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Abstract. A Volterra type integral equation with a finite delay is considered on a discrete non-
additive time scale domain g0 = {¢" :neNp}, where k € N, g > 1. The existence of periodic
solutions of this equation, which we call a g-integral equation, are shown employing the con-
traction mapping principle and a fixed point theorem due to Krasnosel’skii.

1. Introduction

Functional differential equations with finite as well as infinite delays arise in many
applications. For the last fifty years or so, researchers have been studying various qual-
itative properties, such as the existence of solutions, of these equations. To study these
equations, researchers normally convert them into integral equations and then apply
suitable mathematical tools such as fixed point theorems in the analysis. For example,
the functional differential equation defined on R with finite delay & > 0 given by

X (t) = ax(t) — b(x(t),x(t —h))+r(t), a0, (D)
becomes a Volterra type integral equation

t
x{t) = x(e = h)e™ = | blx(s).x(s = h)e*!™ds+ p(r), )

—
where the integration is carried out from ¢ — & to . We refer to [6] and the references

therein for examples of delay functional differential equations and their applications.

Various generalizations of equation (2) are considered by the researches for study-
ing the existence of continuous periodic solutions on the real line R, which is an ad-
ditively periodic time scale (cf. [5, 7]). Definition and examples of additively periodic
time scales can be found in, for example, [9]. Kaufmann and Raffoul [10] were the
first to study periodic solutions on additively periodic time scales when they studied a
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neutral nonlinear equation. It has been found that the notion of periodicity in so called
non-additively periodic time scales is important. Non-additively periodic time scales
are used in the study of the periodicity of g-difference equations, which occur in the
field of quantum calculus. We refer the interested readers to [8], in which the authors
studied the existence of periodic solutions of a quantum Volterra integral equation on
non-additively periodic time scales. We also refer to [1] in which the authors provide a
comprehensive study of periodicity on time scales.

In the present paper we study the periodicity of a generalized form of (2) on a
non-additively periodic time scale g™ defined below. In particular, we consider the
integral equation

T

X0 = 0x02(g70) = [ CO9s(x(6) x5 dys. 1eq™ @)
q "t

where k€N, g> 1, T={q":n€ {—k,~k+1,...,0,1,...}}, ¢"0 = {g" : n € No},

C:q™xT, f: g xRxR, g:TxRxR,and g* is the finite delay. We assume f

and g are continuous in their second and third variables. Here

q

n n—1
" 6y = (g 1) Y ¢ 1(d"),
k=m

where m = —oo if the lower limit of integration is 0, and n = o if the upper limit of
integration is co.

2. P-periodicity
The first periodicity notion on g0 was given by Bohner and Chieochan in [4].

DEFINITION 1. ([4]) Let P € N. A function f: ¢ — R is said to be P-periodic
if
f(@&)=4"f(¢"1) forall t € g™, 4)

Afterwards, Adivar [2] (see also [3]) introduced a more general periodicity notion
on time scales that are not necessarily additively periodic. On g™, this is defined as
follows.

DEFINITION 2. ([2]) Let P € N. A function f : ¢™0 — R is said to be P-periodic

if
f(g"r) = f(t) forall 1 € ™.
Notice each of these definitions can easily be extended to the time scale T.

In [8], it was shown that f is periodic with respect to Definition 1 if and only
if f(t) =tf(t) is periodic with respect to Definition 2. Other relationships between
these definitions involving periodic solutions of g-difference and g-integral equations
are also established in [8]. Therefore, the results we obtain in this paper with respect to
Definition 2 can easily be extended to an appropriate integral equation with respect to
Definition 1.
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3. Existence of P-periodic solutions

In this section, we show the existence of a P-periodic solution of (3) in Theorem
2 by employing the fixed point theorem of Krasnosel’skii. We then employ the contrac-
tion principle in Theorem 3 to show the existence of a unique P-periodic solution of
(3). We also present examples where the assumptions of Theorems 2 and 3 hold.

We make use of the following assumptions.

(A1) There exists a P € N such that forall r € g™, s € T and x,y € R,
f(@txy) = ft,x,y),

g(q"s,x,y) = g(s,x,y),

and
q"C(q"t,q"s) = C(1.s).

(A2) There exists a,b > 0 such that for all # € g™ and x,x2,y1,y € R,
‘f(tvxlayl) _f(t7x27y2)| < a‘xl _x2‘ +b‘yl _y2‘7
where a+b < 1.

(A3) There exists c¢,d > 0 such that for all 7 € T and x1,x2,y1,y2 € R,
‘g(trxlvyl) _g(t7x27y2)| < C|)C1 —)C2| +d|yl _y2|

(A4) There exists an L > 0 such that

1
sup/ |C(t,s)|dgs < L.
q k

tEqNO

Define the set 2 = {¢°,¢',...,4"}. Define the Banach space
B={x:T —R:x(q"t) =x(t)},
with the norm
x|} = max |x(r)].
Define the operator

t

Tx(t) = f(t,x(t),x(q~ 1)) /q 7“C(t,S)g(S,X(S),X(fka))dqs, 1€q",

and for 7 € T\ g™ with, for m € N, ¢""r € g™ and ¢~V ¢ ¢, define
P P k mP a1 P k
Tx(1) = (0" 1.xq" 0).x(a™ 70 = [7 L Cla™9)g(s.5().x(g™H8) s
a*q

= Tx(q""r).
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Defining T in this manner allows us to define 7 on all of % while not extending the
domains of f or C. Notice if x is a fixed point of T, then for ¢ € qNO,

T(r) = le) = £(0x0) ™) = | Cle9)g(0,5(6), (™),
and so x is a solution of (3).

EXAMPLE 1. If g=2, P=3,and k =4, then Tx(27!) := Tx(2?), Tx(272%) :=
Tx(2"), Tx(273) :=Tx(2%), and Tx(27%) := Tx(2?).

LEMMA 1. Assume (Al) is satisfied. Then the operator T : B — AB.

Proof. Let x € 2. For t € ¢, assumption (A1) gives that

q't

Tx(q"1) = f(qpt7x(qpt),x(q7kqpt)) — /kaqptC(qpt7s)g(s7x(s),x(q7ks))dqs
= f(q"1.x(q"1).x(q7"4"1)) qtkt 4"C(q"1,4"5)g(q"s.x(q"5),x(q™" ")) dys

T

= FloxO)x(q™0) = [ Clr9)gl,5(9)x(a™55))dgs
q
=Tx(t).
For 1 € T\ g™ with, for m € N, ¢t € g™ and ¢~V ¢ g™ notice
Tx(qt) = Tx(q"™ V*q"1)
= Tx(¢""1)
=Tx(t).

Therefore Txe 4. O

THEOREM 1. (Krasnosel’skii, [11]) Let .# be a closed convex nonempty subset
of a Banach space A. Suppose that A and B map 4 into % such that

(i) x,y € # implies Ax+Bye .,
(ii) A is a contraction mapping, and
(iii) B is a compact and continuous mapping.
Then there exists a z € M with z = Az+ Bz.

Let m > 0 and define

A(m)={xe€ B x| <m}.
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THEOREM 2. Assume (Al) and (A2) are satisfied. If there exists a positive con-
stant mgy such that -
F+CG(mo)(¢"—q7")

< my, 5
1—(a+b) o )
where B
C= max |[C(¢,s)],
(1,5)€2xT
F t,0,0
max f(t,0,0)]
and ~
G(m) = max lg(z,x,)]-

(t,x,y) €L X [—m,m]x[—m.m]

then equation (3) has a P-periodic solution x € % in the sense that x(t) = x(q"t).

Proof. Define the mapping A : & — % by

Ax(t) :f(tvx(t)vx(q_kt))v re qNO

and for 1 € T\ g™ with, for m € N, ¢"’r € g0 and ¢~ DPr ¢ gMNo |

Ax(t) = f(q" 1,x(q"" 1), x(q” 4" 1)) = Ax(q""1).

Define the mapping B : Z — A by
t

Bx(t) = — C(t,s)g(s,x(s),x(q_ks))dqs, te qgl,

gk

and for 1 € T\ g™ with, for m € N, ¢"’r € g0 and ¢~ DPr ¢ gMNo |

mP g

Bx(t) = _/;kqmptC(qut,s)g(s,x(s)7x(q_ks))dqs _ Bx(qut),

Notice Tx(t) = (Ax+ Bx)(t) forall 1 € T.
First, we show A is a contraction mapping. For x,y € 2 with ¢ € g0, by (A1),

[Ax —Ay|(r) = £ (1,x(1),x(q 1)) = f(2,3(t),¥(q""1))]

alx(r) = y(t)| +blx(g 1) —y(q 1)

<
< (a+b)[lx =yl

For 1 € T\ g™ with, for m € N, ¢""t € g™ and ¢t ¢ g™,

|Ax —Ay|(e) = £ (q""1.x(q""1),x(q™*q"" 1)) = f(q" 1, 9(q"" 1), y(q~ " 1))]
alx(q""1) = y(q""1) |+ blx(q q" 1) — y(q~ " 1)]

<
< (a+b)|lx—yl-
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Thus
1Ax — Ay < (a+b)|lx+ ],
and since a+b < 1, A is a contraction mapping.

Next, we show B is continuous and compact. Since g is continuous in its second
and third variables, given € > 0, there exists a § > 0 such that || x—y|| < & implies

|g(t,x(t),x(q_kl) —g(t,y(f)»y(él_kf” < m

forall € 2. Thus for ||[x—y|| < 0 and forr € 2,

|Bx — By|(r) < /qikt C(,9)lg(1,x(s),x(q7"5)) — 8t 3(5),3(q™"5))Idgs

e ot
<——C [ dys
ClgP —q*) gt

<E&.

Thus for ||x—y|| < &, ||[Bx— By|| < €. Therefore B is continuous. Since B is defined
on a discrete domain, a diagonalization argument similar to the one found in [8] can be
used to show B is compact.

Finally, we show for x,y € .#(mp), Ax+ By € .# (mp). First, notice that for
te 2,

| (,x(0),x(g )| < |f(t.x(2),x(q7*1)) = £(£,0,0)| + | £(2,0,0)]
< (a+b)|x|| +F.

Then for x,y € .# (mgp) and t € 2,

1

|Ax+ By|(t) = f(t7X(t)7X(q‘kt))—/ C(t,5)8(s,y(s),y(q~*s))dys

ke

<amo+F +CG(mo)(q" — q~) < mo.

So Ax+ By € .#(mp). Therefore, by Theorem 1, there exists a z € .# (mg) with
Az+ Bz =z. This z is a P-periodic solution of (3). [

EXAMPLE 2. Let g =2 and k = 3. Define

1 1
2}’1 — _1 n _ _
f2%x,y)=(-1) <8COSX+ 16cosy>,

g(zn’x,y) = (_l)n(x+y)a
and
9

C(l7S) = m
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1 1
Then (A1) is satisfied with P =2 and (A2) is satisfied with a = 3 and b= 6 Choose
mgy = 100. Then,

F = £(1,0,0) = —
F f( ) ) ) 167
C=C(1,273) = —
c=c1,27) 10’
and B
G(100) = g(1,100,100) = 200.
Thus

F+CG(mg)(22—27%) 1243
1—(a+b) 13
Therefore by Theorem 2, (3) has a 2-periodic solution x € A.

< 100.

THEOREM 3. Assume (Al)-(A4) hold. If (a+b)+ L(c+d) < 1, then (3) has a
unique P-periodic solution.

Proof. By Theorem 1, we know T : 8 — Z. Let x,y € %. Assumptions (A2)-
(A4) give that if 1 € g0,

ITx(1) = Ty(0)| < |f(0.x(0).2(g™40)) = £(0.5(0).5(a7*0)
+ [, 1C)eto.x(5)xtg™)) = s(0.5(5). 500759y

< (a+b)|lx=yll+ (c+d)[lx—yl| sup k|C(f’S)\dq5
reqod

<[(a+b)+L(c+d)][lx—yl.
If t € T\ ¢"° with, for m e N, ¢""t € g0 and ¢"V?r ¢ ¢™0, then
| Tx(t) = Ty(1)| = |Tx(¢""1) = Ty(¢""1)].
A similar argument can then be used to show
Tx(1) = Ty()| < [(a+b) + L(c+ d)][[x -yl

Since (a+b)+L(c+d) <1, T is a contraction mapping. Therefore, T has a unique
fixed point x* which is a unique solution of (3). [

EXAMPLE 3. Let g =2 and k = 3. Define
S22 " x,y)=(—1)" ! + ! cos
X, y) = g COsX+ g cosy

1 1
g(2"x,y) = (=1)" (8 cosx + Rcosy)
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and
t

(t+s5)%

C(t,s) =

1
Then (A1) is satisfied with P =2, and (A2) and (A3) are satisfied with a = ¢ = 3 and

1
b=d= 6 Notice that if f is a positive deceasing function, then

n n—1
Y fS)dgs=(g-1) Y, ¢"f(g)

gt k=1

n—1
<(q— 1)/m q f(q')dt

g1t
=~ Tng /qm f(s)ds

q—1 (7
ds.
< /q f(s)ds

So

/t ! dys < ! +L/t ;ds
s (t4+5)2 T T 8(t+1/8)2  In2 Jig (t+5)?
<L64t2+16t—1
In2 2(8+1)2

So

d 1 642+ 161 — 1
sup |C(t,s)|dys < sup ———
reqMo /1/8 ! 1€[1/8,00) In2 2(8+1)>

<0.8.

Therefore,
(a+b)+L(c+d)<0.3375 < 1.

So by Theorem 3, (3) has a unique 2-periodic solution.

REFERENCES

[1] M. ADIVAR AND Y. N. RAFFOUL, Stability, periodicity and boundedness in functional dynamical
systems on time scales, Springer, Cham, 2020.

[2] M. ADIVAR A new periodicity concept for time scales, Math. Slovaca, 63, 4 (2013), 817-828.

[3] M. ADIVAR, H. C. KOYUNCUOGLU, AND Y. N. RAFFOUL, Existence of periodic solutions in shifts
61 for neutral nonlinear dynamic systems, Appl. Math. Comput., 242, (2014), 328-339.

[4] M. BOHNER AND R. CHIEOCHAN, Floquet theory for q-difference equations, Sarajevo J. Math., 8,
2,(2012), 355-366.

[5] T. A. BURTON AND C. KIRK, A fixed point theorem of Krasnoselskii-Schaefer type, Math. Nachr.,
189, (1998), 23-31.



Differ. Equ. Appl. 14, No. 2 (2022), 325-333. 333

[6] J. K. HALE AND S. M. VERDUYN LUNEL, Introduction to functional-differential equations,

Springer-Verlag, New York, 1993.

[71 M. N.ISLAM, Periodic solutions of Volterra type integral equations with finite delay, Commun. Appl.

Anal., 15, 1, (2011), 57-67.

[8] M. N.ISLAM AND J. T. NEUGEBAUER, Existence of periodic solutions for a quantum Volterra equa-

tion, Adv. Dyn. Syst. Appl., 11 1, (2016), 67-80.

[9] M. N.ISLAM AND J. T. NEUGEBAUER, Asymptotically P -periodic solutions of a quantum Volterra

integral equation, Sarajevo J. Math., 14, 1, (2018) 59-70.

[10] E.R. KAUFMANN AND Y. N. RAFFOUL, Periodic solutions for a neutral nonlinear dynamical equa-
tion on a time scale, J. Math. Anal. Appl., 319, 1, (2006), 315-325.
[11] D.R. SMART, Fixed point theorems, Cambridge University Press, London-New York, 1974.

(Received March 3, 2022)

Differential Equations & Applications
www.ele-math.com
dea@ele-math.com

Muhammad N. Islam
Department of Mathematics
University of Dayton

Dayton, Ohio 45469 USA
e-mail: mislaml@udayton.edu

Jeffrey T. Neugebauer

Department of Mathematics and Statistics
Eastern Kentucky University

Richmond, Kentucky 40475 USA

e-mail: jeffrey.neugebauer@eku.edu



