tu£)( \/ 91(t,p)).
€ s=0

Hence, we get
Ayl < llas] + K1 [mlﬁ + F1]”1S01(7“1)~

la1|[+F1 Kinipa(r1)
1-mini Kip1(r1) -~

From the last estimate we deduce that r; =
By a similar way, we obtain

K.
[|Asz|| < |laz|| + K2 [mors + Fa]noga(ra), ro = lazll + Fo 2n2(p2(r2).

1 — mQTLQKQQOQ (7’2)

Therefore

[ Aul|x 1A(z, y)llx = [[(Ary, Azz)||x

A A =T
rﬁlg;{{II wlles [[Aszllc} =1

IN



226

SH. M AL-ISSA JFCA-2022/13(2)

Thus for every u = (x,y) € U, we have Au € U and hence AU C U, (ie A: U — U).

means that the functions of AU are uniformly bounded on [, it is clear that the set U is nonempty,

bounded, closed and convex. Now, we need to show that the set AU is relatively compact.

For u = (z,y) € U, for all e > 0, § > 0, and for each t1,t; € I( without loss of generality assume

that ¢1 < t2 ), such that |ta — t1] < d, we have:

IN

IN

|A1y(te) — Ary(t1)]

an(t2) = an(t) + fu(tay(02)) | * it 0((5)) o (12,9)

fittrue) | " it 9(5)) dugn(t1,5)

ax(t2) = an (0)| + o (t2.(02)) = o (t)] | * otz 5,5(9)) ldogi(62,9)

ittt [ " a2, 5,9(5)) duga(tz,5) — it (1) / * nt2,4(6) dog (12, 5)

) [ nlt205,905) danltz,5) = Filinswle) [ 010005 dogn )

Al [ "l 5,9(5)) dugr (. 9) — faltr,u(0) / " ot 9(5)) dugn(t1,5)

) [ nlin,5,0060) det1,5) — Fon,v(e0) / " altr,5,0()) daga(t1,5)
<a1,>+m1<t2>|y<t2>—yt1|/ otz 5,5 4o\ 1(t2.9))

p=0
S

it y(1)) = Faltry(t) |/ otz sy (Vi)

S

[t (t)] / " or(tar 5,9 du(\ 01(t2,0) — or (11, D)])

p=0

| f1(ty, y(th) \/ vi(t2,5,y(s)) — vi(ts, 5,y(s))| ds \/91 t1,p))
p=0

S

)] [ o s iV oriten)

p=t1

ta
w(a1,€)+m1(t2)w(y,6)/ ni(tz,s) ¢1(ly(s) \/91 t2,p))
0

wfl(e)/o n1(tz,s) p1(ly(s) \:/ 1(t2,p)
[m(t)ly(t)] + | (11, 0)] / " nn(tar8) @(ly(s))ds(\/ (9162, ) — g1 (1, p)]
p=0

m(e)lye)]+ A0 [ @l do(\ aa(er.p)
0 p=0

[m(t)ly(t)] + | (11, 0)] / "t s) @(ly(s)ds(\/ 1(t1,))
th p=0



JFCA-2022/13(2) ON THE FRACTIONAL-ORDER GAMES 227

where
w(a;,e) = sup{la;(ta) —a;(t1)|: t1,t2 €1, |t1 —t2| <€, i =1,2},
wyr(€) = sup{|fi(ta,u) — fi(ti,u)|: ti,ta €1, [t1 —t2| <€, u€ R, i=1,2},
wy, (€) = sup{|vi(ta,s,u(s)) —vi(t,s,u(s))|: t1,t2 €1, |[t1 —t2| <e,u € R, i=1,2}.

Then, form estimate we get

Awy(ta) — Ary(t)] < wlar,e) + Imaw(y,©) +wp, (©lmo(ly]) / \/gl t2,)

S

© [l + F] [n1¢<y||> [V o) - st

p=0

TG / \/91 t1,) + 1 ||y||/ \/91 fp ]

< w(ar,€) + [miw(y, €) + wp, ()] mo(llyl) \/ 91(t2,p))
+ [yl + Fi] [”M(Hyﬂ) \ 912, 8) = g1 (t1, 5)]
s=0

+ @V s nplul) V nler,o)]

s=0 s=t1

< w(ala 6) + K [mlw(y7 6) + Wiy (6)] nl(p(r)

+ mar+ A [nwwm(e) Ty (g1 (11, 12) — g1 (2, 0)]

o)t k) — glul,tl)@

Hence, from the continuity of the functions g; assumption (v), we deduce that A; maps C(I) into
C(I). As done above we can obtain

[Asx(ts) — Asz(ti)[| < wlaz,€) + Ka[mow(z, €) +wp,(€) nap(r)
+  [mar+ B [n280(7“)W2(6) + wo, (€)[g2(t1, t2) — g2(t1,0)]

+  nap(r)lga(ts, ta) — 92(151,151)]}

Also, by our assumption (v), we see that Ay maps C(I) into C'(I).
Now, from the definition of the operator A we get

Au(tz) — Au(ty) = A(z,y)(t2) — Az, y)(t1)
= (Auy(ta), Asz(t2)) — (Ary(tr), Azx(ty))
(Aly(tQ Aly(tl) Agx(tQ) — AQx(tl))
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Therefore,

[Au(tz) — Au(t)| = |[(Ary(t2) — Ary(t1), Agz(t2) — Aaz(t1))|
= max {[|A1y(tz) — Ary(t1)|], | A2z (t2) — Aoz ()|}

< max {w(al, €) + K1 [miw(y, €) + wy, (¢)|n1o(r)
n ww+Fd%wvmuo+MAMmm¢g—mmﬁn

+ mo(r)]gi(ti,t2) — 91(751,751)]},
w(asg,€) + Ko [mgw(x, €) +wy, (e)]ngap(r)

; wﬂ+&ﬂm¢M%@+wMamm¢ﬁ—wmnﬂ

; wwvamJa—m@hnﬂ}-

This means that the class of { Au(t)} is equi-continuous on I, then by Arzela-Ascoil theorem {Au(t)}
is relatively compact.

Now, we will show that the operator A : U — U is continuous.

Firstly, we prove that A; is continuous. Let €* > 0, the continuity of v;, i = 1,2, yields, 3 § = §(e*)
such that |v;(t, s,u(s) — v;(t, s,v(s)| < €*,whenever ||u — v|| < §, thus if |y — v|| < §, we arrive at:

IN

IN

IN

IN

IN

IN

IN

where

[(A1y)(2) = (A1) (t)]
Ifl(t,y(t))/0 v1(t, 5, y(s) dsgl(t’S)*fl(t,v(t))/o v1(t, 5,0(s)) dsga(t, 5)|

Iﬁ@w@DA m@ﬁwﬁ)%m@ﬁ%—h@wﬁﬂl or(t, 5,y(s) duga(t, 9)
ﬁ@w@»A m@dw@)%mﬁﬁﬂ—h@w@DA or(t,5,0(5) dugi (1, 5)|
m#wﬁﬂ—ﬁ@wwﬂl [or(t, 5,9()| daga (£, 5)
m&wwﬂllmw&M@—mw&Mdeﬁﬁﬂ
maOly(0) = o(0)] [ 11(t.9) ) [dogr(t,9)

0
Wh@@@%HﬁWWHAIm@&M@—m@@v®H%m@@|

(Brmamgr () + fma ol + Frle” /Tdetp
0

(§m1n1g01(r) + [myr + File \/ g1(t, s)

(dmanip(r) + [mar + File )KL

€= (6m1n1¢1(r) + [mar + Fl]e*)Kl.

Therefore,

[(A1y)(t) — (Aro)(H)] < e
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This means that the operator A; is continuous.
By a similar way as done above we can prove that for any x,u € C[0,T] and ||z — u|| < d, we have

[(Ag2)(t) — (A2u)(t)] <.

Hence As is continuous operator. The operators A; (i = 1,2) are continuous operator this imply
that A is continuous operator. Since all conditions of Schauder fixed point theorem are satisfied,
then A has at least one fixed point u = (z,y) € U, which completes the proof. (]

Corollary 1. Let assumptions of Theorem 1 be satisfied. Then quadratic Volterra-Stieltjes func-
tional integral equation

(1) = aft) + F(0(0) [ vlt5.9(9) duglts). teT )
has at least one solution x € C(I).

Proof. Let the assumptions of Theorem 1 be satisfied, with x =y, f1 = fo = f, v1 = vo = v, and
a1 = az = a. Then the coupled system (1) will be the Volterra-Stieltjes quadratic integral equation
(3) O

3. EXISTENCE OF UNIQUE SOLUTION

In this section, we study the uniqueness of the solution (z,y) € X of the coupled system of
quadratic Volterra-Stieltjes integral equations (1). Assume that functions ¢; : R4 — R4 have the
form ¢;(x) = 1+ |z|, and the functions n;(¢,s) € C(I) denoted by b; = ||n;|| = max{n;(t,s) t,s €
I, i=1,2} . Then

[vi(t, s, 2)| < ni(t,s) (1+ |z]).

Notice that this assumption is a special case of assumption (iii).
Consider now the assumptions (i2)*, (47¢)* having the form
(#9)* fi : I x R — R are continuous functions and there exist constants numbers m; such that

|fi(t7x) - fl(t7y)| < mi|$ _y‘7 i = 172

forall z,y € Rand t € I.
(791)* vi(t, s,x) : v; = 2y x R — R are continuous and satisfy the Lipschitz condition with Lipschitz
constant b;, such that

|vi(t757$) - vi(t,s,y)| S bl |l’ - y|7 1= 172
From this assumption, we can deduce that
|Ui(tvsvx)‘ - |Ui(t’570)| < ‘Ui(ts,.');‘) - Ui(t7570)| < b ‘xla
which implies that
vi(t, s, 2)| < [vi(t,5,0)[ +b; |z] < ni(t, s) +b; |af,

where n;(t, s) = sup |v;(t, s,0)|.
tel

Theorem 2. Let assumptions of Theorem 1 be satisfied with replace assumtions (i), (iii) by (ii)*,
(#i1)*, if the following condition hold

m(n +br) + [mr+ F|K < 1.
Then the coupled system (1) has an unique solution (x,y) € X.

Proof. Let uy = (x1,y1) and ug = (z2, y2) be two solutions of the coupled system (1), we have

[(@1,91) = (2, 92)Ix = [[(z1— 22,91 — o)l x

r?ealx{nxl — 22|, [lyr — yall-}
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Now,
|21(t) — 22()]

IﬁwaDA m@wwﬂ@%$@£%aﬁwmﬁh/ o1(t, 5,y2(5)) duga (£, 9)

0

IN

t

IN

|f1(t7y1(t))/0 vi(t,$,91(s)) dsga(t, s) = fi(t,y2(t)) [ v1(t,s,91(s) dsga(t, s)]

/
+ Uﬂtm@»A m@»wﬂ@)@muww<ﬁmwu»4 o1(t, 5, y2(5) dagi (£, )|

IA

IhWMUD—h@m@NAIMM&w®H%mw@

+ |f1(t’y2(t))|/0 |U1(t757y1(5) _Ul(ta87y2(8)| |dsgl(t78)|

IN

7mWﬂw—m@nA (n1(t,) + b1 Iyl)dsgn(t, )

+ [ml\y2(t)|+\f1(t70)\]b1/0 [y1(s) = ya(s)] dsgn(t, s)

IN

+ s
(lyr = yallma(na + ballyall) + [mally2ll + Filllyr — yz\l]/ ds (\/ gl(t»p)>
0 p=0

t
< ma(na +ballyall) + [mallyell + Fulllys — g2l (\/ 91(t78)>
s=0

< ma(ng +bire) + [mar + FilKilys — yel|-
Therefore,
|21 = @2f| < m(n+br|) + [mr + FI)K|[y1 — y2||,
where
b =max{b1, b2}, m = max{mq,ma} ,n = max{nq,ne}, F = max{F, Fp} and K = max{K7, K»}.
similarly
ly1 — y2ll < m(n+br) + [mr + F))K|z1 — 22|
Then
[(@1,y1) = (22, 92) [ x = [[(21 — 22,51 — w2)|x
= max{[lz1 —22flc, lyr — yellc}
= max {[m(n +br) + (mr + F)K] y1 = gl [m(n + br) + (mr + F)K] |21 — 22|}
= mln+br) + (e + )R] max (e — aslle, lon — wolle}
= [m(n+br)+ (mr+ F)K] |[(z1,91) — (22, 92)l|x-

Which implies that
(1 —=m(n+br)+ (mr+ F)K] [|(z1,31) — (22,32)[lx <0.
Therefore
[(z1,91) = (22,92)||x = 0.
This means that
(1,91) = (T2,92) = 1 = T2, Y1 = Yo.

This proves the uniqueness of the soloution of the coupled system (1). O
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4. A COUPLED SYSTEM OF THE NONLINEAR QUADRATIC VOLTERRA-HAMMERSTEIN-STIELTJES
INTEGRAL EQUATIONS

This section, as an application, deals with the existence of continuous solution for the coupled
system of quadratic Hammerstein-Stieltjes functional integral equations

z(t) = ax(t) +f1(t,y(t))/0 ki(t, s)hi(s,y(s)) dsga(t,s), t €1
¢ (4)
y(t) = ax(t) +f2(t,fv(t))/0 ka(t, 8)ha(s,y(5))) dsga(t,s), t €1

Consider the following assumption:
Assumption (1): Let h; : I x R — R and k; : I x I — Ry assume that h;, k; satisfy the following
assumptions:
(i) hi(t,y(t)) (i =1,2) are continuous functions.
(ii) There exist continuous functions m}(¢t) and continuous and nondecreasing functions ¢; :
R+ — R4, such that
[ha(t, )| < mi(t)i(lx]),
for all t € I and x € R, i = 1,2. Moreover, we put M} = max{m}(t), t € I, i =1,2}.
(iii) Functions k;(t,s) = k; : A — R are continuous on the triangle A, such that K} =
sup,{k;(t,s)} , where K} are positive constants.

Definition 3. By a solution for the coupled system (4), we mean the pair of functions (x,y) € X.
Being now for the existence of continuous solutions of (4), we have the following theorem.

Theorem 3. Let assumptions (1) and (i)-(vi) of Theorem 1 be satisfied. Then the coupled system of

quadratic Hammerstien-Stieltjes integral equations (4) has at least one continuous solution (z,y) €
X.

Proof. let v;(t,s,y(s))) = ki(t,s)hi(s,y(s)). Then from assumption (1), we find that assumptions
of Theorem 1 are satisfied and the result follows. O

5. A COUPLED SYSTEMS OF QUADRATIC VOLTERRA INTEGRAL EQUATIONS OF FRACTIONAL
ORDER

In this section, we will consider a coupled systems of quadratic Volterra integral equations of
fractional order, which has the form
_ 5)04171

x(t) = a1 (t) + fl(tvy(t))/o (tp(al)

_ S)Oéz—l

y(t) = as(t) + fz(taff(t))/o (tf(a2)

where t € I = [0,7] and a; € (0,1), and I'(«a;), ¢ = 1,2, refers to gamma functions. Let us
mention that (5) represents the so-called a coupled systems of Volterra quadratic integral equations
of fractional order. Recently, such a type this type has been widely investigated in some papers
[1, 12, 13, 15, 16, 17]
Here, we show that a coupled systems of fractional orders (5) can be treated as a special case of a
coupled systems of quadratic Volterra-Stieltjes integral equations (2) studied in Section 2.

In fact, we can consider functions g;(t,s) = ¢g; : A — R, i = 1,2, defined by the formula

te — (t— )

We can see that functions g;,7 = 1,2, satisfy assumptions (iv)-(vii) in Theorem 1, see [8, 11].

Now, we state the following existence results for couple system of quadratic Volterra integral equa-
tions of fractional order (5).

vi(t,s,y(s) ds, tel
(5)

va(t,s,x(s) ds, tel

gi (t7 S) =

Theorem 4. Let assumptions (i)-(vit) of Theorem 1 be satisfied. Then a coupled systems of frac-
tional orders (5) has at least one solution (z,y) € X.
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Corollary 2. Let assumptions of Theorem 4 be satisfied (with x =y, vi = vy = v ,f1 = fo = f,
a1 =as =0 and a1 = as = ). Then the fractional-order quadratic integral equation

t — S)a—l

t
o) =) + £ [ G5 wlts(s) ds, te
has at least one solution in x € C(I) .
Corollary 3. Let assumptions of Theorem 4 be satisfied, with f1(t,y(t)) = fa(t,x(t)) = 1. Then a
coupled system of the fractional-order quadratic integral system
_ S)a—l

st = an(t) + | unm

t ()81
y@:wxw+é @F&)

vi(t,s,y(s))) ds, tel
(6)

va(t,s,x(s))) ds, t €l

has at least one solution in (z,y) € X.
Now, letting a1, as — 1, we obtain

Corollary 4. Let assumptions of Theorem / be satisfied. Then the coupled system of the initial

value problems
x(t)
5 = ot ty), tel, z(0) = o,
¢ (7)

% =wva(t, t,z(t)), t €1, y(0) = yo,

has at least one solution in (z,y) € X.

Proof. Let assumptions of Theorem 4 be satisfied (with fi(¢,y(t)) = fo(t,z(t)) = 1, a1(t) =
xo, az(t) = yo and letting o, B8 — 1. Then a coupled system of the fractional-order quadratic
integral equations

t
z(t) = zo +/ vi(t,s,y(s)) ds, t €1,
g (®)
y(t) = yo +/ va(t, s,2(s)) ds, t € I,

0
has at least one solution in X which is equivalent to the coupled system of the initial value problems

(7). O

Corollary 5. Let assumptions of Theorem 4 be satisfied. Then the coupled system of fractional-

order differential equations
Dalx(t> vl(tatay(t))a tel

D*2y(t) = va(t,t,2(t)), t €l

9)
with the initial conditions

I (t)|smo = I *2y(t)]4=0 = 0, a1, az € (0,1], (10)
has at least one solution in (z,y) € X.

Proof. let us proof the coupled system of the initial value problems (9) and (10) is equivalent to the
coupled system of quadratic integral system

= t 7&78)&17111 s, y(s S o
x(t)f/o T(a) 1(t,8,9(s)) ds, t €I, oy € (0,1)

0= [ T (o) 0.1

yt:/ ——————— wo(t,s,x(s)) ds, t €I, as € (0,1
0 [(az)

By operating I~ and '~ respectively on each equation of coupled system (11), and applying

properties of fractional operator [29], we obtain

I'=a(t) = ot s,y(s), T2 (t)lemo = 0

Il_a"‘y(t) = Ilvg(t,s,ac(s)), Il_%y(t)h_o =0.

(11)
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Also,
d
%Ilialx(t) = vl(t,tay(t))7 te Ia o1 € (Oa ]-)
d
a.fl*o‘zy(t) =wvy(t, t,z(t)), te€l, ag € (0,1).

Conversely, by integrating the coupled system of initial value problems (9) and (10), we have
Ity — I a(t)|=o = Toi(t,t,y(t))
I'o2y(t) — I'22y(t)|s=o = Ttva(t, t, x(t)).
Operating by I** and I*2 respectively on each equation and differentiating, we have (11). Thus,
the equivalence hold.

Let assumptions of Theorem 4 be satisfied (with fi(t,y(t)) = fa(t,z(t)) = 1, a1(t) = az(t) = 0.
Then there exists at least one solution in X for the coupled system (9 and 10). g

6. FURTHER DISCUSSIONS AND EXAMPLE

This section is devoted to discuss some details appearing in our existence results proved in the
previous section. At the beginning we consider a few special cases of the system (1). First of all let
us notice that the classical nonlinear coupled systems of Volterra quadratic integral equations

z(t) = a1 (t) + v1(t, s,y(s)) ds,
/0 1 (12)

y(t) = as(t) —|—/0 va(t, s, x(s)) ds,

is a special case of system (1) if we put f;(¢,2) = 1 and g;(¢,s8) = s. This implies that equation
(12) can be investigated with help of Theorem 1. Observe that some assumptions of that Theorem
are automatically satisfied for system (12). Indeed, assumptions (iv)-(vii) are trivially satisfied.
Assumption with f;(¢,0) =1, (i = 1.2). Thus we have to assume hypotheses (i)- (vii). Let us notice
that in the case of system (12) we have F; = 1 where F; is the constants defined in Section 3.

It is worthwhile mentioning that system (1) contains also other special cases which are important
in applications. For example, the following integral equation

o(t) = f(t,x(t))/o ot s,2(s)) ds (13)

plays a significant role in describing some problems connected with traffic theory and biology (see
[10]). Obviously this equation is a special case of system (1), if we put z = y, v1 = vy = v
Ji=fo=f, a1 =as=0and g;(t,s) = s.

Next, let us consider the couple system of quadratic integral equations of Volterra type having
the form

ot) =ar(®) +9(t) [ nltos, ) ds
; (14)

y(t) = as(®) +a:(t)/0 tis va(t, 5, 2(s))) ds.

This system represents the couple system of Chandrasekhar’s quadratic integral equations.
We now show that couple system (14) is a special case of couple system (1). To do this let us
consider the function g; : A — R (i = 1,2), defined by the formula

t Int= for t >0 and s > 0,

0 for t =0 and s > 0.

Then we see that system (14) can be written in the form (1).
In order to discuss the existence result for system (14), let us first notice that f;(¢,y) = y and
fa(t,z) = x . This suggests that the existence result concerning couple system (14) is contained in



234 SH. M AL-ISSA JFCA-2022/13(2)

Theorem 1, where we have to assume hypotheses (i) and (vii).

Using standard methods of mathematical analysis it can be seen that functions g;(¢,s) defined
by (15) satisfies assumptions (iv)-(vii). Moreover, observe that assumption (ii) is satisfied with
m;(t) =1 and f;(¢,0) = 0.

If we let ¢ =y, v1 = v = v and a; = as = a, then the coupled system (14) will be counterpart of
the famous Chandrasekhar quadratic integral equation of form

() = a(t) + 2(t) /0

which has numerous applications (cf. [2, 24]).

Further, let us recall that if the function g;(t, s) satisfies assumptions (iv)-(vii).Then it represents
the distribution function of a two dimensional random variable [5, 25]. The converse implication
is also almost valid [10, 25]. Particularly, we may consider the function as being the distribution
function of a two dimensional random variable of continuous type. Such functions has the form

s v(t, s,x(s)) ds, (16)

ailt,s) = / ( / Cpi(zy)dy) dz. i = 1.2, (17)

where p;(z,y) are the so-called density functions [5]. Obviously this functions satisfy assumptions
(iv)-(vii). Moreover, we have

t
dygilt, s) = / pils,y)dy, i = 1,2, (18)
0

and in this case couple system (1) has the form

z(t) =ai1(t) + filt,y@) [ vit,s,y(s)) ([ pi(s,y)dy) ds
1 1 /0 1 /0 1 (19)

y(t) = as(t) + folt, x(1)) / valt, 5, 2(s)) ( / pa(s,y)dy) ds.

If welet x =y, vy =ve =v ,f1 = fo = f and a1 = as = a. Then the coupled system (19) will be

a(t) =a(t)+f(t,x(t))/o v(t; s, z(s)) (/0 pi(s,y)dy) ds. (20)

Let us mention that this equation is the usual quadratic nonlinear Volterra integral equation.
In what follows, we provide example illustrating our obtained results.
Example 1. Consider the following couple system of quadratic integral Volterra type

I R T E O PGl
() = o T | T *

exp(—t)—i—x(t)/ sin(s? +t) + ¢/z
0

I'(1/2) (t—s)l/2
Observe that the above system is a special case of (5). Indeed, we put aq = 2/3, as = 1/2 and

(21)

y(t) = t? exp(—t) +

t

ay(t) = ;7 as(t) = 2 exp(—t),
Futtg) = sin(= YD) e 2y = exp(—t) + (1)
' 142 7 ’ ’
vi(t,s,y) = %, vo(t, s, ) = sin(s® +t) + /22(s).

Assume that functions f;(¢,s), i = 1,2 satisfy (5) and K; =
the assumptions of Theorem 1 are satisfied.

In fact, functions a;, (i = 1, 2) are continuous on I, with ||a1|| = 1/e and ||az|| = e. Thus assumption
(i) is satisfied. Further, notice that f; are continuous on I x R and satisfies the Lipschitz condition

F(a syl Then we can easily verify that
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with the constants m; = 1. Moreover, F; = sin(1) and F, = 1. Next, let us note that functions
vy = v1(t, s,y) and v = va(t, s, z) are continuous on the set A x R and the following inequality hold

ly(s)] L=
t < ¥ 7 < —
‘Ul( 7S,y)| = 4+t2+82 =4 |y|a

|< t$2/3(8) 2/3.
T 14+t+s2

This yields that the estimate from assumption (iii) is satisfied with ¢1(r1) = %./r1 and ¢ (r2) = rg/g.
Finally, let us pay attention to the fact that inequalities from of Theorem 1 has the form

‘UQ(t7 S, y)

1 . 1
1/e+ W[ﬁ + sm(l)]i\/ﬁ <7, (22)
4/e® + (1)) (r1 + D)r® < py. (23)
Keeping in mind that I'(5/3) > 0.8856, I'(1/2) = /7 [23] and sinl = 0.8415 . . . | it is easily seen

that the number ro = 1 satisfies inequality (22) and (23) Thus, based on Theorem 4 we deduce that
the couple system of quadratic integral Volterra type (5) has at least one solution belonging the
space X.
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