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Several interesting and new properties of weighted pseudo almost periodic functions are established. Firstly, we obtain an equivalent
definition for weighted pseudo almost periodic functions, which shows a close relationship between asymptotically almost periodic
functions and weighted pseudo almost periodic functions; secondly, we prove that the space of asymptotically almost periodic
functions is always a proper subspace of the space of weighted pseudo almost periodic functions; thirdly, we show that under some
cases, the space of weighted pseudo almost periodic functions equals the classical space of pseudo almost periodic functions.

1. Introduction

The notion of weighted pseudo almost periodic function is
introduced by Diagana [1], which is an interesting general-
ization of the classical Bohr almost periodic function as well
as a generalization of the classical pseudo almost periodic
function introduced by Zhang [2].

Since the work of Diagana, it has been of great interest
for many mathematicians to investigate weighted pseudo
almost periodic functions and their applications to evolution
equations. There is a large amount of literature on this topic.
However, due to the influence of weighted term, the behaviors
of weighted pseudo almost periodic functions are more tricky
and changeable than those of the classical pseudo almost
periodic functions.

It is needed to note that, recently, several authors have
made interesting and important contributions on weighted
pseudo almost periodic functions. For example, Blot et al.
[3, 4] established many results including completeness, trans-
lation invariance, and composition theorem of weighted
pseudo almost periodic functions in the framework of mea-
sure theory; Diagana [5] investigated the weighted mean for
almost periodic functions; Liang et al. [6] showed that the
decomposition of weighted pseudo almost periodic functions

is not unique, in general, and that translation invariance
implies unique decomposition; Ji and Zhang [7] obtained sev-
eral results concerning translation invariance and ergodicity
of an almost periodic function under a weight; Zhang et al.
[8] proved that the space of weighted pseudo almost periodic
functions is complete under a new norm, which is different
from the supremum norm; Ding et al. [9] presented several
basic properties about vector-valued weighted pseudo almost
automorphic functions, including equivalence, completeness,
translation invariance, composition theorem, and convolu-
tion theorem of these functions. In addition, we would like to
refer the reader to [10-13] for some other recent development
on weighted pseudo almost periodic functions and related
topics.

Throughout the rest of this paper, we denote by N the
set of positive integers, by R the set of real numbers, by X a
Banach space, by BC(R, X) the set of all bounded continuous
functions f: R — X, and by U the set of functions (weights)
p : R — [0,+00), which are locally integrable over R. In
addition, for p € U and r > 0, we denote

u(r.p) = Lp(t) dt,



U, = {p €U: lim u (r,p) = +oo} ,

Up := {p € Uy, : p is bounded with }nugp ) > 0}.
€
)

Obviously, Ug ¢ U, ¢ U, with strict inclusions.

Next, let us recall some notions and basic results about
almost periodic functions and pseudo almost periodic func-
tions (for more details, see [14-16]).

Definition 1. AsetP c Riscalled relatively dense in R if there
existsa number! > O such that, foralla € R, [a,a+I] (P # @.

Definition 2. A continuous function f : R — X is called
almost periodicif for every e > 0 there exists a relatively dense
set P(¢) such that

sup|lf (t+7) - f (1) <e 2)
teR
for all T € P(g). We denote the set of all such functions by
AP(X).

Definition 3. A continuous function f : R — X is called
asymptotically almost periodic if it can be expressed as f =
g + h, where g € AP(X) and h € C,(X), where

Cy(X) = {h € BC(R,X): |tlli_r}nooh ) = 0} . (3)

The set of all such functions will be denoted by AAP(X).

Lemma 4. The following holds true:

(a) if f € AAP(X), then f is uniformly continuous on R;

(b) a necessary and sufficient condition for a continuous
function f : R — X belonging to AAP(X) is that
for every € > 0 there exist a constant T'(€) > 0 and a
relatively dense set P(¢g) such that

lfE+n-f@)<e (4)

forallt € Rwith |t| > T(e) and T € P(e) with |t + 7| >
T(e).

Now, let us recall some notions and basic results about
weighted pseudo almost periodic functions. Denote

PAP, (X, p)

= {f € BC(R,X): lim J ||f(t)||p(t)dt=o]».
r=vooy(r,p) Jor )
5

Definition 5 (see [1]). Let p € U,. A function f € BC(R, X)
is called weighted pseudo almost periodic or p-pseudo almost
periodic if it can be expressed as f = g+ h, where g € AP(X)
and h € PAP,(X, p). The set of such functions will be denoted
by PAP(X, p).
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Remark 6. If p = 1, then a p-pseudo almost periodic function
becomes a classical pseudo almost periodic function. So
PAP(X,1) is just the space of all pseudo almost periodic
functions. In addition, it is easy to show that PAP(X, p) =
PAP(X, 1) provided that p € Ug.

Definition 7 (see [7]). Let p € U,. Aset C C Rissaid to bea
p-ergodic zero set if

~ p(t)dt
u(r.p)
The following lemma is due to [17, Lemma 3.2] (see also

[7]).

Lemma 8. Let f € BC(R,X) and p € Ug,. Then f €
PAP,(X, p) if and only if, for every e > 0, M, (f) is a p-ergodic
zero set, where M (f) :={t e R: | f(t)ll = €}.

r — +00

2. The Relationship between AAP(X) and
PAP(X,p)

In this section, we discuss the relationship between AAP(X)
and PAP(X, p). Firstly, we will establish an equivalent defini-
tion for weighted pseudo almost periodic functions.

Theorem 9. Let f € BC(R, X) and p € U,,. Then a necessary
and sufficient condition for f € PAP,(X, p) is that there exists
a p-ergodic zero set C C R such that

lim f(t)=0.
[t] = o0
teR\C

7)
Proof. Consider the following.

Sufficiency. It follows from lim | -, oo f(¢) = O that, for every
teR\C
e>0,

{teR\C:|f @) >} (8)

is a bounded set. Combining this with the fact that C is a p-
ergodic zero set, we conclude that M, (f) = {t e R: || f(¢)] >
e} is a p-ergodic zero set. Then, by Lemma 8, f € PAP (X, p).

Necessity. Let f € PAPy(X, p). We denote
1
Co={teR:Jf@l>=}, nen. )
n

Then, by Lemma 8, every C,, is a p-ergodic zero set. Next, we
divide the remaining proof into three steps.

Step 1. There exists an increasing sequence {T,}>>, ¢ R with

lim, , T, = oo, satistying that, for everyn € Nand r > T,
there hold
Jirng,, P© 4 21
pnp) o
n (10)
> J p(t)dt
i=1 Y =T TING 1
< -
k(rp) ”
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In fact, for n = 1, since C, and C, are both p-ergodic zero
sets, there exists T} > 1 such that, for all ¥ > T, there hold

.[[—r,r]ﬂCZ P (t) dt
u(r.p)

J‘[iTl’Tl]ncl P (£) dt < J[*T,f]ﬂCl P (£)dt
G T ()

<l

(11)

For n = 2, by using the fact that C, and C; are both p-ergodic
zero sets, there exists T, > max{T}, 2} such that, forall r > T,,
there hold

-|-[—r,r]ﬂC3 p(t) dt - 1
u(r,p) 2
DY A GF "
u(r.p)
< J’[_TI’TI]nCl P (t)dt + -[[—r,r]ﬂCZ P (£)dt < l
) u(r.p) =2

For n = k, by using the fact that C, and C,,, are both p-
ergodic zero, there exists T, > max{T}_;, k} such that, for all
r > Ty, there hold

Jierrnc,, PO 4 1
u(r.p) Tk
k
Yia I[—Ti,T,-]nc,- p(B)dt 13)
u(r,p)
k_
B Y J[—T,-,Ti]nC,- p(t)dt + .[[—r,r]ﬂCk p(t)dt _1
- u(r.p) 3

Continuing by this way, we can get an increasing sequence
{T,}>2,, which satisfies lim T, = oo, (10).

Step 2.C == ]2, C, is a p-ergodic zero set, where
Ci = [T, TiInC,,
En = ([_Tn’Tn] \ [_Tn—l’Tn—l]) n Cn’ (14)
n=23,....

In fact, for every r > 0, there exists T, such that r €
[T,,T,,,)- Thus, we have

[-r,r] < [T, T U ([T, TL ]\ [T, T4])
U--- ([_Tn’ Tn] \ [_Tn—l’Tn—l])
U ([—1’, T] \ [_Tn’Tn]) >

([-r,rInC)cC,u---C,U ([—r,r] ﬂC"“)'

(15)

Combining this with (10), we conclude that
J[—r,r]ﬂCp(t) dt
u(r.p)
Z?:l .[6,» P (®) dt j-[—r,r]ﬂénﬂ p () dt
+
u(r.p) u(r.p) (16)

I [inming PO . Jirinc,, PO dt
u(rp) u(r.p)

<

S I

>

which means that C is a p-ergodic zero set.

Step 3. limyy—, oo f(£) = 0.
teR\C
In fact, for everyn € Nand ¢t € R\ C with [t] > T, there

exists k > n such that

t € [~Tier> Tesa ] \ [T Ti] s (17)
which yields that t ¢ C,,, and thus
1

- (18)
n

1
(NAGIES P

This completes the proof. O

Remark 10. In Theorem 9, we can choose C to be an open set.
In fact, letting

c=clJ (Q (T, T, +8,,)) U (Q (-T,, = 8, _Tn)>’

(19)

where every §, is a sufficiently small positive constant
satisfying

T,+0, -T, 1
J p(t)dt+J. p)dt < —, neN, (20)
~T,-5 2"

n n~Yn

it is easy to prove that C is an open set and a p-ergodic zero
set. Moreover, obviously, we have lim ;| o, f(£) = 0.
teR\C

Next, we present an equivalent definition of weighted
pseudo almost periodic functions, which establishes a close
relationship between asymptotically almost periodic func-
tions and weighted pseudo almost periodic functions.

Theorem1l. Let f € BC(R, X) and p € U,. Then a necessary
and sufficient condition for f € PAP(X, p) is that there exist

f € AAP(X) and a p-ergodic zero set C C R such that

fo=rw,

Proof. The sufficiency part is easy to prove. We only give the
proof for the necessity part. Let f € PAP(X, p). Then, there

teR\C. (21)



exist g € AP(X) and h € PAP (X, p) such that f = g+ h. It
follows from Theorem 9 that there exists a p-ergodic zero set
C ¢ R such that
lim h(t) =
|t| = oo
teR\C

(22)

In addition, by Remark 10, without loss of generality, we can
assume that C is an open set. Then, we can conclude that there
exists a function h € CO(X) such that h(t) = h(t) forall t €
R\C. Lettmgf g+h we havef € AAP(X),and f(t) f@)
forall t € R\ C. This completes the proof. O

Combining Lemma 4 and Theorem 11, we can get the
following.

Corollary 12. Let p € U and f € PAP(X, p). Then, there
exists a p-ergodic zero set C C R satisfying that, for every e > 0,
there are two constants 8(¢), T(e) > 0 and a relatively dense set
P(¢) such that

||f(t+r)—f(t)|| <eg,
t,t+1t¢ CU[-T(¢),T (¢)], (23)

If (&) - f ()] <e

Remark 13. For the case of p = 1, Zhang [18] established
a similar result to Corollary 12. But here we use a different
approach, and even for the case of p = 1, Corollary 12
improves the “if part” of [18, Theorem 11]. In fact, in [18], for
every € > 0, there exists a 1-ergodic zero set C(¢). Here, we
find a common ergodic zero set C.

T€P(e),

tty ¢ G|ty -1, <8 (e).

In the above, we show that there is a close relation-
ship between asymptotically almost periodic functions and
weighted pseudo almost periodic functions. Next, we will
show that AAP(X) is always a proper subspace of PAP(X, p).

Theorem 14. Let p € U,. Then
AAP(X) G PAP(X, p). (24)

Proof. 1t is easy to show that AAP(X) c PAP(X, p) since
Co(X) < PAPy(X,p). So we only need to show that
AAP(X) +PAP(X, p). Without loss for generality, we only
give the proof for the case of X = R. We divide the remaining
proof into three steps.

Step 1. Let C = | J;2, C,,, where

1
C, = {te (n—-1,n): F(t,n) < —F(n—l,n)}, neN,
n

(25)
where
F(x,}/)ZZJ p(s)ds, A(x,y):={seR:x<|[s| <y}
A(x.y)
y=2x20.
(26)
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It is easy to see that every C, is open. Moreover, there are
infinitely many nonempty C,,, and thus we can assume that
every C,, is nonempty without loss for generality. In addition,
we claim that C is a p-ergodic zero set. In fact, we have the
following two cases.

Case I. If r € C, thenr € C|,),;, which yields that

.[[—r,r]ﬂC P (t) dt
u(r.p)

- I[—r,r]nc p(H)dt + .[A(r,[r]+1) p (1) dt
.[[—r,r] P (t) dt + .[A(r,[r]+1) P (t) dt

) Jioosinc P ©dt +F (1, [r] +1)
B u(lrl+1,p)

f[ ,,]ncp(t)dH(l/([r]+1))F([r] [r]+1)
u(lrl+1,p)

Py jA(k Lonc PO dt+ 1/ ([r] + 1)) F([r], [r] + 1)
u([rl+1,p)

[ p@de+ (1 (] + D) E (][] + 1)
u([rl+1,p)

Z[r]+1 (1/k)F (k= 1,k)+ 1/ ([r1+ ) E([r],[r]+ 1)
u([r] +1,p)

Wk E (k= 1,k) + 2/ ([r] + D) F([r], [r] + 1)
u([rl+1,p)

&1 a1
:<ZEF(k—1,k)+ 2 pFlk-1Kk)

k=1 k=m+1

2
+[r]+1F([r],[r]+1))

x (u([r]+1,p))"

g p(m,p)+ 2/ m+1)u(lr] +1,p)

u(lrl+1,p)
u(m, p) 2
Tu(frl+1,p) m+1
(27)
where m < [r] — 1 is a positive integer. Then, we get
t)dt
m j[—r,r]ﬁcp( ) _ (28)

r — +00

u(r.p)
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Case 1. If r ¢ C, then ([r],r] N C = 0, which yields that
.[[—r,r]ﬂC P (t) dt

u(r.p)
[r]
L Sk JA(k—l,kmc p)dt+ jA([r],r)ﬂC pldt (29)
B u(r.p)
[r]
_ ) -[A(k—l,k)nC p(t)dt
u(r.p) '
Then, similar to Case I, one can also obtain that
t)dt
lim '[[—r,r]ﬂCP( ) —0 (30)

r— +00

u(r.p)

Thus, C is a p-ergodic zero set.

Step 2. For every n € N, noting that C,, is open, there exist
t, € C,and §, > 0 such that (t, - §,,t, + ,) C C,. Now, we
construct a bounded and continuous function on R by

@ (1)

(= tuinysa + Ongnany 2

s s € [tauanya = Ongnrnyjos
n(n+1)/2

tn(n+1)/2] » ne€ N’

= 4 a2 + Oninenyz —

F , te€ [tn(n+1)/2’tn(n+1)/2
n(n+1)/2
+8n(n+1)/2] » ne€ N’

0, otherwise.

(31)

Step 3. ¢ € PAP(X, p) \ AAP(X).

Since {t € R : ¢(t) # 0} ¢ C and C is a p-ergodic zero set,
we have ¢ € PAP,(X, p) ¢ PAP(X, p). It remains to show that
¢ ¢ AAP(X). We prove it by contradiction, assuming that
there exist ¢, € AP(X) and ¢, € Cy(X) such that ¢ = ¢, +¢,.
For sufficiently large n, since ¢, € AP(X), we can choose

nn+1) n+1)(n+2)
Ty € > )2 T 5

1- tn(n+1)/2]
(32)

such that
1
91 gy + Ta) = 1 (Eugarnyya)| < > (33)

Moreover, since ¢, € Cy(X), for sufficiently large »n, we also
have

(34)

N | =

92 (tagnsnysa + Tn) = @2 (bugueny2)| <
So, we get
|(P (tn(n+1)/2 + Tn) - (tn(n+1)/2)| < 1’ (35)
which contradicts the fact that

@ (tagneny2) = Lo @ (tugnenyz + 70) = 0. (36)
This completes the proof. O

3. Equivalence

Just as noted in Remark 6, we know that PAP(X,p) =
PAP(X, 1) provided that p € Ug. Then, there is a natural
question:

Does PAP(X, p) = PAP(X, 1) imply that p € Ug?

In fact, the above question has a negative answer. For
example, recently, it is proved in [7] and [9] (by a different
method) that

PAP (X, ") = PAP (X,1), neN. (37)

In this section, we will make further study on this
question. We will prove that for some other p ¢ Up, there still
holds PAP(X, p) = PAP(X, 1). Firstly, we recall a theorem,
which is due to [7, Theorem 4.3].

Theorem 15. Let p;, p, € U, and

{C cR:Cisa p-ergodic zero set}
(38)
={C cR:Cis a p,-ergodic zero set}.

Then PAP(X, p;) = PAPy(X, p,).

Theorem 16. Let p € U, be a periodic function with p(t) > 0
almost everywhere on R. Then PAPy(X, p) = PAPy(X, 1), and
thus PAP(X, p) = PAP(X, 1).

Proof. It suffices to prove that PAP,(X, p) = PAP,(X, 1). We
divide the remaining proof into two steps.

Step 1. Every p-ergodic zero set is a 1-ergodic zero set.
Let C be a p-ergodic zero set. Then, we have

dt
m J[—rﬂﬂ(c—p()t) - 0. (39)
ulr,p

r — +00

Assuming that

lim Pes(=nrln0 o (40)

r— +00 2r

then there exist g, > 0 and a sequence of positive numbers

{T,}2,, which satisfies lim,, _, T, = 00, and

2T,
mes ([-T,,T,] nC) > 7” - & (41)

where w is a positive periodic of p. On the other hand, since
p(t) > 0 almost everywhere on R, by Lusin’s Theorem, there
exists a closed set F ¢ [0, w] with mes([0, w] —F) < &,/2, such
that p is continuous on F and p(t) > O for all t € F. Let

My = %rellfp ®). (42)

Then m,, > 0. Then, we have

mes {t € [0,w] : p(t) < my} < 82—0, (43)



which yields that

mes {t € [-T,,T,] : p(£) <my} < ([ZT"] + 1) . %0. (44)
w
Combining this with (41), we get

J[fT,,,T,,]nCP(t) dt
# (T, p)
S Mo 12T, /w) - & — ([2T, /0] +1) - (&/2)}
) | 1,1, P (B dt
S Mo {(2T,/w) - & — ([2T, /0] + 1) - (&/2)}
- ([2T,/w] + 1) - j;op(t) dt
N my (50/2)
[y pwyat’

(45)

n— 0o,

which contradicts (39). Therefore, C is a 1-ergodic zero set.

Step 2. Every 1-ergodic zero set is a p-ergodic zero set.

Let C be a 1-ergodic zero set. For every € > 0, there exists
6 > 0 such that, for all set E ¢ [0, w] with mes E < §, there
holds

L p(t)dt <e. (46)

In addition, again by Lusin’s Theorem, for the above § > 0,
there exists a closed set F5 ¢ [0, w] with mes([0, w] — F) < 6,
such that p is continuous on Fj. Let

Mg = supp (t). (47)

teFy

Then My € (0,+00). Recalling that C is a 1-ergodic zero set,
for the above € and My, there exists r, > 0 such that

. mes([-r,7]NC) + 2w £
lim < —

r— +00 2r M(; > rz T (48)

Combining (46) and (48), by using the periodicity of p, we
conclude that, for all » > r,, there holds

[r/w]
J p(t)dt < ZJ p(t)dt
[-r.rInC o Jlkwkot+wlnC

[r/w]
+ Y J p () dt
k=0 [kw—w,~kw]NC

([z])

+ Mg - (mes ([-7,7] N C) + 2w)

< <[1] + 1) - 2e + 2re,
w

(49)
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where

[r/w]
j p(t)dt
k=0 [kw,kw+w]NC

<

[r/w]
J p(t)dt
k=0 [[kw,kw+w]—(Fs+kw)]NC

[r/w]
+ J p(t)dt
k=0 [[kw,kw+w]N(Fs+kw)]NC

<

[r/w]
(t) dt
k=0 J[kw,kw+w]—(F5+kw) p (50)

[r/w]
+ Z M - mes ([kw, kw + w] N C)
k=0

[r/w]
< (t)dt
];) J[O,w]—F5 p
+ Mg - (mes ([0,7] N C) + w)

< ([g] + 1>-s+M5.(mes([O,r] NC) +w),

And, similarly,

[r/w]
D J p(t)dt
k=0 [~kw-w,~kw]NC (51)
< <[1] + 1) “e+ M, - (mes ([-r, 0] N C) + w).
w
Noting that
J p(t)dtzz[i]-j p(t), (52)
-r w 0
we get
J[_,,,]QCP (t)dt _ ([r/w) +1) - 26+ 2re
"owdt 20r/w]- [ pt)dt
[p [r/w]- |5 p =)
w+1
— o & 1 —> +00.
|, p®dt
Then, by the arbitrariness of &, we conclude that
e P (t) dt
im J[T]L = 0; (54)
r— +0o J’_r P (t) dt
that is, C is a p-ergodic zero set. O

Example 17. Let p(t) = cos?™(t), where n € N. Then by
Theorem 16, PAP(X, p) = PAP(X, 1).

Except for the case in Theorem 16, there is some other p,
which satisfies that PAP,(X, p) = PAP,(X, 1). For example,
we have the following.
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Theorem 18. Let

p(t) = {ln|t|, [t] > 1, (55)

0, [t < 1.
Then PAPy(X, p) = PAPy(X, 1).

Proof. We first show that every 1-ergodic zero set is a p-
ergodic zero set. Let C be a 1-ergodic zero set. For every e > 0,
there exists R > 0 such that, for allr > R,

mes ([-r,r] NC) < 2r - €. (56)

Combining this with the fact that p is even and increasing on
[0, +00), we get

u([-r,rInC,p) . 2rlnr-e

r > R, (57)

y([—r,r] ,p) h 2(rlnr—r+1)
which yields that
-r,r]NC,
lim supw <e (58)
roveo p([=rrl,p)
Then, by the arbitrariness of &, we know that
-r,r]NC,
m WLrnCe) (59)

r=too y([-r,r],p)

that is, C is a p-ergodic zero set.
Next, let us show that every p-ergodic zero set is a 1-
ergodic zero set. Let C be a p-ergodic zero set. Assuming that

lim mes ([-r,7] N C) £0

r — +00 2r

(60)

then there exist &, > 0 and a sequence of positive numbers

{T,},2,> which satisfies lim,,_, ., T,, = co, and

mes ([-T,,T,] NC) > 2T,,&,. (61)

By (61) and the fact that p is even and increasing on [0, +00),
we conclude that

u ([_Tn’ Tn] neG, P)
“u ([_Tan] > P)

S I ([_THSO’ Tnfo] > P)
U ([_Tn’ Tn] > P)

& (T,In(gT,) - T,) + 1
T,InT, T, + 1

_ & (Tn InT, —Tn) +T,elne; +1
T,InT,-T,+1

(62)
Lettingn — oo, we get
-T,T,|NnC,
linniior(l)fu([ » T,/ NC,p) - 63)

u ([_Tn’ Tn] ’p)

which contradicts the fact that C is a p-ergodic zero set. Thus,
Cis a 1-ergodic zero set. This completes the proof. O
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