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ABSTRACT: This paper concerns with the solvability and asymptotic stability of solutions for a class of
systems of integral equations in BC' (R4) which is the space of real valued, continuous and bounded functions
defined on the set of nonnegative real numbers. We firstly present a theorem about existence of coupled fixed
point of an operator and then we give a corollary depending on this theorem. By using this corollary we show
that a class of systems of integral equations has at least one solution which is asymptotically stable. Also we
give an example showing applicability of our main result. Finally we mention an open problem worth focusing
on at the future.
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1. Introduction

Integral and differential equations, especially nonlinear ones are frequently used in the modelling of
some problems in mechanics, physics, medicine, etc. [27,32,26,11,12,14,15,16,17,18]. In addition to which
equation can represent the problem, another important question is whether the equation defining the
problem has a solution or not in the relevant space. It is at this point that fixed point theory is generally
used as a vital tool. By using fixed point theorems, some results can be obtained as to whether a
solution exists or not, with the help of a transformation defined in accordance with the relevant equation,
[30,23,28,1,21]. Thus, the problem of investigating the existence of a solution of the equation turns into
the problem of investigating whether the mentioned transformation has a fixed point or not. We should
immediately point out that with this technique, some sufficient conditions can be given for the existence
of a solution but, if these sufficient conditions are not satisfied then no conclusion can be obtained
about whether a solution exists. Although this may seem like a disadvantage, sometimes knowing what
conditions will be sufficient for the existence of a solution can be as valuable as knowing what the solution
is.

On the other hand, by combining the concept of measure of noncompactness with fixed point theorems,
some existence theorems in which extremely useful results can be obtained has been presented, [8,2,31,
3,9,4,5,6,7].

Some of fixed point theorems that help determine the sufficient conditions for an operator equation
to have at least one solution can provide some results about the behaviour of the solutions as well as the
existence of the solution of the equation. For example, Darbo type fixed point theorems associated with
measures of noncompactness can give results about the increase or decrease of the solutions of the equation
according to the independent variable, as well as about the asymptotic stability, [20,22,25,13,24,29].
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2. Definitions and Auxiliary Facts

Let (E,||.||) be an infinite Banach space with zero element . We write B (z,7) to denote the closed
ball centered at x with radius r and especially, we write B, in case of z = #. We write X and Conv X
to denote the closure and convex closure of X, respectively. Moreover, let Mg indicate the family of all
nonempty, bounded subsets of £ and 91 indicate its subfamily of all relatively compact sets. Finally,
the standard algebraic operations on sets are denoted by AX and X + Y, respectively.

We use the following definition of the measure of noncompactness on a Banach space E, given in [8].

Definition 2.1 A mapping p: Mr — Ry = [0,00) is said to be a measure of noncompactness in E if it
satisfies the following conditions:

1. The family ker p = {X € Mg : u(X) = 0} is nonempty and ker u C Ng,
2 X CV = pu(X) < u(Y),

3. u(X) = u(X) = p(Conv X),

4 BOX + (1= NY) < Aa(X) + (1= Nu(Y) for A€ [0,1],

5

. If (X)) is a sequence of closed sets from Mg such that X,p1 C X, (n = 1,2,...) and if
lim,, 00 (X5) = 0 then the intersection set NS X, is nonempty.

Let X be a fixed nonempty and bounded subset of the space BC' (R) and T be a positive number. For
e >0and z € X, we denote by w? (x, ) the modulus of continuity of the function z on the interval [0, T
ie.

wl(z,e) = sup {|z(ty) — x(t2)| : t1,t2 € [0,T] and |t; —ta] < e} .

Furthermore, let w’ (X, ¢), wl (X) and wy(X) are defined by

w'(X,e) = sup{w’(z,e):z€ X},
wi(x) = gi_rg(l)wT(X,g)
and
wo(X) = Tim ] (X). (2.1)

Moreover for a fixed t € Ry let us define

and
diam X (t) =sup{|z (t) —y (t)] : z,y € X}.

Then, the authors have shown in [8] the function u given by

#(X) = wo(X) + limsup diam X () (2.2)

t—o00

is a measure of noncompactness in the space BC (R;).

Definition 2.2 An element (z,y) € X x X is called coupled fized point of the mapping F: X x X — X
if F(xz,y) =2 and F (y,z) =y, [10].

Theorem 2.1 Suppose p1, fio, ..., by are measures of noncompactness in FEi, Fo, ..., E,, respectively.
Moreover assume that the function F : R} — Ry is conver and F (x1,2,...,x,) = 0 if and only if
1 =29 =..=z, =0. Then

H (X) =F (/Ll (Xl) y M2 (X2) y ey Um (Xn))

defines a measure of noncompactness in Eq X Eg X ... X E, where X; denote the natural projection of X
into E; fori=1,2,...,n, [8].
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Corollary 2.1 Let p be a measure of noncompactness in the Banach space E and F: Ry x Ry — Ry
be define as F (z,y) = x +y. Then
A (X) = (X1) + 1 (X5)

18 a measure of noncompactness in the space E x E, where X; denote the natural projection of X into E
fori=1,2, [3].

Theorem 2.2 Let C be a nonempty, bounded, closed and convex subset of a Banach space E. Assume
T :C — C is a continuous operator such that

0 (¥ (u (T (X)) + f (¢ (u(T(X))) < F (¢ (1 (X)), ¢ (1 (X))

hold for all nonempty subset X of C'. Where u is an arbitrary measure of noncompactness on E, 1 :
[0,00) — [0,00) is nondecreasing such that 1 (t) = 0 if and onlyt =0, ¢ € © and (0, f) € A. Then T
has a fized point in C, [31].

We should note that the reader can find the definitions of the notions ® and A by looking ” Definition
3 and Definition 4” respectively in the paper [31].

3. Main Results
3.1. Some New Results on Coupled Fixed Points

Now we present a coupled fixed point theorem which will be used in showing of the existence of
solution of a system of integral equations as main tool.

Theorem 3.1 Let C' be a nonempty, bounded, closed and convex subset of a Banach space E and ¢ > 0.
Also, assume F : C x C' — C is a continuous operator such that

C (0 (1 (F (X1 % X2))) + 0 (i (F (Xz % X1))) < £ (6 (6 (1 (X2) + 1 (X2)) 5 (1 (X1) + 1 (X2))))

(3.1)
hold for all nonempty subsets X1, Xo of C. Where u is an arbitrary measure of noncompactness on E,
¢ € O and [ : (0,00) = R is a function satisfying the properties of the second element of A. Also
¥ : Ry — Ry is a nondecreasing function such that ¥ (t +s) < (t) + v (s) for allt,s >0 and ¢ (t) =0
if and only t = 0. Then operator F has at least one coupled fixed point.

Proof: Let we define operator T': C' x C — C x C as T (z,y) = (F (z,y), F (
that F has a coupled fixed point (x,y) if and only if T has a fixed point (z,y
the existence of fixed point of T.

Taking into account the continuity of F' we get that T is continuous. On the other hand T (X) C
F (X7 x Xg) x F (X2 x X1) hold such that X; denote the natural projection of X into E. Also, by
considering the facts that f,v are nondecreasing and 9 (t + s) < (t) + ¢ (s), we can write

y,x)). Then it is obvious
). So we should focus on

f@(p(T(X))) < f@@EEF (XL x Xa) x F(Xp x X1))))
= [ pF (X x X))+ p(F (X2 x X1))))
< F@ (e (F (X1 x X2)) +9 (u(F (X2 x X1)))) (3.2)

for any nonempty subset X of C' x C. Then by using (3.1) and ( 3.2) we get

¢+ [ (@ (T (X)) CH (@ (p(F (X1 x X2))) + ¢ (p (F (Xz X X1))))
F(o (@ (p (X0) + p(X2)) 9 (1 (X0) + p(X2))))
= f@@ (X)), ¢ (E (X))
Where [ is the measure of noncompactness on E x E defined by fi(X) = p(X1) + p(X2). So all the

conditions of Theorem (2.2) with 6 (t) = ¢ and T has a fixed point (z,y) . Thus F has at least one coupled
fixed point. O

IAIA
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Corollary 3.1 Let us take ¢ (t) =t, ¢ (u,v) = u and f (t) =Int. Then, by using Theorem (3.1), we say
that if F: C x C — C C F is a continuous operator and satisfies the inequality

CIn (g (F (X1 % Xa)) + 1 (F (X x X1))) < In (1 (X1) + 1 (X2)) (3.3)
for all nonempty subsets X1, Xo of C' then F has at least one coupled fixed point.

3.2. Existence and Asymptotic Stability of the Solutions of a System of Integral Equations

In this section we consider the following system of integral equations in BC' (Ry) x BC (Ry)

w(t)
x(t) =1H%M@+B@wﬂﬂ/UGmwm@»yW@D®
0
w(t)
y(t) = Ti(o) () +To(y.2) (t) [ ultsy(a(s).z(a(s)ds. (3.4)

o

Now we give some assumptions to handle the equation (3.4)

(a1) The functions a, ¢ : Ry — R4 are continuous and a (s) — 0o as § — cc.

(az) The operators 71,75 : BC (Ry)x BC (Ry) — BC (R4) are continuous and there exist the constants
k1, ka,11,1s such that the following inequalities are satisfied

ki lzy (t) — 22 ()] + ka2 [y1(t) — y2(2)],
b foy (8) — 22 ()] + 12|y (1) — y2(2)] -

T (z1,91) (t) — T (22, y2) (1)]

<
T2 (21,91) (1) — T2 (w2, 2) ()] <

(ag) u:Ry xRy x R x R — R is continuous and there exist continuous functions p,q : Ry — Ry such

that
w(t)
tim @) [ (e)ds =0
0
and

lu(t,s,z,y)| <p(t)q(s)
hold for all t,s €e Ry (s <t) and z,y € R.

(a4) The inequality
1
0< max{k1 4+ Uly, ko + Ulz} < 5

#(t)
hold, where U = sup {p(t) [ q(s)ds:t> O} .
0

Theorem 3.2 Equation (3.4) has at least one solution in the space BC (Ry) x BC (Ry). Also the
solutions of the equation (3.4) are asymptotically stable.

Proof: Let us define the operator F' : BC (Ry) x BC (Ry) — BC (Ry) by

(t)

S

F(z,y) @) =Ty (z,y) () + T2 (z,y) (@) | w(t,s,z(a(s)),y(a(s)))ds.

o

Taking into account above assumptions it is obvious that F' is continuous.
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Also, for all z,y € BC' (R) we can write

w(t)

[F(z,y) O] = |Ti(2,y) (1) + Ta (2,9) (t)/U(t,s,w(a(S)),y(a(S)))ds

0

< |Ti(z,y) (8) = T2 (0,0) ()] + [T1(0,0) (1))
+ 113 (2,y) (t) — T2 (0,0) (¢)] 7)u (t, 5,2 (a(s)),y(a(s)))ds
(1) O
+172(0,0) (1)] / u(t,s,x(a(s)),y(a(s)))|ds
< ke (8)] + ke IyFt)I + K
+ U lz®]+laly @]+ L)p (1) 7)(1(3)d5
< kel + R [yl + K+ (I erloo + 2 [lyll + L] U, (3-5)

where K = sup, |11 (0,0) (¢)| and L = sup,~q [T (0,0) (£)].
If we take

S K+ LU
,
O T [kt k2) + U (1 + Do)

then we conclude from (3.5) that

ki llzlloe +E2 [yl + K + [l 2]l + L2 Iyl + LI U
k1T0+k27‘0+K+[11T0+12T0+L]U
[(kl + ko) + U (4 +l2)] ro+ K+ LU

To

|F (2, y) (t)]

IAIA

IN

for z,y € By,. So we infer that F (B, X By,) C By,.

Now we will focus on the continuity of F' on B,, x B,,. Let us take an arbitrary but fixed ¢ > 0 and
(x1,91), (x2,y2) € By, X By, such that ||z, — 22| <&, |ly1 — 92l < €. Then we can write

[F (21,51) (1) = F (22, 92) (1)]

@(t)

= T @) () + T (@rm) (0 / w(t, 5,1 (o (5) o (o (5)) ds

=T (22, 42) (t) — Ta (w2, 92) (t) / u(t,s, 22 ((s)), ya2 (a(s))) ds
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< T (21, 01) (8) — Th (22, 92) ()] t

T2 (21, 91) (1) = Ta (22, 92) (1) 7()|u(ta8a$1 (a(s)),y1 (a(s)))]ds

@(t) ’

+ |2 (22, 2) (1) / u (t, 5,21 (a(s),y1 (a(5)) —u(t,s,z2 (a(s)),y2 (o (s)))] ds
< ke (t) — a2 (t)\o+ ke [y (t) = y2 (1)] t

+ (L [y (8) — 22 ()| + L2 g2 (8) — w2 (B)]) p (2) 7)61 (s)ds

»(t) ’

+ (2 ()] + 2 [y2 ()] + L) / u(t, 5,21 (a(s) p1 (a(s))) —u(t,s,z2 (a(s)),y2 ((s)))] ds

< Ry fler — @l k2 flyn - Z/2||:o

(1 [le1 = @2l + 12 [ly1 = y2lloo) P (2) / q(s)ds
0

w(t)
+ (I lz2l + 2 lyzll + L) / [u(t,s, 21 (a(s)),y1 (@ (s)) —u(t,s, 22 (a(s)),y2 (a(s))ds (3.6)

»(t)
On the other hand, considering lim; o p () [ ¢(s)ds =0, we can find T > 0 such that
0
@(t)

p(t) / q(s)ds<e (3.7)

hold for ¢ > T.
So, taking into

w(t)

w(t)
/\U(t,s,ﬂrl (a(s)), (a(S)))—U(tas,mz(a(S)),yz(0(8)))|d8S2p(t)/Q(S)ds
0 0

account, we obtain the followings from (3.6) and (3.7) when ¢ > T.

|F (z1,91) (1) = F (22,92) (1) < (k1 +ka) e + (I + o) e + (L +12) 70 + L) 2¢ (3.8)
Also we can write

|F (z1,91) (t) = F (22,92) (1)] < (ky + k2) e+ U (b +la) e+ (L +12) 70 + L) wT (u,¢)
for ¢ € [0,T] from (3.6). Where
wt (u, )
= sup{|u(t,s,x1,y1) —u(t,s,x2,y2)| : t €[0,T], 0 < s <sup{p():0<t<T},
T1, Y1, T2, Y2 € [—ro,70], w1 — @2 + Y1 — w2 < 2¢}.

By considering the continuity of w on [0, 7] x [0,supg<,;<p ¢ (£)] X [=70,70] X [=70,70], we obtain that
w? (u,e) = 0 as e — 0. So, due to this fact and the result (3.8) we conclude that F is continuous on
B,, x B,,.
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Let us take ¢, > 0, X XY C By, X By, t1,t2 € [0,T] such that |t; — t3] < ¢ and, without loss of
generality, assume that ¢ (t2) < ¢ (t1). Then we obtain the following inequalities for (z,y) € X x Y

[F (2, y) (t1) = F (z,y) (2)]

w(t1)
= |Ty (z,y) (t1) + T (z,y) u(ty, s,z (« y(a(s)))ds
v
P(t2) P(t2)
+1> (z,y) (t1) / u(ta, s,z (a(s)),y(al(s)))ds — Tz (z,y) (t1) / u(ta, s,z (a(s)),y(a(s)))ds
0 0
w(t2)
ST (@) (1) = Ta () (1) [tz (0 (9) (@ (s) ds
0
< |T1 ($>y) (t1> =T (LU, y) (tQ)l
P(t2)
+T2 (z,y) (1) — T2 (z,y) (t2)] / [u(ta, s,z (a(s)),y(a(s)))|ds
0
e(t1) p(t2)
@ @l] [ utse@e)u@E)ds- [ ussae) va)d
< kifa(t) —x(t)] + k2 |y (t) —y (t2)]
w(t2)
o (1)~ o 1) +laly () — () p t2) [ a(s)ds
0
P(t2)
+1Ts (2, y) (t1)] / lu(ty, s,z (a(s)),y(a(s))ds —u(ts, s,z (a(s),y(al(s)))|ds
0
@(t1)
HE @ )] [ utsz @)@l ds
p(t2)
< kpla(ty) —x(t)| +kaly(tr) —y(t2)| 4+ ]z (t1) — 2z (t)|+ 2|y (t1) —y (L)) U
+ (I |z (t)] + L2 |y (t1)| + L) Grw) (us,¢)
+(l @ (t)] + 12 |y(t1)\ + Lyw" (p,e)U
< kw? (ze) + kaw ( (llw z,€) + low” (y,g))U
+((li+1l2)ro+ L) [ Twy (u1,€) +w' (p,e) U] . (3.9)
Here
w;:’; (u1,e) = sup{u(tl,s,x,y) —u(ta,s,2,y)| : t1,t2 € [0,T], 0 < s < sup p(t),
0<t<T
r,y € [~ro,70], |t1 —ta| <€},
¢r = sup{le(t)|:te[0,T]}
and

OJT (ZZ',E) = Sup{|zi (tl) — Z; (t2)| tt,t0 € [07T} s |t1 —t2| < 6}

fori=1,2,3and 2y =z, 20 =y, 23 = @.
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By taking the supremum over all x € X and y € Y we can write

WH(F(X xY),e) < (ki +Uh)wh (X,e) + (k2 + Uly) w? (Y, ¢)
+ (L +12)ro+ L) [@TWZ; (u1,€) +w? (p,¢) U]

from (3.9). Taking into account the fact that wl (u1,e) — 0, w” (p,€) as € — 0, we obtain
wy (F(X xY)) < (ki +Ul)wy (X)+ (k2 + Ulz) wi (V)
from (3.10). Then, by taking limit of both sides of the last inequality for T — oo, we get

wo (F(X X Y)) < (kl +U11)LU0 (X)+ (kg +UZQ)WO (Y)

(3.10)

(3.11)

On the other hand, let us choose arbitrary elements (z1,y1),(x2,y2) € X x Y and ¢ > 0. Then we

can write
|F (x1,y1) (t) — F (w2,y2) (t)]
(1)
- ﬂ@mmﬂﬂ+ﬂﬁmmﬂﬂ/UGﬁwMM@%mw&Dﬂs
0
w(t)
—ﬂumm@—nummm/ﬁw&mm@mmm@mm
0
< T (w1,1) () = T (22, y2) (1)
w(t)
T2 o1,00) () = Ta m2,e) (O] [ ot (@ (9) o (a (9)] s
»(t)
—anmwa@n/Wu@axuaw»yﬂa@»»fu@axxa@»wxaw»nm
0
< ko (8) — a2 (0] 4 K |y (t) — ya (t)]

o (t)

+ (il () =22 (O] + 12y (8) =y (D p () [ q(s)ds

w(t)

+Nh@ﬂM+bWﬂm+LM@)/q®M8

[}

< (k1 + UL) diamX (£) + (ko + Uly) diam’ (£) + 2 (s + L) 7o + L) p (£) / ¢ (s) ds.

©(t)
So, taking into account the fact that p(t) [ ¢(s)ds — 0 as t — oo, we get
0

limsupdiamF (X x Y) (¢t) < (k1 + Uly) limsup diamX (t) + (k2 + Ulz) lim sup diamY" ()

t—o0 t—o0 t—o00

from (3.12).
Combining (3.11) and (3.13) we obtain that

i (F (X X Y)) < (K + UL) i (X) + (k + Ul) (V).

(3.13)

(3.14)
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On the other hand we can write
p(F (X xY)) <max{ky + Uly, ko + Uly} (1 (X) 4+ p(Y)) (3.15)

and similarly
w(F (Y x X)) <max {ky + Uly, ko + Uly} (1 (Y) + (X)) (3.16)
from (3.14). Since 0 < max{k1 + Uly, k2 + Ula} < 1/2, we can find a positive constant ¢ such that
e~¢ = 2max {k; + Uly, ko + Uly} . So we obtain
i (F (X % V) + p(F (Y x X)) € e (u(X) + p (1))
from (3.15), (3.16) and then by passing to logarithms we have
CHIn (i (F (X x V) + p(F (Y x X)) < In (1 (X) + pu (Y)).

Hence by using Corollary (3.1) which is a result of Theorem ( 3.1) we conclude that the operator F has
at least one coupled fixed point in B,, x B,, C BC (R;) x BC (Ry).

Now we consider the asymptotic stability of the solutions of (3.4). Let us define Q@ C BC (Ry) x
BC (Ry) as

Q={(x,y) € B,, x B,y C BC(Ry) x BC(Ry): F(z,y) =z, F(y,z)=y}.
That is the set § consists of coupled fixed points of F. Also, if we define
Q= {(y,x) € By, x By, C BC(R}) x BC (Ry) : (z,y) € Q}

then Q = Q. Indeed, it is obvious that (x,y) € Q implies (y,z) € Q. On the other hand let us define the
sets

Q1 = {F (xay) : (m,y) € Q}
and
Q ={F(y,2) : (x,y) € Q}.
Then we can say 13 = Qg and Q C Q1 x Qo C B,, X B;,. Also we get the facts that
F(Ql X Qg) DRV (317)
and
F(QQ X Ql) D Qs (318)
from the definitions of 2, Q; and Q5. Since the inequality (3.14) hold for all nonempty subsets of By, X B,

we can write

p (F (1 x Q2)) (k1 + Uly) p (1) + (k2 + Ulz) p (Q22)
(kl + Ull),u(F (Ql X QQ)) + (kg + UZQ)[L (F (QQ X Ql))

= (ki + ke + U (Ih+10) e (F (4 x Q) (3.19)

from the results (3.17) and (3.18). Taking into account k1 + k2 + U (I1 +12) < 1 and (3.17), (3.18), (3.19)
we conclude that

<
<

p(F (1 xQ2)) =0

and so
1(9) = () = 0.
This result means that
wo (1) + limsup diamy () =0
t—o0
and then
lim sup diam; (¢) = 0.

t—o0
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On the other hand, considering the fact

litm inf diam$ (¢) < limsup diam§; (¢) = 0,
—

0 t— 00

we can conlude

lim diam; (t) = 0,
t—o0
lim diamQs (¢) = 0. (3.20)

t—o0

Let us take arbitrary elements 1,22 € Q; and y1,y2 € Qs such that (x1,y1) and (z2,y2) are coupled
fixed points of F. Then, by using (3.20) and the definition of x, we can say that the limits

lim (;El (t) — T2 (t)) =0

t—o00

and
lim (y1 () —y2(t) =0

t—o00

are satisfied uniformly according to €2; and €, respectively. Thus we get

tim (21 ()91 (6)) — (2 (1) w2 ()l = Jim /Cr (8) — 2 () + (91 (1) — w2 (1))° = 0.

t—o00

This result means that the coupled fixed points of F' in B,, x B, has the same asymptote. That is the
solutions of (3.4) are asymptotical stable. O

Example 3.1 Let us consider the following system in BC (Ry) x BC (R4.)

1+ ax@)—y(t) | sin(xz(t)) t o—(t+5)
z(t) = 5 3+t /1+$2(8)+y2(3)d8
0
oty -z sin(y () | T
y(t) = 5 3¢ / 1+ 2 (s) + 22 (S)ds. (3.21)
0

In this equation
i (2,9) () = =00,
7 (o) () = 25,

67(t+s)

u(t,s,x,y) = 5 pt)=t

l+a2+y

On the other hand, since

L+a () -y (t) (L+a2(t) —ye (t))’
5 5

Ty (w1,91) (¢) — Tt (22, 92) (B)] = ‘ _

IA

(lz1 (8) = 22 (O] + 31 (8) = v2 (D)) ,

ot —

T2 (z1,91) (1) = Ta (22, 92) (1) = 3+t 3+t

sin (z1 (t))  sin (22 (1)) ‘

1
3 lz1 (t) — 22 (¢)]

IN
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and
e_(t+5)
lu(t,s,z,y)] = ’W
< e (tts)
hold, we can take
1 1 —t —s
k1:k2:K:ga 11:§7ZQZL:O7p(t):e 7q(8):e .
Also
t t
. _ : —t —s
ltlggop(t)/q(s)ds = tlgioloe /e ds
0 0
s —t _ —2t) _
o tlglolo (6 € ) 0,
/ 1
U =sup p(t)/q(s)ds:tZO =1
0
and
max {k1 + Uly, k2 + Uls} 17<1
X = — < -
1 1, K2 2 60 <3
So if we take
K+ LU 12

> -
PO T [k + ke) U (I + 1)) 31

then by using Theorem (3.2), we concude that equation (3.21) has at least one solution in the unit ball
Bj. Also the solutions of equation (3.21) are asymptotically stable.

3.3. A Problem on a System of Integral Equations Arising from Mathematical Modelling
in Epidemiology

We will consider a systems of integral equations arising from modelling of spread of a disease in a
population. We assume that, the population consists of non-intersecting three compartments; Susceptible
(5), Infected (I) and Recovered (R). We assume that all new members of the population get involved in
the susceptible class S at a constant rate b. In this model when a susceptible individual gets in effective
contact with an infective one, the pathogen can be transmitted from the infectious to the susceptible. In
this case the susceptible individual becomes candidate for class I with a certain probability () changing
according to some rates. But the susceptible individual may not be infectious immediately. The period
of after effective contact before becoming infective is defined as incubation period. In this model the
incubation period is denoted by 7. A is natural death rate in each compartment, § is death rate derived
from the pathogen and ~ represents the rate of recovery. Also N (t) shows the total number of the
population at time ¢t and S(t) + I(t) + R(t) = N(t) for all ¢ > 0. Naturally, the functions S,I, R and N
are nonnegative and bounded.

Under the above assumptions the mathematical modelling of spread of a disease in a population can
be given with the following system of differential equation:

% b= Be NS (=T I (t—T) = AS (1),
% = Be NS (t—T)I(t—T)— A0+ (1),
dR

= = ALt -AR().
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It can be seen that R(¢) do not appear in other remainder equations, we can only analysis the following
system and it will be enough as mathematically.

ds ar
- = b= e NS (t—T)I(t—7) =S (D),
% = BeMS(t—T)I(t—71)— A+o+7)I(1). (3.22)

On the other hand, in general, the studies on stability analysis of this model depends on basic reproduction
number R which is defined as the number of secondary cases generated by an infected individual in a
completely susceptible population. If Ry < 1 then the disease will not give rise to large outbreaks, and
gradually dies out. On the other hand, if Ry > 1 then the disease continues to spread in the population.

Example 3.2 Let us take the following system of integral equations in BC (Ry) x BC (Ry)

T

S(t) = bt—B/e"\TS(z)I(z)dz—)\/S(z)dz,

Ity = B / e NS (2)I(2)dz — (A 46 +7) /I(z) dz. (3.23)

It can be seen that the equation (3.22) can be obtained from the equation (3.23) by taking derivative
according to t. So, considering of the equation (3.23) will be enough to analyze of the equation (3.22).
If we take

T 2.9) () = 5 11+ san @ 0 =y O]t = (34 CF 1 sam @O =y O))]) [ 2
0
7, (2.9) (1) = Bsgn (x (0) ~ y (0).
w(t,s,z,y)=e Moy, o(t) =t -1, a(z) =2

and

then the equation (3.4) that is the system

St) = Tu(S 1)) +Ta (S I)(t)

It) = T(l,S) ) +Ta(I,5) @) [ ult,s, I(a(z)),S(a(z)))dz

turns to the system (3.23). Here, it is assumed that S (0) > I(0). Indeed, it is an obvious fact that at the
beginning of an disease, the number of susceptible individuals (S (0)) is more than the number of infected
individuals (I (0)).

Problem 1 The fact that equation (3.23) can be obtained by appropriate selection of the operators in
equation (3.4) is an extremely important result to see the effectiveness of equation (3.4). However,
obtaining detailed results about the solutions of equation (3.23) is a different problem in itself. For
interested researchers, this is a problem worth focusing on.
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