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Abstract: By using Bochner transform, Stepanov almost periodic functions inherit some basic
properties directly from almost periodic functions. Recently, this old work was extended to time
scales. However, we show that Bochner transform is not valid on time scales. Then we present
a revised version, called Bochner-like transform, for time scales, and prove that a function is Stepanov
almost periodic if and only if its Bochner-like transform is almost periodic on time scales. Some basic
properties including the composition theorem of Stepanov almost periodic functions are obtained by
applying Bochner-like transform. Our results correct the recent results where Bochner transform is
used on time scales. As an application, we give some results on dynamic equations with Stepanov
almost periodic terms.
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1. Introduction

The theory of time scales was established by S. Hilger [1] in 1988 in order to unify continuous and
discrete problems. The theory provides a powerful tool for applications to economics, populations
models, quantum physics among others and hence has been attracting the attention of lots of
mathematicians. In 2011, Li and Wang [2,3] introduced almost periodicity on time scales. Since then
many generalized types of almost periodicity have been introduced on time scales, such as almost
automorphy [4], pseudo almost periodicity [5], weighted pseudo almost periodicity [6], weighted
piecewise pseudo almost automorphy [7], etc.

To consider the almost periodicity of integrable functions, Stepanov [8] and Wiener [9] introduced
Stepanov almost periodicity in 1926 by using Bochner transform. Namely, a function is Stepanov
almost periodic if its Bochner transform is almost periodic. Then Stepanov almost periodic functions
inherit some basic properties from almost periodic functions directly. In 2017, paper [10] tried to
extend this work on time scales. Unfortunately, we show that Bochner transform is not valid on time
scales (Example 1).

The main purpose of this work is to give a revised version of Bochner transform, called Bochner-like
transform (Definition 15), for time scales. We prove that a function is Stepanov almost periodic if,
and only if its Bochner-like transform is almost periodic on time scales (Theorem 1). Then some basic
properties can be obtained by applying Bochner-like transform (Remark 8 and Theorem 2). Our results
correct the results in [10] where Bochner transform was used on time scales (Remark 7).

We note that in 2015, Wang and Zhu [11] introduced Stepanov almost periodicity on time scales in
Bohr sense avoiding Bochner transform. However, being lack of Bochner transform, Stepanov almost
periodic functions can not inherit some important properties from almost periodic functions directly.

To pave the way to the main results, we give some notions of almost periodic functions and
SP-bounded functions, which themselves are important for further study. We first present an equivalent
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definition of almost periodic function on time scales (Definition 11), where condition “relatively dense
in I'T" is replaced by “relatively dense in R”. Then we regularize the norm of SP-bounded functions,
where the limits of the integration are fixed (Section 3.2).

As an application, we give some existence and uniqueness results on the almost periodic solutions
to dynamic equations with Stepanov almost periodic terms (Theorems 3 and 4).

2. Preliminaries

The definitions and results in this section can be taken from [2,3,5,12-15]. From now on, N, Z,
R™ and R indicate the sets of positive integers, integers, nonnegative real numbers and real numbers,
respectively. Let R = R U {+oc0}, E" be the Euclidian space R" or C" with Euclidian norm | - |, (X, || - ||)
and (Y, || - ||) be two Banach spaces, and Qbe an open subset in X.

Let T C R be a time scale, namely, T # @ is closed. The forward jump operators o : T — T,
the backward jump operator p : T — T and the graininess y : T — R are defined by ¢(s) = inf{t €
T:t>s} p(s) =sup{t € T:t <s}and u(s) = o(s) — s, respectively. s is called left-scattered
if p(s) < s. Otherwise, s is left-dense. Similarly, s is called right-scattered if o(s) > s, Otherwise,
s is right-dense.

2.1. Continuity and Differentiability

Definition 1. (i) f: T — Xs continuous on T if f is continuous at every right-dense point and at every
left-dense point.

(ii)  f:T — Xis uniformly continuous on T if for e > 0, there is a § > 0 such that || f(x1) — f(x2)| < & for
x1, %3 € T with |x1 — xp| < 6.

Denote by C(T;X), BC(T;X) and UBC(T;X) the sets of all continuous functions, bounded
continuous functions and bounded uniformly continuous functions g : T — X, respectively. BC(T; X)
and UBC(T; X) are Banach spaces with the sup norm || - ||c.

If there is left-scattered maximum B in T, then TF = T\ {B}; otherwise T¢ = T. If there is
a right-scattered minimum B in T, then Ty = T \ {B}; otherwise Ty = T.

Definition 2. For ¢ : T — Xand s € TX, g*(t) € X is the delta derivative of g at s if for e > 0, there is
a neighborhood U of s such that for t € U,

Ig(e(s)) — 8(t) = g*(s)(o(s) — £)]| < elor(s) — 1.
Moreover, g is delta differentiable on T provided that ¢®(s) exists for s € T.

2.2. Measure and Integral

For t,s € Twitht <'s, Let (t,5),[t,s], (t,5],[t,s) be the standard intervals in R. We use the
following symbols:

(t,s)r = (t,s) NT, [t,s]r = [t,s]NT, (t,s]tr = (t,s]NT, [t,s)r = [t,s) N T.

Note that in this paper, we use the above symbols only if ¢,s € T.
Let /1 = {[t,;s)r : t,s € Twitht < s}. Define a countably additive measure m; on F; by
assigning to every [t,s)r € Fj its length, i.e.,

mi([t,s)T) =s—t.
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Using m1, we can generate the outer measure m} on P(T) ( the power set of T): for E € P(T),

inf i —ti € RT, ¢ E,
wi(E) = B {iezzg(s ) } f
+00, ﬁ S Er

where g = sup T and

B =< {ltisi)r € Fitiely : Is CNEC | J[tisi)r ¢ -
iEIB
A set A C T is called A-measurable if for E C T,
mi(E) =mj(ENA)+mi(EN(T\ A)).

Let
M(mj) = {A: Aisa A-measurable subset in T}.

Restricting mj to M (m]), we get the Lebesgue A-measure, which is denoted by .

Definition 3. S : T — X is said to be simple if S takes a finite number of values, c1,- - ,cn. Let Ej = {s €
T:S(s) =cj} [10,14]. Then

z

5= o, M)

]

I
—

where X, is the characteristic function of Ej, namely

1, ifs€E,
XE]'(S) = f !
0, lfS € T\E]

Definition 4. Assume that E is a A-measurable subset of T and S : T — X is a A-measurable simple function
given as (1) [14]. Then the Lebesgue A-integral of S on E is defined as

N
/ES(S)AS = chyA(EjﬂE).
=1

Definition 5. g : T — X is a A-measurable function if there exists a simple function sequence {gy : k € N}
such that gi(s) — g(s) a.e. in T [10].

Definition 6. ¢ : T — X is a A-integrable function if there exists a simple function sequence {gy : k € N}
such that g (s) — g(s) a.e. in T [10] and

tim [ g(s) - gi(s) 145 = 0.

k—o0

Then the integral of g is defined as

g(s)8s = lim | gu(s)ds.
T k—so0 JT
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Definition 7. For p > 1, g: T — Xis called locally LV A-integrable if g is A-measurable and for any compact
A-measurable set E C T [10], the A-integral

J g5 < e

The set of all locally LP A-integrable functions is denoted by LY (T;X) .

loc

We remark that all the theorems of normal Lebesgue integration theory are also true for A-integrals
on T.

3. Notions of Almost Periodic Function and SP-Bounded Function

To pave the way to the main results, we give some notions of almost periodic functions and
SP-bounded functions, which themselves are important for further study.

3.1. An Equivalent Definition of Almost Periodic Function

Definition 8. A time scale T is said to be invariant under translations provided that [3]
MN:={aecR:sxtaecTforse T} # {0}
We have the following result on the structure of I1.

Lemma 1. Let T be a invariant under translations times scale, and let K := inf{|a| : « € II fora # 0}.
Then K =0iff T =R, and K > 0iff T # R. Moreover, I = Rif T =R, and I1 = KZif T # R.

Proof. If T = R, itis clear that IT = R and then K = 0. Then K > 0 implies T # R. If T # R, there is
at least one right-scattered point. From [16] (Lemma 3.1), we get that K € [Tand K > 0. Then K = 0
implies T = R. Now we need only to prove that [T = KZif T # R. Fora € I, we geta = mK +r
withm € Z,0 <r < K. Since «, K € Il, we have that r = « — mK € II. This implies that r = 0 by the
definition of K. Thus, « = mK, and then IT = KZ. O

Remark 1. It is clear that 11 is also a time scale. Hereafter we always assume that T is invariant
under translations.

Definition 9. A C T is called relatively dense in T if there exists | > 0 such that [s,s + 1]y N A # @,s € T.
We call | the inclusion length [7].

Definition 10. (i) g € C(T;X) is almost periodic on T if for e > 0,
T(ge)={acIl:|g(s+a)—g(s)| <eforseT}

is a relatively dense subset in I1. We call T (g, €) the e-translation set of g and « the e-translation period of
. The set of all almost periodic functions is denoted by AP(T;X).

(ii) AP(T x );Y) is the space consisting of all functions g : T x Q) — Y satisfying that g(-,y) € AP(T;Y)
uniformly for all y € A, here A is any compact subset in Q). That is, for e > 0, Nyca T(g(+, x), €)
is a relatively dense subset in 'L

Remark 2. Definition 10 (i) corrects the definition of almost periodicity given first in [3]. The correction is
replacing the condition “T(g,¢€) is a relatively dense subset in T” by “T(g, €) is a relatively dense subset in
I1”. This correction avoids some fatal errors such as the collision when ITN'T = @ (Notice that T(g,e) C 11,
and T(g,€) can never be dense in T if ITN'T = @). For more details of this correction we refer the readers to [7].
Definition 10 (ii) can be found in [10].
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We note that, to satisfy condition “T(g, €) is a relatively dense subset in I1”, one needs to find the
inclusion length I such that t + [ € I1 for each t € I1. But it is convenient to find the inclusion length [
in R and to verify the relative density of T(g,¢) in R. This is guaranteed by the following result.

Lemma 2. Fore > 0, T(g,¢) is relatively dense in R if and only if T(g, €) is relatively dense in I1.

Proof. If Il = R, the conclusion is obvious. So by Lemma 1, we only need to consider the case:
IT = KZ with K > 0. If T(g,¢) is relatively dense in R, there exists | € R, > 0 such that for each
t € Rwehave [t,t +1]NT(g,¢€) # D. Letly € IT such that [y > I. Noticing that T(g,e) C I, then for
alla €11,

0,0 +1lnNT(ge) Dla,a+1NIINT(g,e) = [a,a+1NT(g€) #D.

This means that T(g, €) is a relatively dense subset in IT.

Assume that T(g, ) is relatively dense in I1, that is, there exists | > 0 such that [ +a € II
and [a,a + 11N T(g,€) # @ fora € I1. Let [y = I+ K. For each a € R, there is n € Z such that
nK <a < (n+1)K. Then

T(ge)Nla,a+1lp] D T(ge)N[(n+1K, (n+ 1)K+ 1] # D.
Hence, T (g, ¢) is a relatively dense subset in R. [

Remark 3. We note that the expression “[t,t + 7" in Definition 9 implies that t +1 € T for each t € T.
Moreover, from the proof of Lemma 2, the inclusion length I can be chosen in I1.

Lemma 2 leads to the following definition of almost periodic function on time scales, which is
convenient to be verified and is equivalent to Definition 10 (i).

Definition 11. ¢ € C(T;X) is an almost periodic function on T if for every € > 0, the e-translation set of §
T(ge) ={acIl:|g(s+a)—g(s)| <eforallsec T}
is a relatively dense subset in R.

The following proposition for almost periodicity on time scales is an extension of the
corresponding results in [3,17] from Euclidian space E” to X or Y, and can be proved similarly.
So we omit the details.

Proposition 1. (i) AP(T;X) Cc UBC(T;X).

(ii) AP(T;X) is a Banach space with supremum norm || - ||co.

(iii) g € AP(T x Q,Y) if and only if for a sequence {t;} C I1, there is a subsequence {t;} C {t,} such that
{g(s + t, x) } converges uniformly on T x S with S a compact subset in ).

(iv) Let g € C(T;X). Then g € AP(T;X) if and only if there is g1 € AP(R;X) such that g(s) = g1(s)
fors e T.

By Proposition 1 (iv) and the well known fact that g1 € AP(R; X) implies that g1 (R) is a relatively
compact set, we get the following result.

Proposition 2. ¢ € AP(T;X) implies that g(T) is a relatively compact set.
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3.2. Regularization of the Norm of SP-Bounded Functions

We always assume that p > 1 afterward without any further mentions. Let

oo JK HT#R,
1, ifT=R,

where K is as Lemma 1. Define || - ||sp : loc(T X) = R* as

1 s+ p
lslsr = sup (& [ lstlPar)” forg € L (%) ®
se :

g€ Ll o (T;X) is called SP-bounded if ||g[|s» < co. The space of all SP-bounded functions is denoted
by BSP(T; X). It is easy to see that || - ||s» is a norm, called Stepanov norm, of BS?(T; X).

Remark 4. Given a € ITwith « > 0, we can define another norm on BSP (T; X) as follows (see [10,11]):

1
1 s+o f
Isllsy = sup (3 [ Israr)” forg € BT, &)
se s

It seems that the norms given by (3) may be different for different & € I1. Fortunately, the following result
ensures that all the norms given by (3) are equivalent to the one given by (2).

Proposition 3. For a € ITwith a > 0, there exist k1, ko € R™ such that
klgllsy < lIgllsy < k2ligllsp  for g € BSP(T; X).

Proof. If T = R, the conclusion is well-known (see [18]). If T # R, by Lemma 1, we have I1 = KZ.
Letw € ITwith @ > 0. Then &« = mK for some m € N.

Islly = sup e e [ hsirar

s+K
>sup— [ glrar = gl

seT
On the other hand,
1 s+miC
Igll?, = SUp K, lg(r)[|PAr
« se
1 m=l s+Hj+DK
< = sup / PAr
< sy 5]

1
_ 1 P ol
= m”g”sp ”g”sv

1
Thus the conclusion holds withk; = m 7 andk, = 1. [

The completeness of BSP(T; X) is given as the following proposition, which was also mentioned
in [11], and can be proved by the same method as to prove the completeness of BS? (R; E") in [19].

Proposition 4. BSP(T;X) is a Banach space with norm || - ||sp .



Symmetry 2018, 10, 566 7 of 17

Remark 5. (i) We can see easily that BSP(T; X) is translation invariant, namely, g(- + «) € BSP(T;X)
if ¢ € BSP(T; X)) and « € T1. Moreover, we can get easily that ||g(- + «)||sr = ||¢||sr for g € BSP(T; X).
(ii) Let1 < q < p < oo. We can verify easily that BSF (T;X) C BS1(T;X) and

Igllss < ligllsr  for g € BSP(T;X). 4)
4. Bochner-Like Transform and SP-Almost Periodic Functions

In this section, we give a revised version of Bochner transform, called Bochner-like transform,
for time scales. We first show that Bochner transform is not valid on time scales. Then we
give the definition of Bochner-like transform, and prove that the Stepanov almost periodicity of
a function is equivalent to the almost periodicity of its Bochner-like transform on time scales.
At last, we prove a theorem on the composition of Stepanov almost periodic functions by applying
Bochner-like transform.

4.1. Problems in Bochner Transform on Time Scales

We first recall the Bochner transform and Stepanov almost periodicity on R.

Definition 12 ([20]). The Bochner transform g* : R x [0,1] — X of a function g € L (R;X) is defined by
gl(s,t) =g(s+1),s e R,t€[0,1].
For ¢ € LV (R;X), g¥ is always regarded as a mapping from T to LP([0,1];X). ie. g’(s,-)

loc

is written as g”(s) and g’(s) € LP(]0,1];X).

Definition 13 ([20]). ¢ € L (R;X) is SP-almost periodic (or Stepanov almost periodic) if g* €

loc

AP(R; LP([0,1];X)). The space of all these functions g is denoted by SP AP(R;X) with Stepanov norm
Igllsr = 118" lleo-

The definition of Stepanov almost periodic on time scales was given in [11], which was given in
Bohr sense avoiding Bochner transform.

Definition 14. (i) ¢ € BSP(T;X) is SP-almost periodic on T if given € > 0, the e-translation set of g

T(ge) = {a €Tl |g(- +a) —gllsr < ¢}

is a relatively dense set in I1. The space of all these functions is denoted by SP AP(T, X) with norm || - || sp.

(i) g:T xQ — Y is SP-almost periodic in s € T if g(-,y) € SPAP(T,Y) uniformly for y € S with S an
arbitrary compact subset of Q). Namely, for e > 0, N,es T(8(+,y), €) is a relatively dense set in I1. The set
of all these functions is denoted by SP AP(T x ();Y).

Remark 6. (i)  Definition 14 (i) is a correction of the one introduced in [11], where condition “T(g,¢)
is a relatively dense set in T " is replaced by “T(g, €) is a relatively dense set in I1” (which is equivalent to
“T(g,€) is a relatively dense set in R” by Lemma 2). This correction avoids some fatal errors as shown in
Remark 2. Definition 14 (ii) can be found in [10].

(ii) If T =R, one can see easily that Definition 14 (i) is the same as Definition 13.

(iii) Let g € SPAP(T,X) and a € I1. We can verify easily that T(g(- +«),€) = T(g,¢€) for e > 0. This yields
that g(- +a) € SPAP(T,X). Then SP AP(T, X) is translation invariant.

(iv) To emphasize the exponent p for the e-translation set of ¢ € SP AP(T, X), we also write Ty(g, €) instead
of T(g,€). Let 1 < g < p < oo. Then SPAP(T;X) C S1AP(T;X) and (4) holds (This was mentioned
in [11]). In fact, for g € SP AP(T;X) and & > 0, it follows from (4) that T,(g,e) C T,(g, €). This implies
that T, (g, €) is a relatively dense set in R, and g € STAP(T;X).



Symmetry 2018, 10, 566 8of 17

We note that on R, by using Bochner transform, Stepanov almost periodic functions inherit some
basic properties from almost periodic functions directly. For example, S* AP(R; X) is a Banach space
since AP(R; LP([0,1]; X)) is a Banach space by Proposition 1 (i). Some more properties obtained by
using Bochner transform can be found in [20]. But on T, by Definition 14, the same process does not
run being lack of Bochner transform.

Therefore it is natural and important to try to define Stepanov almost periodicity on time scales
by Bochner transform. Unfortunately, Bochner transform is not valid on time scales. In fact, the aim of
using Bochner transform is to get the following conclusion:

(A) g € SPAP(T;X) is equivalent to g* € AP(T; LP([0, K]i1; X)).

In (A), to make the expression g’ (s, t) = g(s + t) sense for all s € T, we have to restrict t € [0, K]y,
and then g’(s) € LP([0, K]; X) for s € T. But the following example shows that conclusion (A) is
false. Hence Bochner transform is not valid on time scales.

Example 1. Let X = Rand T = Uiz [2k, 2k + 1]. Then K = 2,11 = 2Z and [0, K]i; = {0,2}. On time
scale IT, u(0) = u(2) = 2. Let
S, s €11,
8(s) = {

sinrts, se€ T\IL

We can check easily that g € SP AP(T;R). However,

1
14
I8l = sup lg*6) oy = sup [ lgGs-+ )P )
seT [0.K]n

seT

= sup (4(0)[g(5)]” + u(2)|g(s +2)[7)? > sup|g(s)| = oo.

seT seT
This implies that g ¢ AP(T; LP ([0, K]r; X)) by Proposition 1 (ii). Then conclusion (A) is false.

s+l

Remark 7. The integral [ g(t)At with 1 > 0,1 € R was used in [10]. This should be corrected to ] € T1

according to the analysis in [7] (Problem 2). Then norm || - Hsf'l € Il is equivalent to || - ||sp by Proposition 3,
and the space S,’;p(’]I‘;X) defined by || - Hslp in [10] is actually SP AP(T;X). As a result, Conclusion (A) is

actually [10] (Lemma 2.10), where g¥ is written by § and SP AP(T; X) is replaced by Sf;p(T;X). Therefore our
result (Theorem 1 below) is a correction of [10] (Lemma 2.10).

4.2. SP-Almost Periodicity Defined by Bochner-Like Transform

To overcome the problem mentioned in the last subsection, now we revise Bochner transform for
general time scales.
If T # R, we fix a left scattered point w € T. Then for s € T, there is a unique n; € Z such that

s —nsK € [w,w+ K)1. Let
s, T=R,
wi-{

ns, T #R.

Definition 15. Let ¢ € BSP(T;X). The Bochner-like transform g¢ : T x T — X of g is defined by g°(s,t) =
g(NsKC +t) fors, t € T.

We note that ¢°(s, t) = g(s +t) if T = R. It is easy to see that the Bochner-like transform is linear
on BSP(T; X). Namely, let a, b be scalars and i € BS?(T; X)), then (ag + bh)° = ag® + bh°. Moreover,
¢¢ is always regarded as a mapping from T to BSP(T;X). That is g°(s, ) is written as ¢°(s) and
g°(s) € BSP(T; X).
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Lemma 3. Let ¢ € BSP(T,X) with T # R. Then g¢ € UBC(T; BSP(T;X)). Moreover,

181lsr = 118 leo- Q)

Proof. Let ¢ € BSP(T;X). Then

1 stk
Isllsr =sup (5 [ sl )
seT s

<1 /t+(/\/s+1)lc ()7 )1/17
= sup su — r)||F Ar
se?li te?Ir) K Jrrnik 8

1/p

1 rt+K 1/p
—supsup (& [ IgOVK )P )
s€T teT ¢

= sup [|g(NsK +-)[[sr = sup 18°(8)llsr = 118 [o-
s€

seT

That is (5) holds, and [|¢||c = ||g|/sr < o0. Let sy, s, € T with |s1 — s3] < w — p(w), it is easy to
see that Ny, = N, and then g°(s1) = g°(s2). This implies that g¢ € UBC(T; BSP(T;X)). O

The following example tells us that if the condition “w is a left scattered point” is replaced by
“w is a right scattered point”, the continuity of s — ¢°(s) may be lost.
Example 2. Let X =R, T = {J [2k,2k + 1], and g(s) = sin(rts/2),s € T. Then g € BSP(T;R), K =2,

keZ
w = 11is right scattered and is not left scattered. Applying Definition 15 to w, then N1 = 0and N1_ = —1
fore € (0,1), and

1

s+2 P

lg°(1—¢)—g°(1)]lsr = Suq? <;/s |sin7t(r —2)/2 —sin m’/2|pAr> ' > 1.
s€

This implies that g° is discontinuous at 1. Indeed, it is easy to verify that g° is discontinuous at each 2k + 1
fork € Z.

Furthermore, the following example indicates that Lemma 3 doesn’t hold when T = R.

Example 3. Let
1
o) = (k—Kt+K)7, te[kk+1i),k>2keN,
0, others.

Then g € BSP(R;R). But g¢ is discontinuous at everywhere in R. In fact, let t € R. For h € (0,1/2),
there is k, € N such that h > 1/ky,. Then ¢(s +h) = 0 for s € [ky, ky, + 1/ky), and

r+1
85t +1) — g (D)5 = sup g(t+h+s)—g(t+s)|Pds
re r
r+1
= sup Ig(h+s) —g(s)|Pds
reR /7

knt g .
> [ lg(h+5) = g(s) s
h

k}fF% 1
= "1g(s)|Pds = =,
L lsteras =5

which yields that ¢ is discontinuous at t.
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We see that ¢ € BSP(R; X) does not imply ¢¢ € C(R; BSP(R; X)) in Example 3. But we have the
following lemma.

Lemma 4. Let g € BSP(R;X). Then

(i) g" € UBC(R;LP(]0,1];X)) ifand only if g¢ € UBC(R; BSP(R;X)).
(i) " € BC(R;LP(]0,1];X)) ifand only if g¢ € BC(R; BSP(R;X)).

Lemma 4 can be got from the following lemma immediately.
Lemma 5. Let ¢ € BSP(R;X). Then
Igllsr = l1°llco = 18" loo- ©6)

Proof. Let ¢ € BSP(R;X). Then

b 541 1/p
sup I5*(5) I o0 = Iglsr =sup ([ slPar)
seR seR s

ts+1 7
—supsup [ gl

seR teR +s
t+1 5
= sup sup (/ ||g(s+r)||pdr)
s€R teR t
= sup [|g(s + ) lls» = sup[|g°(s) |sr-
seR seR

This leads to (6). O
Now we are ready to give the main result.
Theorem 1. g € SPAP(T;X) ifand only if g¢ € AP(T; BSP(T;X)).

Proof. If ¢ € SPAP(R;X), ¢ € UBC(R;L?([0,1];X)) by Proposition 1 (ii), and then by Lemma 4,
¢¢ € UBC(R; BSP(R;X)). So by Lemma 3, ¢ € UBC(T; BS?(T; X)) if ¢ € SPAP(T; X). Meanwhile,
by (5) and (6), for e > 0,

T(ge) = {aeIl: (- +a) —glls» <}
={aeIl: [g°C +a) =& lw < e} = T(g ). @)

Thus ¢ € SPAP(T;X) if and only if g¢ € AP(T; BSP(T;X)). O

Let g € SPAP(T x (1;Y). Then ¢°(s,y) = g(NsK +-,y) € BSP(T;Y) for (s,y) € T x Q. Then by
Theorem 1, we have the following corollary.

Corollary 1. g € SPAP(T x O3 Y) ifand only if g € AP(T x Q; BSP(T;Y)).

Theorem 1 ensures that Stepanov almost periodic functions can be defined by Bochner-like
transform on time scales.

Definition 16. (i) ¢ € BSP(T;X) is SP-almost periodic if g¢ € AP(T; BSP(T;X)).
(i) g:T x Q — Y is SP-almost periodicin s € T if g € AP(T x Q; BSP(T;Y)).

Remark 8. Space SP AP(T;X) can inherit some important properties from AP(T;BSP(T;X)) directly.
For example, it is easy to obtain the following statements by using Bochner-like transform.
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(i)  SPAP(T;X) is a Banach space.
(ii) g € SPAP(T;X) if and only if for each sequence {a; } C I1, there is a subsequence {ay} C {a}} such
that {g(- + ay)} converges in SP AP(T; X).

4.3. Composition Theorem

Let us begin with a lemma on the uniform almost periodicity.

Lemma 6. Let g € SPAP(T x X;X) and u € AP(T;X). Then for e > 0,

xeu(T)

g= ( ﬂ T(g(~,x),£)> NT(u,e)

is relatively dense in R.

Proof. ¢ € SPAP(T x X;X) means that ¢¢ € AP(T x X;BS?(T;X)). Let Y = X x BSP(T;X)
with norm
-y =1 lx + 1 llse ®)

and G : T x X — Y be defined by G(s,x) = (u(s),g°(s,x)), s € T,x € X. Then Y is a Banach
space. It follows from Proposition 1 (iii) that for each sequence {a}} C TII, there are a subsequence
{ar} € {a;} and 1 € AP(T;X), §° € AP(T x X; BSP(T; X)) such that klim u(-+ax) = i and

—00

AC

klim (s +ag,x) = ¢° uniformly on T x S for compact S C X.
—00

Let G(s, x) = (i(s), $(s,x)), (s,x) € T x X. Then

lim G(s+ay,x) =G uniformly on T x S for compact S C X.

k—o0

Again by Proposition 1 (iii), G € AP(T x X;Y). Now we invoke Proposition 2 to get that u(T) is

compact. Then fore > 0, N, culT) T(G(-, x),¢) is relatively dense in R. Note that (7) and (8) imply that

T(G(-,x),e) CT(g(-,x),e)NT(u,e) =T(g(-,x),e) NT(ue), xeX
Thus G is a relatively dense setin R. [J

Remark 9. Leta > 0and ¢ € AP(T;X). For e > 0, we can check easily that T(ag,e) = T(g,a'e). So G in
Lemma 6 can be replaced by (ﬂxem T(g(-, x),sz)) NT(u,e1) foreq, g2 > 0.

Theorem 2. Assume that u € AP(T;X), ¢ € SPAP(T x X;X) and for some L € BSP(T;R™),

18(s,x) =&(s, )l < L(s)lx =yl forx,y € X. ©)
Then g(-,u(-)) € SPAP(T; X).
Proof. By (9),

18(,u(-)) —&(,0)llsr < IILIsr [luleo-

Then
lgC u()llse < Ng(-,0)llsp + [ILIsp l|u][co < oco.

Thatis g(-,u(-)) € BSP(T; X).



Symmetry 2018, 10, 566

12 of 17

Assume that ||L||sr > 0. Note that u(T) is a relatively compact set. Then for € > 0, there is a finite

set {t;}/"; C T such that

m e Us (w0 gy )

where B(x,a) with x € X, r > 0 denotes an open ball with radius a and center x. Let

B () (QTT( ;))

(T)

Then B is relatively dense in R by Remark 9. Lets € T and a € B, thereisk € {1,2,--

such that u(s) € B (u(tk), m) Thus by (9),

18(r +a,u(r)) = g(r, u(r))|
<lg(r+a,u(r)) = g(r+a,u(ti) | + llg(r + &, u(ty)) — g(r,u(ti)) |
+ g (r ulte)) — g (r,u(r))|l

SL(H_(X)SHLH + [lg(r+ (k) — glr,u(t)) || + L(r) o

8IILIlsr
< (L(r+a) +L(r))8||L|| + 2 lg(r + o, u(t;) — g(ru(t;))|l-

By Remark 5 (i), we have L, L(- + «) € BSP(T;X) and ||[L(- 4+ «)||s» = ||L||sr. Hence
18(-+a,u(-)) =g, u())llsr

—sup (¢ [ lgtr-+ o) gl Par)

seT

SZHLHspgnLH +Z||g +au(ti) — g u(ti)) s

< - +m L2
4 4m 2’

It follows that

I8(- +a,u(- +a)) — g (- u())llsr
<llgC+a u(-+a)) —g(-+a,u(-)llsr + 18- +au(-)) =g ul))llsr

&
< ILllsvlfu( +a) = ufeo + 5

€

<ILllsrlizgre +5 =€
2IILII

This implies that B C T(g(-,u(-)),€). Then T(g(-, u(- )) ¢) is relatively dense in R, and g(-,
SPAP(T;X). If ||[L||s» = 0, replacing m in (10) and
above process leads to the same conclusion. [J

ZHLH

5. Dynamic Equations

(10)

(11)

u(-)) €

in (11) by ¢, a slight modification of the

Applying the results obtained above, we consider the following nonlinear dynamic equation:

x2(s) = A(s)x(s) + g(s,x(s)) fors €T,

where g € SPAP(T x E";E") N C(T x E*; E") and A is an n X n continuous matrix function.

(12)
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We first recall the concept of exponential functions on T. /i : T — R is regressive if 1+ p(s)h(s) #
0,s € Tk. We denote by R = R(T) = R(T;R) the set of all regressive and rd-continuous (i.e.,
continuous at each right-dense point) functions b : T — R. Let RT = RT(T;R) = {h € R :
1+ u(s)h(s) > 0fors € T}. The set of regressive functions on time scales is an Abelian group with

addition @ given by a ® b = a + b + u(t)ab. Meanwhile, we denote by ©a = —% the additive

inverse of a in the group.

Definition 17. Let h € R. The exponential function is defined as

en(s,t) = exp (/ts n;,(a)(h(tx))Avc> , tseT

with the cylinder transformation

Here Log indicate the principal logarithm.
Let matrix X(s) be the fundamental solution of the homogeneous linear equation of (12):
x8(s) = A(s)x(s), seT. (13)

Definition 18. (13) is said to admit an exponential dichotomy on T if there exist a projection P and constants
a > 0, M > 0such that [3]

|X(s)PXL(t)| < Mecq(s,t), s teT,s>t,
1X(s)(I = P)X"L(t)| < Mecy(t,s), s,teT,s<t

Let
X(s)PX1(p), ,teT,s>t,
I(s, ) = (s) (1) s,t €T, s>
—X(s)(I-P)X"(t), s,teT,s<t

Note that ecy(s, t) < 1fors > t. Then |T'(s,t)| < M.

Definition 19. A continuous bounded function g : T x T — E" is bi-almost periodic if each sequence
{a}} C IThas a subsequence {ay} such that {g(s + ay, t + ay)} converges uniformly for all (s,t) € T x T.

We will use the following assumptions later:

(H1) (13) admits an exponential dichotomy with projection P and constants « > 0, M > 0.
(H2) T'(t,s) is bi-almost periodic.

To consider (12), we consider first the following linear equation:
x2(s) = A(s)x(s) + g(s) fors €T, (14)
where A is as (12) and g € SPAP(T;E") N C(T;E"). We obtain the following theorem.

Theorem 3. Suppose that (H1) and (H2) are satisfied. Then (14) admits a unique almost periodic solution
given as

u(s) = /Tl"(s,(f(r))g(r)Ar, seT. (15)
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Proof. By condition (H1) and [3] (Lemma 4.17), it is easy to verify that u given by (15) is the unique

continuous bounded solution of (14). Now we only need to prove that u € AP(T;E"). In fact,
fors € T, let

06) = [ _To0)s)ar = L oy
L

with
s—(j—1)K

46) = [ Tso)gnar, jeN.

,]K

By (H2) and Remark 8 (ii), for each sequence {a}} C I, we can find subsequence {a;} C {«}}
and functions § € SP AP(T;E") and T such that

lim sup |[(s -+, 0(r) + &) = F(s,0(1) =0, lim [|g(- + ) = gllsr = 0. (16)
— 00

k—oo sreT
Let
_ s—=(j—DK _
¢;(s) == / " I(s,0(r))3(r)Ar, jeN,seT.
5]
By (H1), (16) and Holder inequality,

(- + ax) — 5l
s—(j-DK _
=sup [ (IT(s + ag, o (r + ax) )8 (r + o) — T'(s, ()8 (r) | Ar
seT Js—jK
s—(j-1)K ]
<sup [ (IT(s + ax, o(r) + i) [|8(r + k) — &(r)]
seT /s—jK

+ (s + ag, 0 (r) + a) = T(s,0(r))|18(r)[) Ar

< MK|g(- +ax) = &llsr + sup |T(s + ar, o (r) + ar) — I(s,o(r))|K||g]|sr
sreT
— 0 ask — .

Thus ¢; € AP(T;E") for each j € N. Then ¢ € AP(T;E"). Let

Y= /soo I'(s,0(r))g(r)Ar.

Similarly, we can prove that y € AP(T;E"). Hence u = ¢ + ¢ € AP(T;E"). O

For nonlinear dynamics Equation (12), we have the following theorem.

Theorem 4. Suppose that ¢ € SPAP(T x E"; E") N C(T x E"; E") satisfying (9), (H1) and (H2). Then (12)
admits a unique almost periodic solution u(s) satisfying

u(s) = /T T(s,0(r)g(r,u(r))Ar, seT, (17)
provided that
ﬂ ifT=R
ILls» < ¢ MK (18)

2Nt

where ji := sup pu(s).

seT
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Proof. Let ¢ € AP(T;E"). By Theorem 2, we have g(+, ¢(-)) € SPAP(T;E"). Define

T(9)(s) ::/Tl“(s,a(r))g(r,go(r))Ar fors € T.

By Theorem 3, T(¢) € AP(T;E"). Thatis T : AP(T;E") — AP(T;E"). By (H1), fors € T,
@1, 92 € AP(T;E"),
T(@1)(s) = T(g2)(s)]
< [IrG0t) g0, 91(1) — 07, g2(r)) v

< ([ eontsomiLolars [~ eculolr),s)ILiar) Mg - g2l
= M(L1(s) + La(s)) |1 — @2[eo, (19)
where
L) = [ _ecalssomIL()Iar, La(s) = [ ecalo(r),s)|L(r) 4.
IfT=R,

® s (j—1)K
L1<S) _ /s efa(sfr)|L(r)|Ar = Z /SS j]C] e*“(sfr)|L(r)’d1’
o S s

KIL| s

< Kl|Llls» Yoo U = =0

j=1

If T # R, T contains at least one right scattered point. Let fi := sup y(s). Then i < K, and it
seT
is easy to see that there is a right scattered point sy satisfying that p(sg) = ji. Then for s € T and

j >3, [0(s) — jK+ K,s)r contains at least j — 2 right scattered points with form sy + LK, Ls € Z,
and p(sg + LsK) = u(sg) = fi. Note that for j > 3,

eca(s,0(s) — (j— 1K) < (eca(o(so) + LK, 50 + ESIC))FZ =1+ zxﬁ)sz'.

Thus
©  rs—(j-1)K
L) =Y [ ecals,o()IL)ar
j=1 s—jK
< KlILllsr ) ecals,o(s) = (j = 1K)
j=1
< KIlLlse (era(S/U(S)) +ecal(s,0(s) —K) + ) (1+ “ﬁ)z_’)
j=3
< K|Lllsr (24 afi+ —
= sp H afi .
Similarly, we can prove that
KIILsv , T =R,
1—e ok

K||L]|sp (1 + w) , ifT#R.
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Let
2MK||L| sr

1—e ok’
2
MK||L]|se (3+0cﬁ+ a#) , ifT#R.

ifT=R,
A:

Then M(L1(s) + La(s)) < A < 1by (18). This together with (19) implies that

IT(p1) = T(92)llo < Allg1 = @2][co-

That is T is a contraction operator. Hence T admits a unique fixed point u € AP(T;E").
Then that (12) admits a unique almost periodic solution u satisfying (17). O

6. Conclusions

By using Bochner transform, Stepanov almost periodic functions inherit some basic properties
from almost periodic functions. But we show that this old work can not be extended directly to time
scales. We revised the classic Bochner transform, and give the Bochner-like transform for time scales.
Then the old work can be extended to time scales by using this method. Namely, we prove that
a function is Stepanov almost periodic if and only if its Bochner-like transform is almost periodic on
time scales. Some basic properties including the composition theorem of Stepanov almost periodic
functions are obtained by applying Bochner-like transform. We correct some recent results where
Bochner transform was used directly on time scales. Moreover, we apply the results to get some
existence results of almost periodic solutions for some dynamic equations with Stepanov almost
periodic terms. We expect some more results based on the new method Bochner-like transform in
further study.
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