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Abstract

We study the existence and multiplicity of periodic solutions for sin-
gular o-laplacian equations with delay on time scales. We prove the exis-
tence of multiple solutions using topological methods based on the Leray-
Schauder degree. A special case is the T-periodic problem for the forced
pendulum equation with relativistic effects.
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1 Introduction

In this work, we study the existence and multiplicity of T-periodic solutions
z: T — R to the following equation with delay on time scales

(@)= + h(z(t)2® (t) + g(z(t =) = p(t), teT, (1)

where T is an arbitrary T-periodic nonempty closed subset of R (time scale),
¢ : (—a,a) — R is an increasing homeomorphism with 0 < a < 400 such that
©(0) =0, and h, g : R — R are continuous functions. Moreover, we assume that
r >0 and T > 0 are real numbers, and that p(t + 1) = p(t) is continuous in T

with p:= £ fOTp(t)At =0.
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The time scales theory was introduced in 1988, in the PhD thesis of Stefan
Hilger [9], as an attempt to unify discrete and continuous calculus. The time
scale R corresponds to the continuous case and, hence, yields results for ordinary
differential equations. If the time scale is Z, then the results apply to difference
equations. However, the generality of the set T produces many different situ-
ations in which the time scales formalism is useful in several applications. For
example, in the study of hybrid discrete-continuous dynamical systems, see [5].

The methods usually employed to explore the existence of periodic solutions
for dynamic equations in time scales are: fixed point theory [I1l 12], Mawhins
continuation theorem [6] 7, [10], lower and upper solutions [17}, [I§], among many
other works. Some of the above cited references correspond to the semilinear
case, that is, p(z) = = and some others to the p-laplacian operator, namely
¢p(z) := |z|P~2z. For instance, in [6] Cao, Hang and Sun studied, by means of
Mawhins continuation theorem, the existence of periodic solutions of

(pp(a®(0))> + fla(®)a® () + g(x(t)) = e(t), teT,

with p > 2, f, g continuous real functions and e € C(T,R) with period T' > 0.
However, the literature concerning singular -laplacian operators in time scales
is more scarce. A special case of (Il) with T = R is the forced pendulum
equation with relativistic effects, namely,

!/

+ka'(t) + bsinz = p(t), teR, (2)

2

-
where ¢ > 0 is the speed of light in the vacuum, & > 0 is a possible viscous
friction coefficient and p is a continuous and T-periodic forcing term with mean
value zero. This equation has received much attention by several authors, see e.g.
[4, 13, 19]. In particular in [I9], employing the Schauder fixed point theorem,
Torres proved the existence of at least one T-periodic solution, provided that
2¢T < 1. This result was later improved in [20] and finally in [2], where the

sharper condition ¢T' < V37 was obtained.

In this work, we generalize several aspects of the results in [6] and [I9]. On
the one hand, our problem consist of dynamical equations on time scales; on the
other hand, the functions f,g are general and the equation may also include a
delay. This implies that the use of the Poincaré operator does not reduce the
problem to a finite-dimensional one, and requires the use of accurate topological
methods such as the Leray-Schauder degree. Moreover, our main theorem is in
fact a multiplicity result, which intuitively can be motivated as follows. If we
observe for example problem (), it is clear that the periodicity implies that
if z is a T-periodic solution, then z + 2k7 is also a T-periodic solution for
all k € Z. Such solutions are usually called in the literature geometrically
equivalent. However, if the term kz’ is replaced by h(x)z’ for some continuous
function & close to a constant, then the problem still admits infinitely many
solutions, which may be geometrically distinct if & is not a 27-periodic function.



With this idea in mind, it shall be shown that if the nonlinear term has a more
general oscillatory behaviour, then multiple solutions exist.

More specifically, our main result reads as follows:

Theorem 1.1 Assume that there exists a strictly increasing sequence {«; }?:0
such that

T
(_1)j/0 h(@()™ (1) + g(x(£) At < 0 if 2(0) = ay, [[«2]| < a.

for every j and each smooth T-periodic function x(t). Then, for any continu-
ous T-periodic function p(t) with mean value zero, problem () has at least n
different T-periodic solutions.

In particular, if g is oscillatory over R and h satisfies some suitable conditions
then () has infinitely many different T-periodic solutions, provided that the
oscillations are sufficiently slow. The proof of the theorem shall be based on
the search for fixed points of an appropriate compact operator defined on the
Banach space of all continuous T-periodic functions on T. The singular nature
of i shall be of help in the obtention of the required a priori bounds, thus making
possible a Leray-Schauder degree approach. We highlight that, in contrast with
the continuous case, the treatment of Liénard-like equations on time scales is
more delicate because the average of the term h(z(t))z (t) with T-periodic  is
not necessarily equal to 0. This is due to the fact that the standard chain rule
does not hold and, consequently, some extra conditions are required in order to
avoid this difficulty.

The paper is organized as follows. In Section 2, we set the notation, ter-
minology, and several preliminary results which will be used throughout this
paper. In Section 3, we adapt Mawhin’s continuation theorem to the context of
times scales in order to prove the existence of at least one T-periodic solution of
(). We remark that this first result can be deduced from the multiplicity result
although, for the sake of clarity, this simpler case was analyzed separately. In
Section 4, we prove our main theorem with the help of the arguments introduced
in the preceding section. Some examples illustrating the results are presented
in Section 5.

2 Notation and preliminaries

For fixed T > 0, we shall assume that T is T-periodic, that is, T+ 7T = T. we

denote by Cr = Cr (T,R) the Banach space of all continuous T-periodic func-

tions on T endowed with the uniform norm ||zl = sup||z(t)|| = sup |jz(t)]
T

Ty
and the closed subspace

Cr= {a: eCr: fOTx(s)As = O}.



For an element x € Cr its maximum and minimum values shall be denoted
respectively by xps and x,,.

Moreover, denote by Ct = C1. (T,R) the Banach space of all continuous 7T-
periodic functions on T that are A-differentiable with continuous A-derivatives,
endowed with the usual norm

lzlly = sup [lz(t)]| + sup |z2(1)].
[0,7] [0,T]y

T

In this paper we shall consider T-periodic time scales T such that 0 € T and
T—»rcCT.
We introduce the following operators and functions:

e The Nemytskii operator Ny : C& — Cr, given by

Ny (z)(t) = f(t,z(t), z2(t), z(t — 1)),
where f : T x R® — R is a continuous function;

e The integration operator H : Cp — Cr,
H(z)(t) = fg 2(s)As,
e The continuous linear projectors:
Q:Cp — Cr, Qx)(t) =7 [, =(s)As,
P:Cr— Cr, P(x)(t)=2(0)

where, for convenience, we omitted the isomorphism between R and the
subspace of constant functions of Cr.

The above equation (Il) can be written as follows:

(@))% = f(t,x(t), a2 (t),2(t = 7)), te€T, (3)

A function x € C} is said to be a solution of @) if p(z2) is of class C' and
verifies (o(x®(t)))? = f(t,z(t),2®(t), x(t — r)), for all t € T.

The following lemma is an adaptation of a result of [3] to time scales.

Lemma 2.1 For each x € Cr, there exists a unique Qy, = Qu(x) € [Tm, ]
such that

T
/0 o1 (@(t) — Qu(x)) At = 0.

Moreover, the function Q, : Cr — R is continuous and sends bounded sets into
bounded sets.



Proof: Let x € Cr and define the continuous application G, : [, za] = R by

s) = [ol o N (x(t) — s)At.

We claim that the equation
Ga(s) =0 (4)

has a unique solution Q,(x). Indeed, Let 7, s € [T, za| be such that

S e M a(t) — At =0= [ ¢ (z(t) - s)At,

then using the fact that !

over, It is seen that

is strictly increasing we deduce that r = s. More-

I o N a(t) —aa) At <0 < [ o7 (@(t) — zm) AL,
whence

Thus, there exists s € [z, znm] such that G,(s) = 0, that is, equation (@) has
a unique solution. It follows that function @, : Cr — R given by Q,(x) = s is
well defined and, furthermore, because s € [y, ] we deduce that

Qe ()] < |zl

Therefore, the function @, sends bounded sets into bounded sets.

Finally, let us verify that @, is continuous on Cr. Let (z,), C Cr be a
sequence such that z, — x in Cr. Since the function @), sends bounded sets
into bounded sets, the sequence (Q,(z,)),, is bounded in R and, consequently,
without loss of generality we may assume that it converges to some a. Because

fo 2 1 xn Q«p(xn)) _O

for all n, by the dominated convergence theorem on time scales [5], we deduce
that

Jy ¢ M a(t) @A =0,
50 Qu(h) = a. Thus, we conclude that the function @, is continuous. O

Now, we define the fixed point operator, which is similar to the one employed
in [3] (see also [1]] for an elementary introduction). In order to transform problem
@3) into a fixed point problem we use the operators H, @, Ny, P and Lemma [2.1]
The proof of this result is similar to the continuous case and shall not repeated
here.

Lemma 2.2 z € C}. is a solution of (3) if and only if x is a fized point of the
operator My defined on Ck by

My (z) = (w)+Q(Nf( ) +
H (o~ [H(Nf(2) — Q(N(2))) — Qu(H(Ny(x) — Q(Ny())))])-



As the function f is continuous, using the Arzela-Ascoli theorem it is not difficult
to see that My is completely continuous.

Using Lemma [Z2] the existence of a T-periodic solution for (@) is reduced
to the study of the fixed points of the operator M. To this end, we will use
topological degree theory.

Consider the following family of problems defined for A € [0, 1]:

(p(@®(1))> = ANp(2)(t) + (1 = NQ(Ny(2)), (5)
where the operator Ny is defined by

Ny(@)(t) = f(t,2(t),a2(t), 2t — 7)) :=
—h(z(t)z2(t) — g(a(t — ) +p(t), teT.

For each A € [0,1], consider the nonlinear operator M (), ), where M is
defined on [0,1] x C% by

M(X,z) = P(z) + Q(Ny(z))+ (6)
H(o™" [NH(Ny(2) = Q(N¢ () = Qp(AH (N (z) — Q(N¢(2))))])-

Observe that M (1,z) = My and, similarly as above, it is easy to see that M
is completely continuous and, for A > 0, the existence of solution to equation
) is equivalent to the problem

=M\ x).

We claim that the previous assertion is true also for A = 0. Indeed, because
Qy(c) = c for any constant ¢, it is clear that M (0,z) = P(z) + Q(Ny(z)). If

= M (0, z) then x is constant and x = P(z), that is, Q(Ns(z)) = 0 and ()
with A = 0 is trivially satisfied. Conversely, if (p(z2(1)))2 = Q(Ns(z)) then
we obtain, upon integration, fo N¢(z))At = 0 which, in turn, implies that
Q(Ny(z)) = 0. Thus z2 is constant and by periodicity, = = 0, that is, x is
constant and, consequently, z = P(z) = P(z) + Q(Ns(x)) = M (0, z).

Remark 2.3 It is worthy to notice that, for any A € [0,1], if x is a fixed point
of M then Q(Ny(z)) = 0.

3 Existence of periodic solutions

In this section, we establish the existence of at least one T'—periodic solution to
problem (). Let us denote by degp and degr,s the Brouwer and Leray-Schauder
degrees respectively.

The following continuation theorem is obtained.

Theorem 3.1 Assume that Q) is an open bounded set in Ck such that the fol-
lowing conditions hold:



1. For each A € (0,1) the problem
(p(z®(1)))™ = ANs() (7)
has no solution on OS).

2. The equation

has no solution on OQNR, where we consider the natural identification of
R with the subspace of constant functions of Ci..

3. The Brouwer degree of g satisfies:
degp(g,2NR,0) # 0.

Then, for any continuous T-periodic function p(t) with mean value zero, the
problem () has at least one T —periodic solution.

Proof: Let A € (0,1]. If z is a solution of (@), then Q(Ny(z)) = 0, hence z is a
solution of problem (). On the other hand, for A € (0,1], let  be a solution of
) and since

Q(ANy(z) + (1 = NQ(Ny(2))) = Q(Ny(x)),

we have that Q(Ny(z)) = 0, then = is a solution of (7). It follows that, for
A € (0,1], problems (@) and (7)) have the same solutions. We assume that (&)
has no solutions on 0f) for A = 1, since otherwise we are done with the proof.
It follows that () has no solutions for (A, z) € (0,1] x 9. If x is a solution of
@) for A = 0, then we conclude as before that Q(Ny(x)) = 0 and z(t) =b e R.

Thus, using the fact that fOTp(t)At =0

1 T
0= 1 /0 F(£,5,0,)At = —g(b),

which, together with hypothesis 2, implies that b ¢ 9€.

Summarizing, we proved that (B has no solution on 9 for all A € [0,1].
Thus, for each A € [0, 1], the Leray-Schauder degree degrs(I — M(A,-),2,0) is
well defined and, by the homotopy invariance property,

degrs(I — M(0,-),Q,0) = degrs(I — M(1,-),Q,0).
On the other hand,
degrs(I —M(0,-),Q,0) =degrs(I — (P + QNy),Q,0).
But the range of the mapping

z+— P(z) + QNy(2)



is contained in the subspace of constant functions of Ck, identified with R.
Thus, using the reduction property of the Leray-Schauder degree [, [14]
degrs(I — (P + QNy),Q,0) = degp (I — (P + QNy) |grz - 2N R,0)
=degp(g,2NR,0) # 0.

Then, degrs(I — M(1,-),Q,0) # 0 and, in consequence, there exists x € {2 such
that My(z) = M(1,z) = z, which is a solution of (B) and therefore a solution

of (). O

With the help of Theorem Bl we shall be able to prove the existence of fixed
points of M; With this aim, for A € (0,1) we consider the equation

(0 (#2(1)))" + M)z () + Agla(t — ) = Ap(t), teT, (8)

which is the explicit expression of problem ().

For the reader’s convenience, we start with the following simple existence
theorem which, in fact, can be obtained as a particular case of our main result
in the next section:

Theorem 3.2 Assume there exists d > 0 such that

Jo [(@(#)z™ () + gz ()AL > 0 if @ >d, ||l22]  <a,

Sy @)z () + g(a(®)At <0 if za < —d, |Ja? <a.
Then problem () has at least one T-periodic solution.

Proof: Let A € (0,1). If z € C} (T, R) is a solution of (§) then on the one hand,
it is clear that

22 (s)] < a, 9)

for all s € T.
On the other hand, integrating both sides of () from 0 to T and since

fOTp(s)As =0, we have that

T
/ (@ (£)e™ () + g(a(t — r))At = 0.
0
From the periodicity of z, using (), (@) and the assumptions, we obtain:

By the inequality zyr < zp, + fOT |3:A (s)‘ As and (I0)), it follows that

T
rp < d+/ ‘xA(s)’ As.
0



Analogously, it can be shown that

T
T > — <d—|—/0 |IA(S)‘AS> .
T T
- (d—l—/o ‘IA(S)’AS> <xm <z < <d—|—/0 ‘IA(S)’AS>,

and using (@) we deduce that

Hence,

|zl < d+ aT. (11)

From (@) and () it follows that ||z]|, < d+aT +a=d+a(l+T).

Let p:=d+ a(l +T). Then using the hypothesis and the fact that p > d,
we see that g(p)g(—p) < 0, which implies that degg(g, 2 N R,0) # 0, where
Q:= B,(0) C C+ and QN R = (—p, p). Therefore, the conditions 1,2 and 3 of
Theorem [3.1] are satisfied and the proof is complete. (|

The next example shows that the fOT h(z(t))z™ (t)At is not always equal to
zero. This is due to the fact that the standard chain rule does not hold for time
scales.

Example 3.3 Let T be 3-periodic with [0,3]r = [0,1]U{2,3}, let h(x) = x, and
let x: T — R be the 3-periodic function defined by

t if 0<t<l1
x(t) =
2 if t=2.

It follows by direct computation that f03 r(t)z® () At = —

ot

For the next result, let us observe that the set .S of right scattered points on
[07 T]T?
S={te[0,T];:0(t) >t}

is countable. For simplicity, we shall assume that the set L(S) of limit points
of S is finite. The following corollary is thus obtained:

Corollary 3.4 Suppose there exists d > 0 such that g(s) > 0 for s > d and
g(s) < 0 for s < —d. Moreover, assume that h is nonincreasing over (d,+o0)
and nondecreasing over (—oo,d). If L(S) is finite, then problem (3) has at least
one T'—periodic solution.

Proof: Let H : R — R be the continuous function defined by

H(z) = [ h(s)ds.



Assume for example that € C1. is such that Ty > d and |22 < a, then
g(z (t - 7')) > 0 for all ¢ and therefore fo z(t — 7))At > 0. We claim that

fo A(t)At > 0 and, consequently, the first condition of the previous
theorem is sat1sﬁed

The proof will follow several steps.

Step 1. Let a < b € T such that [a,b] NS is finite, then

b
/ h(t)e® (DAL > H(x(b)) — H(z(a)).

Indeed, write [a,b] N S = {to,. .., ty} with t; < ¢j11 and compute

tN Nl ti+1
JRRCOESONE (h(ac(tm[w(o(tj)) ~alt)+ [ h(w(t))x%)m)
to =0 a(ts)

N—-1 N— 1

= 3 hat)lalo(t;)) — x(t))] + 1)) = Hla(ot,)

7=0 _]:0
N—-1
= 3 (Mlatt)lalo(t;) ot~ [Hla(o(t) ~Hlalt;))]) +Hla(tx)~Hlalta)
§=0

N—-1

= D (h(z(t;)) = h(&;))[2(o(t;)) — x(t;)] + H(z(tn)) — H(z(to))
=0

for some &; between x(t;) and x( (t;)). Because h is nonincreasing over the

range of , it follows that LZN h(x(t))z® (t)At > H(z(tn))—H(z(to)). Moreover,

| ha®)e 018 = H(a(t0)) - Hla(a)
and the result follows if ¢ty = b. If otherwise ty < b, then
b
/t h(w(t)z® ()AL = h(x(tn)(z(o(tn)) — 2(tn)) + H(z(b) — H(z(o(tn)))

= h(z(tn))(@(o(tn)) —2(t )) [H(x(o(tn))) = H(x(tn )]+ H(x (b)) - H(x(tn))
H(2(b)) — H(z(tn))

and hence [ h(z(t))z (t)At > H(z(b)) — H(z(a)).
Step 2. Let a < b be two consecutive limit points of S, then

b
/ h(t)e™ (AL > H(z(b)) — H(z(a)).

Indeed, if [a,b] N S is finite, then the proof follows from the previous step.
Otherwise, there are three possible situations:

10



1. (a, b) ns= {tj}jENo with ¢; \, a. Then
/ @)z (At =3 / T @) ()AL
a j=1 t;

and, from Step 1,

/ () (A2 Y [H(alt1) = Halt)] = Ha()) — Hala),

It follows that
b b
/ h(z(t)z® () At > H(x(ty)) — H(z(a)) +/t h(z(t)z™ (t) At

= H(z(b)) — H(z(a)).

2. (a,b) NS = {t;}jen, with ¢t; " b. As before, it is seen that
b . [tite
/ h(x(t))a™ (1) At =) / h(xz(t))z™ (t) At
to §=0 t;

> H(z(b)) — H(xz(to))
and the proof follows because f;” h(z(t)z® (t)At = H(z(to)) — H(x(a)).
3. (a,b) ns = {tj}jGNo U {Sj}jENo with t; \ @, t; b and tg = sg. As

before, we deduce that

/ Che(t)a (AL > H(x(te)) - H(z(a)),

b
/t Ba(t)r™ ()AL > H(x(b)) — H(x(s0))
and the proof follows.

Step 3.
If L(S) is empty, then S is finite, then by Step 1

T
/0 h(z(t))z™ (t)At > H(z(T)) — H(z(0)) = 0.

Next, suppose L(S) = {L;};=o,... .~ with L; < L;1; for all j. By periodicity we

may assume, without loss of generality, that Lo = 0 and Ly = T. It follows
from the previous steps that

N-1

T
/O h(a(t)z® (At = Y [H(x(Lj)) = Hlx(Ly))] = H(z(T)) - H(z(0)) = 0

J=0

11



and the claim is proved.
In the same way, it is seen that if z € Cr satisfies 2y < —d and |22 || < a,

then fOT glz(t — 7)) At + fOT h(z(t))z® (t)At < 0 and so completes the proof.
(]

Remark 3.5 If S = 0 then the conditions on the function h in Corollary

are not needed. Obviously, this is also true if h is constant.
Corollary 3.6 Assume that

limsup g(z) < 0 < liminf g(x).

R T—3+00

Assume, furthermore, that L(S) is finite and there exists R > 0 such that
h(y) <h(x)  fory>x>R or y<z<—R.

Then problem (3) has at least one T-periodic solution.

Proof: The proof is immediate from the previous corollary. O

Corollary 3.7 Assume there exists R > 0 and constants v* € R such that
g9(x) > alh(z) +~F|  forz =R,  g(z) <-alh(z)+77| forz<-R
Then problem (3) has at least one T-periodic solution.

Proof Suppose for example that z,, > R and ||72 || < a, then
(A(x(t)) +~1)z2(t) + g(z(t) = g(a(t)) — alh(z(t) + 7| > 0.
Since fOT ytz®(t)At = 0, we deduce that
T
/ [h(2()2™ (t) + g((®)]AL > 0.
0
Similarly, it is verified that if xp; < —R then
T
| nta()a® 0 + glatepiac <o
0

and the proof follows from Theorem O

Remark 3.8 In particular, the assumptions in the previous corollary are sat-
isfied when h is constant and g(x) > 0 > g(—x) for x > R.

12



4 Multiplicity of periodic solutions

In this section we establish the existence of at least n different solutions of
problem (). We remark that in the case n = 1, the assumptions are more
general that those in Theorem

Theorem 4.1 Assume that there exists a strictly increasing sequence {«; }?:0
such that for all j and x € Ck,

T
(—l)j/o [h(x(t))xA(t) + g(z(t))]At < 0 if z(0) = ay, ||3:A||OO < a. (12)

Then, for any continuous T -periodic function p(t) with mean value zero, problem
(@) has at least n different T-periodic solutions.

Proof: Using the same argument as in the proof of Theorem B.2] we obtain
that if # € CL (T,R) is a solution of (&) with A € [0,1], then |z2(¢)| < a and
z(0) # «;, for any j = 0,...,n. Therefore, problem (f) has no solution in 0€;
forall 7 =0,...,n— 1, where

Q; := {x € C} (T, R) /2(0) € (o, aj41), ||z2], <a}.
From the homotopy invariance of the Leray-Schauder degree, we obtain
degLS(I — M(l, '), Qj, O) = degLs(I — M(O, '), Qj, 0) =
=degrs(I — (P + QNy),9;,0) =
=degp (I — (P + QNy) |o;am » mR,O) =
=degp(g,Q2; NR,0) =
= degB(97 (aju aj+l)7 0)

Moreover, observe that employing condition (I2) for = «; it is verified that
(—1)7g(a;) < 0 which, in turn, implies that degp(g, (j, aj11),0) # 0. We
conclude that the operator M (1,-) = My has a fixed point x; € ;. Finally,
observe that z;(0) € («;,a;+1) hence all the solutions are different. (]

Remark 4.2 Condition (I2) may be replaced by

) T
(-1)7 / [h(x(t)a™ (t) + g((®)]AL > 0 if 2(0) = ay, [[«2]|, < a.

Similarly to Corollary B4l condition (I2]) can be obtained from appropriate
explicit assumptions on g and h, provided that the set L(S) of right-scattered
points has only finitely many limit points.

Corollary 4.3 Assume that L(S) is finite and that there exists a strictly in-
creasing sequence {o; }?:0 such that

13



1. h is nonincreasing and g(s) > 0 for s € (a; — “L a; + 2L and j odd.

2. h is nondecreasing and g(s) <0 for s € (a; — %, aj + a%) and j even.

Then, for any continuous T-periodic function p(t) with mean value zero, problem
(3) has at least n different T-periodic solutions.

Proof: From the previous proof and the reasoning of Corollary [3.4] it suffices to
verify that if z € CL (T, R) is a solution of (B with A € [0,1] and 2(0) = «;, then
z(t) € (o — <L oy + <L) for all t. To this end, observe that if [z (t) — o] > <=
for some ¢t € (0,T)r, then

T t
ag <lx(t) — o] < / |22 (s)|As < at,
0

whence ¢ > % Due to the periodicity, we also deduce that T — ¢ > %, a

contradiction. O

Remark 4.4 In particular, the conditions in the previous theorem imply that
ojp1—a; >al forj=0,1,...,n—1.

Also, in the spirit of Corollary [3.7] we obtain:

Corollary 4.5 Assume there exists a strictly increasing sequence {a; }?:0 and
constants vy; such that

1. g(z) > alh(z) + ;| for s € (oj — <L 05 + <L) and j odd.
2. g(z) < —alh(z) + ;| for s € (o — %, o + %L) and j even.

Then, for any continuous T -periodic function p(t) with mean value zero, problem
(3) at least n different T-periodic solutions.

Remark 4.6 In particular, suppose that g has slow oscillations, that is, there
exists a sequence of zeros x; /' +00 such that (—1)7g(x) > 0 for x € (xj,zj41),

with xj41—x; > aT, then the problem has infinitely many solutions, provided for

example that ah(z)| < |g(z)| in (o;— 2L, a;+ L) for all j, where aj = %

5 Examples

In order to illustrate the above results, we consider some examples.

Example 5.1 Let us consider the equation
A
LL‘A(t) 2
—— 2 | +e ™ WA () +arctan(x(t)) =sin(4xt) teT 13
( e (t) + arctan(a($) = sin(n) (13)

where T is a 1/2-periodic time scale with

[0,1/2]; =1[0,1/8]U{3/16} U {1/4} U[5/16,3/8] U [7/16,1/2].
By Corollary [34) or Corollary [37, we deduce that the problem (I3) has at least

one 1/2-periodic solution.
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Example 5.2 Let h : R — R be continuous. Let us study the existence of a
2m-periodic solution to the following problem

A

0 ) )@+ - —cos(t), teR, (14)

EEGE

where ¢ > 0 and r > 0. Using Corollaries and [377, it follows that problem
(Z4) has at least one 2m-periodic solution if for example one of the following
assumptions is verified:

1. S=0.
2. There exists R > 0 such that

h(y) < h(x) fory>xz >R or y<z < -—R.

h(g)

<1

3. limsup,_, 4

Example 5.3 Let us consider the relativistic pendulum equation on time scales

A

+ h(a:(t))ajA(t) +sin(z(t)) = p(t), teT, (15)

where h,p : R — R are continuous functions and p is T-periodic with mean value
zero. If ¢T' < 7, then problem (I3) has infinitely many T-periodic solutions
under one of the following assumptions:

1. S =10.

2. L(S) is finite and (—1)7T h is nondecreasing in (o; — <, ov; + <), where
aj = (2j+1)% forjeZ.

3. c|h(z) + ;| < |sin(z)| for j € Z and some constants ;.

Clearly the latter condition is satisfied when h is constant although, in this
case, the solutions are not necessarily different in geometric sense (see [19]).
It is worth observing that the restriction I’ < w, which comes from Remark
improves the one in the original work by Torres, but it is slightly worse
than the one obtained in [20)] which, as mentioned in the introduction, reads
cT < 2v/3 = 3.46.... However, the method in [20] involves a change of variables
that cannot be extended to a general time scale. The better bound given in [2] is
easily obtained in the continuous case, due to the Sobolev inequality

_ T
lz =712 < = ll2l1Z2,

valid for T-periodic functions. Indeed, it suffices to observe that, if we replace
P by Q in the definition of the operator M in (@) then our main theorem is also

15



valid, changing x(0) by T in condition [IZ) and the definition of Q. Thus, any

possible solution of [3) satisfying for ezample T = § werifies |x(t) — 5| < ;\%

for all t. If ¢T < +/3n, then x(t) € [0, 7] for all t and

T
0= /0 sin(z(t)) dt > 0,

a contradiction. For a general time scale, the argument is essentially the same
and yields the condition s(T)ey/T < 5, where s(T) is the constant of the corre-
sponding Sobolev inequality. We recall that, in the continuous case, the obtention
of the value s(R) = % relies on the Fourier series expansion for periodic func-
tions (see e.g. [15]), which should be adapted accordingly to the general context.
For example, a rapid computation shows, for arbitrary T, that s(T) < % which,

applied to this case, retrieves the condition ¢TI’ < .
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