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Abstract

Let T C R be a periodic time scale in shifts 0 associated with the initial point
to € T*. We use Brouwer’s fixed point theorem to show that the initial value
problem

22(t) = pt)x(t) +qt), teT, x(ty) = xo

has a periodic solution in shifts 1. We extend and unify periodic differential,
difference, h-difference and especially g-difference equations and more by a new
periodicity concept on time scales.

AMS Subject Classifications: 39A12, 34C25, 34N05, 34K 13, 35B10.
Keywords: Periodic time scale, periodic solution, shift operator, time scale.

1 Introduction

The existence problem of periodic solutions is an important topic in qualitative analysis
of ordinary differential equations. The time scales approach unifies differential, differ-
ence, h-difference, ¢-differences equations and more under dynamic equations on time
scales. The theory of dynamic equations on time scales was introduced by Stefan Hilger
in his Ph.D. thesis in 1988 [8].

In 1950, Massera [13] proved the relationship between the boundedness of the so-
lutions and the existence of periodic solutions to ordinary differential equations. Since
then, many researchers obtained existence results on periodic solutions; see [4,11,14,15]
and references therein. There is only a few results concerning periodic solutions of dy-
namic equations on time scales such as in [9, 12]. In these papers, authors considered
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the existence of periodic solutions for dynamic equation on time scales satisfying the
condition

“there existsa w > O suchthat t +w € T forall t € T”. (1.1)

Under this condition all periodic time scales are unbounded above and below. However,
there are many time scales such as ¢ = {¢" : n € Z} U{0} and VN = {\/n : n € N}
which do not satisfy the condition (1.1). M. Adivar introduced a new periodicity concept
on time scales which does not oblige the time scale to be closed under the operation ¢t +w
for a fixed w > 0. He defined this concept with the aid of shift operators d, which are
first defined in [2] and then generalized in [3].

Let ¢y € T and T be a periodic time scale in shifts 0. with period P € (o, 00)7. In
this paper we are concerned with the existence of periodic solutions in shifts ¢ for the
linear dynamic equation on time scales

22(t) = p(t)x(t) +q(t), teT, (1.2)
with the initial condition
Zlf(to) = Xy, (13)

where p, ¢ : T — R are A-periodic functions in shifts 1 with the period T € [P, c0)r,
p € R and ¢ is rd-continuous.

Hereafter, we use the notation [a, b]r to indicate the time scale interval [a,b] N T.
The intervals [a, b)T, (a, b]t and (a, b)t are similarly defined.

In Section 2, we will state some facts about exponential function on time scales,
the new periodicity concept for time scales and some important theorems which will be
needed to show the existence of a periodic solution in shifts 6. In Section 3, we will
give some lemmas about the exponential function and the graininess function with shift
operators. Finally, we present our main result in Section 4 by using Brouwer’s fixed
point theorem.

2 Preliminaries

In this section, we mention some definitions, lemmas and theorems from calculus on
time scales which can be found in [5, 6]. Next, we state some definitions, lemmas and
theorems about the shift operators and the new periodicity concept which can be found
in [1].

Definition 2.1 (See [5]). A function p : T — R is said to be regressive provided
1+ p(t)p(t) # 0 for all t € T", where u(t) = o(t) — t. The set of all regressive
rd-continuous functions p : T — R is denoted by R.
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Letp € R for all t € T. The exponential function on T is defined by

t
est25) = [ Guntolr)ar) e
where (,,(,) is the cylinder transformation given by
1
—— log(1 if 0;
G (pr)) = 4 a(r) B H O ) > 22)
p(r), if u(r) = 0.

The exponential function y(¢) = e,(t,s) is the solution to the initial value problem
y® = p(t)y, y(s) = 1. Other properties of the exponential function are given in the
following lemma.

Lemma 2.2 (See [5]). Let p,q € R. Then
(i) eo(t,s) =1andey(t,t) =1,

(ii) ep(a(t),s) = (1 + u(t)p(t))ey(t, s);

U B O
(iii) m = ex(t, s), where Op(t) = T ppD)’
(iv) ey(t,s) = m = egp(S,t);

(v) ep(t,s)ey(s, 1) = ey(t,r);

)
(vi) ep(t, s)eq(t,s) = epaq(t, s);
p(t;8)

eq(t,s)

(mn<;%§)A:_é§%'

Theorem 2.3 (See [5]). Letty € T, yo € R and assume that q is rd-continuous, and
that p € R. The unique solution of the initial value problem

®
»

(vii)

= epeq(t, 8);

y>(t) = p(t)y(t) + q(t), y(to) = yo
is given by .
) = ot toho + [ el o(s)a(s) s

to

The following definitions, lemmas, corollaries and examples are about the shift op-
erators and new periodicity concept which can be found in [1].
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Definition 2.4 (See [1,2]). Let T* be a non-empty subset of the time scale T including a
fixed number ¢, € T* such that there exist operators d : [tg, co)r X T* — T* satisfying
the following properties:

(P.1) The functions ¢, are strictly increasing with respect to their second arguments,
i.e., if
(To, 1), (To, u) € Dy :={(s,t) € [to,00)T x T* : d(s,t) € T*},
then
To <t < wimplies 04 (T, t) < 0+(Tp, u),

(P2) If (T, u), (Tz,u) € D_ with T} < Ty, then 6_ (11, u) > §_(T5,u), and if
(Tl,u), (TQ, U) < D+ with T1 < T2, then 6+(T1, U) < 5+(T2,U),

(P.3) If t € [to, 00)T, then (t,t) € Dy and . (t,tg) = t. Moreover, if t € T,
then (tg,t) € D, and . (ty,t) = t holds,

(P4) If (s,t) € Dy, then (s,04(s,t)) € Dy and 04(s, 4 (s,t)) = t, respectively,
(P.5) If (s,t) € Dy and (u,04(s,t)) € D, then (s, 04(u,t)) € Dy and
Ox(u, 04(s,t)) = 04(s, 0x(u,t)), respectively.

Then the operators §_ and J. associated with t, € T™ (called the initial point) are said
to be backward and forward shift operators on the set T*, respectively. The variable
s € [tg,00)r in 04 (s,t) is called the shift size. The value 0, (s,t) and 0_(s,t) in T*
indicate s units translation of the term ¢t € T* to the right and left, respectively. The sets
D.. are the domains of the shift operator J., respectively. Hereafter, T" is the largest
subset of the time scale T such that the shift operators 0. : [tg, 00)r x T* — T* exist

(see [1]).

Example 2.5 (See [1]). We give different time scales with their corresponding shift
operators.

1. T=R, 6 =0,T" =R, 6_(s,t) =t —sand 64 (s,t) =t + s.
2. T=2Z,t=0,T"=7Z,0_(s,t) =t —sand 0, (s,t) =t + s.

t
3. T=q¢*U{0},to=1,T" =¢* §_(s,t) = - and 5, (s,t) = ts.
s

4. T=N2,to=0T =Nz,0_(s,t) = V2 — s2and 0, (s,t) = V1% + 5.

Definition 2.6 (Periodicity in shifts, see [1]). Let T be a time scale with the shift op-
erators 04 associated with the initial point ¢, € T*. The time scale T is said to be
periodic in shifts ¢ if there exists a p € (¢y, 00)r~ such that (p,t) € Dy forall t € T".
Furthermore, if

P :=inf{p € (tp,00)~ : (p,t) € Dy, YVt € T*} # to,
then P is called the period of the time scale T.
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Example 2.7 (See [1]). The following time scales are not periodic in the sense of the
condition (1.1) but periodic with respect to the notion of shift operators given in Defini-
tion 2.6.

(Vt+VP)?, t>0;
1. Ty ={4n*:n €z}, 0.(Pt) =< +P, t=0; P=1,ty=0.
—(V=t+VP)? t<0;

2. Ty = ¢Z, 6+(P,t) = PE't, P = q.

3. Ty = Upez[227, 22011 54 (Pt) = PE'%, P = 4,1, = 1.

4. T, = {1:]—q” tq > 1isconstantandn€Z}U{O,l}.

Ing

q
oL (P t) = P=1ry
+(B1) IENEIN Y

n( Ly ) (1 2p)
L)

Ing

1+q(

Notice that the time scale T, is bounded above and below and

']I‘j:{ 1 :q > 1 is constant and nGZ}.
1+qm

Remark 2.8 (See [1]). Let T be a time scale that is periodic in shifts with the period P.
Thus, by P.4 of Definition 2.4 the mapping 8% : T* — T* defined by 6% (t) = 6, (P, 1)
is surjective. On the other hand, by P.1 of Definition 2.4 shift operators d1 are strictly
increasing in their second arguments. That is, the mapping 6 () = 6. (P, t) is injective.
Hence, 6 is an invertible mapping with the inverse (07)" = 6” defined by §”(¢) :=
d_(P,t).

We assume that T is a periodic time scale in shifts 6. with period P. The operators
64 : T* — T* are commutative with the forward jump operator o : T — T given by
o(t) == inf{s € T: s > t}. Thatis, (0¥ 0 0)(t) = (0 0 6L)(t) forall t € T*.

Lemma 2.9 (See [1]). The mapping 55 : T* — T preserves the structure of the points
in T*. That is,
o(t) =t implies o(6.(P,t)) = 0,(P,t),

o(t) >t implies o(04(P,t)) > 0, (P,t).

Corollary 2.10 (See [1]). 6. (P,o(t)) = o(0+(P,t)) and d_(P,o(t)) = o(6_(P,t))
forallt € T".
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Definition 2.11 (Periodic function in shifts 6, see [1]). Let T be a time scale that is
periodic in shifts 6+ with the period P. We say that a real value function f defined on
T* is periodic in shifts d.. if there exists a T' € [P, 0o)r+ such that

(T,t) € Dy and f(6L(t)) = f(t) forall t € T* (2.3)

where 0. := 0. (T’,t). The smallest number 7" € [P, 0o)r- such that (2.3) holds is called
the period of f.

Definition 2.12 (A-periodic function in shifts ., see [1]). Let T be a time scale that is
periodic in shifts 6+ with the period P. We say that a real-valued function f defined on
T* is A-periodic in shifts - if there exists a 7" € [P, co)p+ such that

(T,t) € Dy forall t € T*, 2.4
the shifts 5£ are A-differentiable with rd-continuous derivatives (2.5)

and
FOX(#)62T = f(t) forall t € T*, (2.6)

where 0% := 84 (T, t). The smallest number 7" € [P, 0o)r- such that (2.4)—(2.6) hold is
called the period of f.

Notice that Definition 2.11 and Definition 2.12 give the classic periodicity defini-
tion on time scales whenever 6. := ¢ 4 T are the shifts satisfying the assumptions of
Definition 2.11 and Definition 2.12.

Now, we give three theorems concern the composition of two functions. The first
theorem is the chain rule on time scales.

Theorem 2.13 (Chain Rule, see [5]). Assume that v : T — R is strictly increasing and
T := v(T) is a time scale. Let w : T — R. If v™(t) and w™ exist for t € T*, then

A A A

(wov)™ = (w= ov)v=.
Let T be a time scale that is periodic in shifts 0. If we take v(¢) = d.(7,t), then
we have v(T) = T and [f(v(t))]® = (f2 o v(t))v2(t).

The second theorem is the substitution rule on time scales.

Theorem 2.14 (Substitution, see [5]). Assume v : T — R is strictly increasing and T :=
v(T) is a time scale. If g : T — R is an rd-continuous function and v is differentiable
with rd-continuous derivative, then for a,b € T

b v(b) _
/ g(s)v>(s)As = /() g(v™1(s))As. 2.7
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The third theorem is an application of the substitution rule where v(t) = 5. (¢).
Theorem 2.15 (See [1]). Let T be a time scale that is periodic in shifts )+ with period

P € [ty,00) and f a A-periodic function in shifts 0+ with the period T € [P, 00)-.
Suppose that f € C,4(T), then

t L (t)
/f(s)As:/ f(s)As. (2.8)

6L (to)
Our work is mainly based on the following theorem.

Theorem 2.16 (Brouwer’s Fixed Point Theorem, see [7]). Let D C R be a nonempty
compact convex set and F' : D — D be continuous. Then F' has a fixed point.

3 Some Lemmas

In this section, we show some interesting properties of the exponential function e, (¢, to)
and shift operators on time scales.

Lemma 3.1. Let T be a time scale that is periodic in shifts 0+ with the period P.
Suppose that the shifts 0°. are A-differentiable ont € T* where T € [P,00)r-. Then
the graininess function p : T — [0, 00) satisfies

p(0L(t)) = 627 (t)u(t).
Proof. Since (51 are A-differentiable at ¢, from the calculus on time scales we know
p(t)oLT (t) = 65 (a(t)) — 6L(t).

Then by using Corollary 2.10 we have

p(t)ox"(t) = o(0L(t)) — oL(t)

Thus, the proof is complete. ]

Lemma 3.2. Let T be a time scale that is periodic in shifts 6. with the period P.
Suppose that the shifts 0. are A-differentiable on t € T* where T € [P, 00)+ and
p € R is A-periodic in shifts . with the period T'. Then

ep(0L(t), 0L (t0)) = ep(t, to) fort, ty € T*.
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Proof. Assume that ;i(7) # 0. Set f(7) = ﬁ log(1 + p(7)u(7)). Using Lemma 3.1
and A-periodicity of p in shifts . we get
FELENET() = 2T tog(1 -+ p(aT(r)(e())
s H(oT(7) s
027 (7)
pu(0L(r))
= —loa(l +p(r)p(r)

= f(7).
Thus, f is A-periodic in shifts 4 with the period 7'. By using Theorem 2.15 we have

log(1 +p<5£<r>>6ﬁT&%u<5£<T>>>

( sL(®))
exp / Llog(l +p(T)M(T))AT>, if pu(7) #0;

e, (01(t), 0% () = ! gﬁt?) p(7)
( o /6£<to>> WmT)’ if (1) =0,
( t 1 | |
_ exp (/t()t e log(1 +p<T>M<T))AT) . if u(r) #£0;
exp (/t p(T)AT> , if ju(r) = 0,
= ep(t7t0>-

]

Lemma 3.3. Let T be a time scale that is periodic in shifts 6. with the period P.
Suppose that the shifts 5. are A-differentiable on t € T* where T € [P, 00)~ and
p € R is A-periodic in shifts 0+ with the period T. Then

ep((62)"(to), to) = (ep(0L(t0),t0))" for n € Nand ty € T*.
Proof. From Lemma 1.2 (v.) and Lemma 3.2, we see that
ep(01(0% (o)), to) = ep(0L(0%(t0)), 01 (to))ep(9%(to), to)
= ep(0L (o), to)ep(9L (o), to)
= (ep(0L(to). t0))>-
The proof can be finished by induction. [

Lemma 3.4. Let T be a time scale that is periodic in shifts 6. with the period P.
Suppose that the shifts 0", are A-differentiable on t € T* where T € [P, 00)~ and
p € R is A-periodic in shifts 0+ with the period T. Then

e, (67 (1), 5(67(3))) = e, (t, o(5)) = % fort,s €T
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Proof. From Corollary 2.10, we know (61 (s)) = 61(o(s)). By Lemma 3.1 and
Lemma 2.2 we obtain

a(5L(0). 0 (5L(9) = 60100 61(0(6)) = ey (t.0(0) = 110
The proof is complete. 0

4 Main Result

In this section, we consider the linear initial value problem (1.2)—(1.3). Firstly, we
give a definition of a bounded solution. Hereafter, we denote the solution of (1.2) by
x(t,to, zo)-

Definition 4.1. A solution of (1.2) is bounded if there exists a real number M > 0 such
that |z (¢, to, x9)| < M fort € T.

Theorem 4.2. The linear initial value problem (1.2)—(1.3) has a periodic solution in
shifts 61 with period T if and only if it has a bounded solution in T.

Proof. Let x(t) be a periodic solution in shifts 6, with period T'. Since, x(t) = z(07.(t))
for all t € T* and x(t) is continuous, the necessity is obvious.

Now we show the sufficiency using Brouwer’s fixed point theorem. Let Z(¢) be a
bounded solution of (1.2). Then there exists a constant M > 0 such that |Z(t)| < M for
t € T. We take T := T(to) € R and define the set D C R by

D = {370 eR: ‘I()’ SM, |£C(t,t0,ll§'0)‘ SM, tET} CR

where x(t, o, x¢) is the unique solution of (1.2) through (¢, z).

Since xy € D, D is nonempty. We show that D is a compact convex set in R. It is
easy to see from the definition of D that D is closed and bounded. Thus, D is compact.
For any x1, 22 € D and « € [0, 1], we have

laz) + (1 — a)zs] < alzy|+ (1 — a)|zy| < M.

Moreover, by Theorem 2.3 we get

ax(t,to,r1) + (1 —a)x(t, to, xa) = aey(t, to)ry + oz/t ep(t,o(s))q(s)As

to

t
+ (1 —a)ey(t, to)rs + (1 — a)/ ep(t,0(s))q(s)As
to
= x(t,to, ary + (1 — a)xg).
So we have fort > ¢,

|x(t, to, axy + (1 — a)za)| < alz(t, to, 1) + (1 — a)|z(t, to, x2)| < M.
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We define a mapping F': D — R by

&% (to)

Pay = (01 (t0). to.0) = (6 (to) )0+ [ (61 t0),0(9)a(s) s

to

Because of d°(ty) € T, for any zo € D, we get |z(0% (o), to, 70)| < M. By Lemma
3.1, Lemma 3.2, Lemma 3.3 and Theorem 2.3, we have

F (F[E()) = x(éz(t(]),to,x((sz(to),to,xo))
8% (to)
= ey (67 (to), t0) (07 (to) o, 0) + / (57 (o), o (5))a(s)As
8% (to)
= e,(6 (o), to) <€p(5z(t0)»t0)xo+/t ep((sJTr(to%U(S))Q(S)AS)
&7 (to)
" / (57 (t0), o(s))q(s) As

67 (to)
= (ep(0%(to), t0))*z0 + (ep(05 (to), to) + 1)/t ep(94(to), o (s))a(s)As

8% (to)
= ep(61(87(t0)), to)xo + (ep(07 (to), to) + 1)/ ep(07 (o), o(s))q(s)As.

to

Substituting v(s) = d1(s) and g(s) = e,(61 (61 (t)), (6% (s)))q(6X(s)) in (2.7) and
taking ¢ is A-periodic in shifts . into account we have

T

5T (87 (to))

(0 (0% (t0)), o, o) = €,(05 (67 (t)), to)wo + / ep(07 (0% (o)), o (5))a(s) As

to

81 (to)
ep(0% (0% (t0)). to)o +/t ep(04 (6 (t0)), o (5))a(s) As

qEw)
n / e, (67 (67 (o)), o(5))g(s) As
6% (to)
5£(t0)

ep(5f(5f(to)),to)$o+/ ep(07 (9% (o)), 0% (o) )ep (9% (o), o (5))a(s) As

to

67 (to)
[ e ), 5T (9)a(6T ()37 5)As
8% (to)

ep(5f(5f(to)),to)$o+/ ep(0% (to), to)ep(9% (to), 0(5))a(s) As

to

6% (to)
+/t ep(01 (to), o(s))q(s)As

6% (to)
ep(01 (0% (t0)), to)zo + (ep(61 (to), to) + 1)/ ep(07 (o), 0(s))q(s)As.

to
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Therefore, we have F(Fxq) = x(6L(6%(ty)), to, x0). Also, since 61 (6% (ty)) € T and
|2(67(6%(t0)), to, 20)] < M we obtain Fzy € D which means that FD C D and F is
compact. By the continuous dependence of solutions of dynamic systems on time scales
with respect to initial values (see [10]), F' is continuous. Thus F' has a fixed point in D
by Brouwer’s fixed point theorem. That is z(07.(t), to, zo) = 2o. So

$(5£(t>,t0,$0) = I(t,to,l’o), teT

is a periodic solution in shifts 6. with period 7" of (1.2). The proof is complete. [
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