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1 Introduction

Harald Bohr’s interest in which functions could be represented by a Dirichlet series, i.e. of

o0
Y o . . )
the form Elane "*, where a,,z € C and (\,),cy is a monotone increasing sequence of
n=
real numbers (series which play an important role in complex analysis and analytic number

theory), led him to develop a theory of almost periodic real (and complex) functions, between
the years 1923 and 1926. The theory of almost periodic functions was strongly extended
to abstract spaces, see for example the monographs [9], [17], [18] for Banach space valued
functions and [7], [17], [19] for complete locally convex (Fréchet) space valued functions.
Also, in the paper [5] (see also [18, Chapter 3]), the theory has been extended to the case of
fuzzy-number-valued functions. The purpose of this paper is to extend the main properties
of almost periodic functions that are defined on R™ with values in Banach spaces ( see
e.g. [21, Chapter 9] ), to the class of almost periodic functions that are defined on R"™
with values in other important abstract spaces in Functional Analysis, namely the p-Fréchet
spaces, 0 < p < 1, which are non-locally convex spaces.

2 Preliminaries

It is well known that an F-space (X, +, ., ||.||) is a linear space (over the field K = R or
K = C) such that ||z + y|| < |lz||+ |ly|| for all z,y € X, ||z|| = 0 if and only if z = 0,
[[Az]| < |All|z]|, for all scalars A with |A\| < 1,z € X, and with respect to the metric
D(z,y) = ||z —y||, X is a complete metric space (see e.g. [10, p.52] or [13]). Obviously D is
invariant under translations. In addition, if there exists 0 < p < 1 with |[|[Az|| = [A|P||z]|, for
all A € K and z € X, then ||.|| will be called a p-norm and X will be called p-Fréchet space.
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(This is only a slight abuse of terminology. Note that in e.g. [3] these spaces are called p-
Banach spaces). In this case, it is immediate that D(Az, A\y) = |APD(z,y), for all 2,y € X,
A € K. It is known that F-spaces are not necessarily locally convex spaces. Three classical
examples of p-Fréchet spaces, non-locally convex, are the Hardy space H, with 0 < p <1
that consists in the class of all analytic functions f: D — C, D ={z € C;|z| < 1} with the

property

2m
191 = 5 supl [ £ a7 € 0,1)) < 400
0

the sequences space [P

P = {z = (@)n; ||zl = Y _|an| < 00}

n=1

for 0 < p < 1, and the LP[0,1], 0 < p < 1, given by

0 = {7 011 — Rlf = [I7)pdn < oo}

More generally, we may consider L?(, X, 1), 0 < p < 1, based on a general measure space
(Q, %, ), with the p-norm given by ||f|| = [, [f[’du. Some important characteristics of the
F-spaces are given by the following remark.

Remark 1. Three fundamental results in Functional Analysis hold for F-spaces too : the
Principle of Uniform Boundedness (see e.g. [10, p.52]), the Open Mapping Theorem and
the Closed Graph Theorem (see e.g. [18, p.9-10]). But on the other hand, the Hahn-Banach
Theorem fails in non-locally convexr F'-spaces. More exactly, if in an F-space the Hahn-
Banach theorem holds, then that space is necessarily locally convex space (see e.g. [13,

Chapter 4]).

3 Basic Definition and Properties

In this section we develop the theory of almost periodic functions that are defined on R™
and taking values in a p-Fréchet space, 0 < p < 1 and also we use the same notation for a
p-norm in a p-Fréchet space with 0 < p < 1 and a norm in R™. Everywhere in this section,
(X, +, ., ||.|l) will be a p-Fréchet space with 0 < p < 1 (over the field K = R or K = C).
Also, denote D(z,y) = ||x —y||. Although most of the results in this paper are similar to the
results for the functions defined on R™ with values in Banach space ( see e.g. [21, Chapter
9] ) because triangle inequality of the norm is used to prove them but yet we have given the
detailed proofs of these results. In the previous sections it was mentioned that the metric
D(z,y) = ||z — y|| is invariant under translations and satisfies D(Az, Ay) = |A|PD(z,y), for
all z,y € X, A € K. Moreover D has some additional properties given in the following:

Theorem 1. (i) D(cx,cy) < D(z,y) for |c| <1,

(ii) D(z+ u,y +v) < D(z,y) + D(u,v),
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(i1i) D(kz,ky) < D(rz,ry) for k,r € R, 0 <k <,
(iv) D(kx,ky) < kD(z,y), Vk e N, k > 1,
(v) D(cx,cy) < (|e|+1)D(x,y), V c € R.

Proof. Properties (i) and (iii) are obvious, we shall give proofs of (ii), (iv) and (v) for the
proof of (ii) we have

(iv) Since 0 < p < 1, we have D(kz, ky) = |k D(z,y) < kD(z,y), for all k > 1.
(v) If |e] < 1, then D(cx,cy) = |e[PD(z,y) < |c|D(z,y) < (le|+1)D(x,y). If |c| > 1 then
we get
D(cx, cy) = [c["D(z,y)|e|D(z,y) < (|le| +1)D(x,y)

which proves the theorem. O

Now we recall some definitions and theorems about the Euclidean n-dimensional space
before giving the definition and properties of almost periodic functions that are defined on
R™ and taking values in the a p-Fréchet space, 0 < p < 1. Let R™ the usual Euclidean
n-dimensional space. The elements of R™ are the n-tuples z = (z1, za, ..., ¢, ) and a norm of
x € R” is given by

lz|| = (22 + 23 + ... + 22)2

A closed ball B(zp;r) in R" with center  and radius 7 > 0 is defined by the set

B(zo;r) ={z € R" : ||z — xo|| < r}

Definition 1. A set P is said to be relatively dense in R™ if there exists a number r > 0
such that PN B(x;r) # 0, for all x € R™.

Remark 2. Super sets of a relatively dense set are relatively dense.

We also have the following two important theorems for the sequel. For the detailed
proofs of these theorems see [21, Chapter 9).

Theorem 2. A subset P of R" is relatively dense in R™ if and only if, for some r >0, we
have the relation R" = UPB(p; ).
pe

Theorem 3. A subset P of R™ is relatively dense if and only if there exists a compact set
S C R™ such that S+ P =R" ( vector sum of S and P )

Definition 2. A function f : R® — X s said to be continuous at rog € R such that
D(f(x), f(xo)) < €, whenever ||x — xo|| < 6.
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Remark 3. From the triangle inequality satisfied by the p-norm ||.|| , it easily follows that
[zl =yl < ==y, which immediately implies that if f is continuous at xq, then the real
valued function x — || f(x)]| is also continuous at xg.

Definition 3. A continuous function f : R" — X, is called B-almost periodic function,
if for every € > 0, there exists a real number r = r(€) > 0, such that in any ball B(x;r) of
radius r = r(€) contains at least one point y with

D(f(z+y), f(z)) <eVzeR"

Remark 4. By using the concept of relatively dense set the above definition can also be
rewritten as: A continuous function f : R™ — X, is called B-almost function if for every
€ > 0, there exist a relatively dense set, which we denote by T'(f;€), such that

Seuﬂng(f(z +v), f(z)) <e,Vy € T(f;¢€)

orD(f(z +y), f(z)) <eVy € T(f;€),VzeR"
The elements of set T(f;€) are called e-translation vectors.
The following is a direct consequence of the above remark

Remark 5. If f:R"™ — X is B-almost periodic and if y1 € T(f;€1), y2 € T(f;€2), then

y1+y2 €T(fie1 +e2).
This is because of the fact that

D(f(z+y1+y2), f(@) = [[f(@+y1 +y2) — f(2)]
<|f@+y+y2) — fla+y)ll +[If(@+y1) — f(@)]
=D(f(z+y1+y2), fl+y)) + D(f(@+y1), f(2))
< €1+ €,Vz e R

v
Theorem 4. If f is B-almost periodic, then the functions Af, ( A is any scalar ), f :

v
R™ — X defined by f (x) = f(—z), Fp(z) = f(z+h) and G(z) = ||f(z)]], z € R™ are also
B-almost periodic.

Proof. (i) Since f : R" — X is B-almost periodic function so for every ¢ > 0 we can find
a relatively dense set T'(f;¢) such that

D(f(x+vy), f(x)) <eVyeT(f;e),vx € R"

If A = 0 then there is nothing to prove, so we suppose that A # 0. Now V y € T(f;¢€),V z €
R"™, we have

DAf(z+y), Mf(@)) = M (z+y) = Af (@) <[APe, 0<p <1

This shows that T'(f;€) C T(f;|\|Pe) i.e. for every € > 0 we can find a relatively dense set
T(f; |A\|Pe) such that

DA f(z+y), Mf(z)) <|A\Pe,Vy e T(f;[A]Pe), Vz e R", 0 <p <1
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Hence it is proved that Af is B-almost periodic.
(ii) Since f B-almost periodic function, it follows that for every e > 0 we may find a
relatively dense set T'(f;€) such that

D(f(z+y), f(z) <eVyeT(fie),VzeR"
Let —z = x/, therefore we have
D(f(—z +v), f(—=2)) <eYyeT(fie),Va €R"

or
D(f(_(xl - y),f(—x,)) < E,V ye T(f;6)7v J,‘/ € R"

Replacing z by x we get
v v
D(f(z —y), f(z)) <e,VyeT(fie),VaeR”

v

This implies that T'(f;€) C T(f;€). That is for every € > 0 we can find a relatively dense
v

set T'(f;€) such that

\ v \

D(f(.’l?—y),f(l‘)) <€,Vy€T(f;6),V$€Rn

v
and hence it is proved that f is B-almost periodic with —y as e-translation vector.

(iii) Since f is B-almost periodic therefore for any € > 0, we can find a relatively dense
set T'(f;€) such that

D(f(z+y), f(zx)) <eVyeT(fie),VzeR"
Replacing = by x + h we get
D(f(zx+h+y),flz+h) <eVyeT(fie),VzeR"

D(Fp(z+y), Fr(z)) <e,VyeT(f;e),VaeR"?

This implies that T'(f;€) C T(Fy;€) Therefore for every € > 0 we can find a relatively dense
set T'(Fy;€) such that

D(Fp(z+y), Frn(z)) <e,VyeT(Fye),VaeR"

and thus Fj, is proved to be B-almost.
(iv) Since f is B-almost periodic therefore for any € > 0, we can find a relatively dense
set T'(f;€) such that

D(f(z+y), f(z)) <e,VyeT(fie),VaeR"
Now

Gz +y) = G@)| = [ F @+ y)ll = lIf @)
<|f(z+y) = f@)l
=D(f(z+vy), f(z)) <e&,VyeT(fie),VaeR"
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This shows that T'(f;€) C T(G;e). Therefore for every e > 0 we can find a relatively dense
set T'(G}€) such that

|Gz +y) — G(x)| <€,V yeT(G;e),VxeR"

this proves the almost periodicity of the function G(z) = ||f(x)|, * € R™. This completes
the proof of the theorem. O

Theorem 5. Let f: R™ — X be B-almost periodic, then the range of f is bounded in X.

Proof. Since D(f(x), f(3)) < D(f(x),0x) + D(Ox. /(1)) = | F@)| + |/ 9)]l, therefore it is
sufficient to prove that || f(z)|| < M;, V & € R™ where M; is some positive real number .
Let, for any given € > 0, the associated relatively dense set be T'(f;¢). By Theorem 2 we

have R™ = TL(Jf )B(y;r) for some r = r(e) > 0. Therefore for any © € R", Iy € T(f;¢)
ye N3

such that ||z — y|| < 7. Then, if 2’ = = — g, we have ||z'|| < r, y € T(f;€). Now

fl@)=fla' +y) = f(@' +y) - f@) + f(2)

Therefore we have

IF @) = If (=" +y) = f@) + f(2)] (1)
<@ +y) = FE)+ 1))
= D(f(x +y). f(@) + £
Since ' — || f(z')|| is continuous function on the compact set B(0; ), hence it is bounded

there in. Take now y € T'(f;¢€) and z e B(0;7) C R", then by B-almost periodicity of f we
have

’

D(f( +y), [(x) <e

Thus from (1) we have

D(f(2),0x) = [If ()| e+ sup ||f(z)| = Mi(say),¥ = € R"

llz" | <r
This completes the proof of the theorem. O

Theorem 6. (i) If f : R® — X is B-almost periodic, then f is uniformly continuous
over R™.

(i) If (fx)r is sequence of B-almost periodic functions, fr : R® — X, 1 < k < oo. If
fr — [ uniformly to f on R™ then f is B- almost periodic.

Proof. (i) Let f : R* — X be B-almost periodic function and let for any e > 0, its
associated relatively dense set be T'(f;§). Therefore by Theorem 3, any z € R™ can be

written as = z + y, where y € T(f; £), llz|] < r, for some real number 7 = r(5) > 0. Now
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by the uniform continuity of f on the closed ball B(0;r) = {z € R" : ||z|| < r} we can find
d = 6(5) > 0 such that

€
D(f(u1) , f(u2)) < 3’ whenever ||u; —us|| <6 and ||ur]] < 7 |jus| < 7

Take now any pair x,,z, € R" such that ||z} — 25| < 8. Then for any given y € T(f; £);

we obtain the decomposition #; = 21 +y, Ty = x5 + y,where ||z1|| < r,||z2| < 7 in view of
Theorem 3. Therefore it follows that

a1 =z = (21 —y) = (@2 =) = [y =25 <6

and
€
D(f(z1) , f(z2)) < 37 2,22 €RY, 1]l < 7 flaef <7

Now for any y € T'(f; §) and V 27,29 € R such that ||z] — x| < 6, we get

D(f(xy), f(z3)) = D(f(z1 + ), f(z2 +))
= [l f(z1 +y) = f(z2 +y)]
< | f(z1+y) = fla)| + 1 f(x1) — flz2) + [ f(22) — flz2 +y)l
= D(f(z1 +y), f(z1)) + D(f(21), f(x2)) + D(f(22 +y), f(22))
<gHstz=e

This proves that f is uniformly continuous over R™.
(ii) Since fr(x) — f(x) uniformly over R™ as k — oo so for any € > 0 we can find a
natural number kg such that

¥ k> ko = D(fi(x). /(@) <§

Since fi : R™ — X is almost periodic for k = 1,2, 3, ..., so for already chosen € > 0 we can
find a relatively dense set T'(fy; 5) such that

D(fula+y). ful@)) < 5.V y € T(fs5).V o € R k= 1,2,3...
Now V y € T'(fx; §) and Vz € R™, we have

D((z +y), f(x) = [lf(z+y) — f(2)]l
<@ +y) = felz+ o)l + 1felz+y) = fe@)] + [ fe(z) — f(@)]
=D(f(z +y), fe(x +y)) + D(fe(z +y), fu(x)) + D(f(x), f(2))
< 3 + 3 + 3
Hence for the relatively dense T'(f;¢) we have
D(f(x+y), f(x)) <eVyeT(fie),VreR"

Thus f is proved to be almost periodic. O
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Theorem 7. If f : R" — X s B-almost periodic function then given any € > 0 we can
find two positive numbers r = r(e) and 6 = 6(€) such that any ball B(a;r) in R™ contains a
ball of radius & which is contained in T(f;¢).

Proof. Since f is almost periodic function therefore for any e > 0 there exists relatively
dense set T'(f; §) in R™ and the associated number R(5) = R > 0 such that

E(a:;R)ﬁT(f;%) #0, Vx e R"

By the uniform continuity of f over R™ we can find §(§) = 0 such that if h € R™ and ||h]| < §
then c
D(f(x+h), f(x)) < 3 Yz e R"

We shall now prove that r(e) = R(5)+20(5) and d(¢) are our desired numbers. In fact given
a € R™, take z € R™ with [|z]| = 4, then 3y € T(f; §) N B(z + a; R) and hence ||y — a|| <
R+§ < r,s0that y € B(a;r). Furthermore, V h € R", ||h|| < 6, |[y+h—a| < R+5+35 =,
hence y + h € B(a;r). Therefore the whole ball B(y;d) is contained in the ball B(a;r).
Finally, any vector in this ball belongs to T(f;¢); this is because, if y + h with ||| < § is
such a vector then V z € R", we have

D(f(z+y+h), (@) = fz+y+h) - [z

<fz+y+h) = fle+h)]+[fly+h) - f@)
=D(f(x+y+h), f(x+h)+D(f(y+h), f(z))

<€
AT

2 2

where we have used the facts that y € T(f;§), [|h]| < 0 and the uniform continuity of f
over R™. This proves the result. O

Theorem 8. If f : R — X is B- almost periodic is, then the range{ f(z):x € R"} of f
18 relatively compact in X.

Proof. In complete metric spaces, the relatively compact sets coincides with totally bounded
sets, it is sufficient to show that the values of the functions can be embedded in a finite
number of spheres of radius 2¢. Since f : R®™ — X is B-almost periodic therefore by
Theorem 2 for any ¢ > 0 we can find a relatively dense set T'(f;e€) such that for some

r = r(e) > 0 we have R” = TL{f )E(y;r). Therefore for any z € R", 3 y € T(f;¢€) such
yeT(fe

that we have|z — y|| < r. Let £ = 2 — y which implies that # = 2 + y where ||z|| < r,
y € T(f;€). By the continuity of f, the set {f(z') : " € B(0;r)} is compact in X. But
in a p-Fréchet space,0 < p < 1, every compact set is totally bounded, therefore there exist
k elements f(z1), f(x2),..., f(zg) in X where ||a;|| < r, 1 < i < k such that for every
2" € B(0;r) we have

1) e OB

Take now an arbitrary 2 € B(0;r) C R” and consider y € T(f;€) then we have

’

D(f(x +y), () <e
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Choose x; among 1, T2, ..., T such that

f(@) € B(f(wm),e) = D(f(&), f(z)) <€, 1=1,2,3,...k

Now for any arbitrary = € R™ we have

D(f(x), f(x1)) = || f(x) = f(a1)l]
£ (" +y) — fla)ll

If (" +y) = F )|+ 1 £) = fa)]
D(f(x +y), f(x) + D(f(x), f(z1))
< 2e¢

IAI

Therefore we have f(z) € B(f(x1),2¢),1 <1 < k. Since z is an arbitrary vector in R", we
conclude that

H Ca

{f@):zeR"} C U B(f(x:),2e)
This completes the proof the theorem. O

Remark 6. Let f : R" — X be B-almost periodic and let us consider the sequence of
values (f(xp))ren. Denote A = {f(x1);k € N} and take the closure A C f(R") C X, it
follows that A is compact, so A is sequentially compact too (since (X, D) is a metric space),
which by A C A implies that the sequence (f(xy))ren has convergent subsequence in X.

Theorem 9. If f : R" — X s B-almost periodic and g : X — Y is continuous on
f(R™), where X is p-Fréchet space and Y is a q-Fréchet space with metrics D and D’
respectively, 0 < p,q < 1, (with g not necessarily equal to p), then h: R™ — Y | defined by
hiz) =g(f(x)), x € R™ is B-almost periodic.

Proof. Since range f(R"™) of g is closed and bounded so it is compact subset of X and
any continuous function defined on a compact set is uniformly continuous. Therefore g :
f(R™) — Y is uniformly continuous. Hence for given € > 0 we can find §(e) > 0 such that

Dl(g(xl),g(xg)) < €, whenever ||z — 22| < 0, Vo1, 22 € f(R")

Since f : R" — X is B-almost periodic so for §(e) > 0 we can find a relatively dense set
T(f;0) such that

D(f(z+y), f(x)) <0,z € R",y € T(f;0)
It follows that

’ ’

D (h(z +y),h(z)) =D (9(f(z +y)),9(f(z))) <e
whenever
D(f(z+y), f(z)) <46,V e R",y € T(f;0)

This implies that T(f;6) C T'(h;e). That is we can find a relatively dense set T'(h;¢€) such
that
D'(h(z +y)), h(z)) < €,V € R",y € T(h;e)

Therefore h is proved to be B-almost periodic. O
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Theorem 10. Let f : R™ — X be a B-almost periodic function. Then for every sequence
(), in R", there exists a subsequence (x},) such that (f(x+x},))r ts uniformly convergent
over R™.

Proof. Let (xy)r be a given sequence in R™ and consider the sequence (f,,)r functions
fz,  R" — X defined by f,, (x) = f(x +2x),1 < k < o00. Let S = { my;k € N }
be a countable dense set in R™. Since the range {f(z) : x € R"} of f is relatively compact
therefore we can extract from (f(m + zx))r a convergent subsequence. Let (fs, r)r be a
subsequence of the sequence (f;, ) which is convergent at 7;. We apply the same argument
to the sequence (fy, k)i to choose a subsequence ( fy, ) which converges at 1;. We continue
the process, and consider the diagonal sequence (fs, x)r which converges at each 7 in S.
Call this last sequence (f o ). We shall prove that this last sequence is uniformly convergent
over R", that is, we shall prove that for every ¢ > 0, 3 a natural number ky = ko(€) such
that
D(f(x+zy), f(z+1,)) < &Y k, | > ko,V z € R”

Since f uniformly continuous over R™, therefore for already chosen € > 0 we can find
0 =06(£) >0, such that

’

lz — 2’| < 6 = D(f(z), f(z)) < g,V:v,x/ cR" (2)

Since B(0;7) is compact in R™ so we can suppose that B(0;7) is contained in the union of
finite number of v balls (say) of radii smaller than ¢ and choose from each ball a point of S,
we obtain Sy = {&1, &2, ...{, }. Since Sp is finite set, (fm;c)k is uniformly convergent over S ;
therefore there exists a natural number kg = ko(£) such that

D(f(& + ). f(& o) < 5 Vi1 i <vand k.1 > kg 3)

Let x € R" be arbitrary and y € T(f; ) then D(f(x + y), f(z)) < £ this is because of
B-almost periodicity of f. Let us choose n; such that ||z 4+ y — &|| < § then from (2) we
have

D(f(z+y+ay), f(&+ay) < VEk1<i<vy (4)

Now V k,l > kg and V & € R™ we have

D(f(z + ), fx +x,)) =

(S8 e}

z+p) — flz+ g + )
@+ +y) — F(& + )
&+ ) = f(& + )

HIfE+a) — fla+y+)l
Hf@+y+z) - f@+a)

cEL L e e
5 5 5 5 5
=c
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[By (3), (3) and almost periodicity of f ]. Which proves the uniform convergence of the
sequence (f(xz + z,))r over R™. O

Theorem 11. A function f : R™ — X is B-almost periodic if and only if for every sequence
(xr)r in R", there exists a subsequence ()i such that (f(z+x))k is uniformly convergent
over R™.

Proof. The condition is necessary by Theorem 10. We now prove that it is sufficient. Sup-
pose, by contradiction, that f is not B-almost periodic, so there exists an € > 0 such that
for every real number r > 0, there exists a closed ball B(a;r) which contains no element
of T(f;¢e). Consider now an arbitrary vector 1 € R™ and take ro — ||z1]] > 0 so 3 a ball
B(w2;72) which is disjoint of T'(f;€). Note that xo —x1 € B(wa;72) hence zo —x1 ¢ T(f;€).
Next take r3 > ||z1]| + ||22|| and find a ball B(z3;r3) which is disjoint of T'(f;¢€). Now both
the 23 —z1 and o —x3 belong to B(xs;r3) but x3 —x1, 10 —x3 ¢ T(f;€). Continuing this
procedure, we can find an infinite sequence (zx)r C R™ such that V I,m € N |l #m =
—z ¢ T(f;€). It also follows that

D(f(x+x;—xm), f(x) > e,V eR", VImeNI#m
If we put y = x — z; we get
D(f(y+a:l),f(y+:cm))Ze,VyG]R”,Vl,mGN,l#m (5)

Suppose there exists a subsequence ()5, of ()5 such that (f(z+,)), converges uniformly
over R™. Then for already chosen € > 0, there exists a natural number pg = pg (€) such that

Vim >py = D(f(x+1), flz+z,) <eVzeR

This contradicts (5) and so the sufficiency of condition is established. Hence the theorem is
proved. O

We also have the following interesting theorem

Theorem 12. Let f : R™ — X be a B-almost periodic function. Then for every sequence
(z)r C R™ there exists a subsequence (x,) such that for every e > 0, the inequality

D(f(x+xp,), f(z+ x;)) < e,Vr € R",Vk,j € N is satisfied.

Proof. Let € > 0 then by the almost periodicity of f there exists a real number r = r(e) > 0
such that every closed ball of radius r there exists y such that

D(f(a+y). f@)) < 5.V x € R"

Consider now a given sequence (zg)g in R™ then by Theorem 3, x; € R™ can be written
as Ty = 2 + Yr, Y& € T(f;5) and ||zz]| < 7, for all k, where T'(f; §) is relatively dense set
associated with f. Moreover, using the uniform continuity of f over R™, we can find § > 0
such that

€
|21 — 22| < 26 = D(f(xz1), f(z2)) < 3 V x1,20 € R”
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Note that 2z, € B(0;7) for all k. Since B(0;7) is a closed and bounded subset of finite-

dimensional normed space R" so it must be compact in R™. Therefore the sequence ()

has a convergent subsequence, say (zx,);. Let lim zg, = z, which shows that z € B(0;r).
1—00

Now consider the subsequence (z,); ( we use the same notation ) with
|2k, — 2| < d,i=1,2,3....
and let (x,); be the corresponding subsequence of (x), with
Thy = 2k, + Yy, 0= 1,2,3, ...

Let us now prove that
D(f(.]? +xki)7f(x+xkj)) <€

for all x € R™ and for all 7, j. Now

D(f(z +xk,), f(x + ;) = D(f (@ + Yk, + 2k,)s f(T + yr; + 255))
= If(z+yx, + 2x,) — f@ 4+ yr, + 2,)|l
< |f(x+yx, + 21,) — f(x+ 2,) |
It ) — )

f(x+zkj)7f(x+ykj +ij)> (6)

Since f is almost periodic and yy,, yx;, € T'(f; 5), T + 2x,, T + 2x; € R, V i, j € N, therefore
we have

D(f(fﬂ+ykl +Zkz)’f(x+zk@)) < % and D(f(z+yk, +ij)af(x+zkj)) <

Wl m

Also since f is uniformly continues and |[(x + 2x,) — (2 + 2x;)|| = ||z, — 21| = |2, — 2 +
z =z || < 2w, — 2l + |2 — 2, || < 6 + 0 = 26, therefore we have

D(f(x+ Zki)’f(x + ij)) < %,V.’E € anv 7’7] eEN
Hence from (6) we get

D(f(tan) fw+an) <g+g +5 =, VecRVijeN

If we put zp, = x; and zp; = x;, we get
D(f(x+ ), f(z + ;) < €,Yo € R",Vk,j €N

This completes the proof of the theorem. O
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Definition 4. A function f : R" — X is said to be normal if for any sequence (xy)g
C R™ one can extract a subsequence (x,) such that the sequence (f(x) + x))k of translated
functions is convergent uniformly on R™.

Remark 7. From Theorem 11 it is obvious that f is normal if and only if it is B-almost
periodic.

Corollary 1. (i) The sum f + g of two B-almost periodic functions f and g defined on
R™ with values in the p-Fréchet space X, with 0 < p < 1, is B-almost periodic function.

(ii) If f1; fo : R" — X are B-almost periodic, then the function F : R" — X x X,
defined by F(z) = (f1(z), f2(z)), z € R", is B-almost periodic.

Proof. (i) Let (z)r be sequence in R™. By almost periodicity of f and g there exists a
subsequence (z,)x C (1)x such that both (f(z + ;) and (g(z + ;) are uniformly
convergent in # € R” in view of Theorem 11. Consequently ((f + g)(x + x))x is also
uniformly convergent in = € R™. This completes the proof again by Theorem 11.

(ii) Let (z)r be sequence in R™. In view of Theorem 11 one can find a subsequence
(2.)k C (1) such that both (f(z + z,))r and (g(z + z,,))s are uniformly convergent in
z € R, Thus (F(z + 2,))3, = ((fi(x + x,), fa(z + x,,)))k is uniformly convergent in x €
R™, which proves the almost periodicity of F. O

Theorem 13. If f1; fo : R — X are B-almost periodic, then € > 0, there exist common
e-translation numbers for fi and fo

Proof. Let X be a p-Fréchet space with D(z,y) = ||z —y|, 0 < p < 1. Consider the
Cartesian product X x X = X? with [|(z,y)||x> = llz[| + llyll, (,y) € X? then obviously
it is a p-norm on X2. Endowed with the metric D : X? x X? — R, U {0}, defined by

D((z1,41), (x2,92)) = [[(z1,91) — (22, y2) | x2
= [[(x1 — 21,22 — yo)|| x>
= [ler — 2|l + [[y1 — w2l
= D(z1,22) + D(y1,92), V (z1,11), (T2,92) € X x X
X x X is a p-Fréchet space. As fi1; fo : R® — X are B-almost periodic, therefore the

function F: R™ — X x X, defined by F(z) = (f1(z), f2(x)), = € R", is B-almost periodic
by Corollary (1). Let y be a e-translation vector of F' then we have

D(F(x+vy),F(z)) <e, VaoeR”

Since

D(F(z +y), F(x))

D((filz +y), foz + ), (f1(2), f2(2)))
D((fr(z +y), fi(2)) + D((f2(x +y), f2(2)) <€ Ve R"

therefore we have

D((fi(z+y), fi(x)) < e and D((f2(x +y), f2(z)) < e,V € R"

This proves that fiand fs have common e-translation numbers and this completes the proof
of the theorem as well. O
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Remark 8. Corollary (1) and Theorem (18) hold true even for k functions where k > 2.

In what follows we denote the set of all continuous and bounded functions from R” — X
by Cp(R™, X) and the set of all B-almost periodic functions from R"” — X by AP(X), where
X is a p-Fréchet space, 0 < p < 1, that is C(R", X) = {f : R® — X; f is continuous and
bounded } and AP(X) ={f:R" — X; f is B-almost periodic }.

Remark 9. If we define ||f|lp = sup{||f(z)|;z € R"}, f € Cp(R™, X) then ||f]l» < +o0.
Obuviously ||.||» is a p-norm on the space Cy(R™, X). Since (X, D) is a complete metric
space, it follows that Cp(R™, X) becomes a complete metric space with respect to the metric
Dy(f,9) = If — gll, that is (C,(R™, X),||-||s) is a p-Fréchet space, 0 < p < 1. By Theorem
5 it follows that AP(X) C Cy(R™, X), that is AP(X) is a linear subspace of Cp(R™, X).
By Theorem 6 (ii) it also follows that AP(X) is closed linear subspace of the the space
Cy(R™, X). Therefore (AP(X), Dy) is a complete metric space and hence (AP(X),||-|l»)
turns out to be a p-Fréchet space, 0 < p < 1.

In what follows we consider the notion of Bochner’s transform. The Bochner’s transform
of a function f € C,(R™, X) is denoted by B(f) = f and is defined by f : R* — C,(R™, X),

f(s) € Cp(R™, X) and f(s)(x) = f(x + s) V x € R™. The properties of Bochner’s transform
are given in the following theorem

Theorem 14. (1) [|f(s)lls = [Lf(- + 5)llo = [lF(0)[lo, for all s € R"

(i) [1f(s+y) = f(s)llo = sup{llf(z+y) = f(2)[l;z € R"} = [|f(s) = f(O)l[o, for all s,y € R™;

(iii) f is B-almost periodic iff f is B-almost periodic, with the same set of e-translation
numbers;

(iv) f is B-almost periodic iff there exists a relatively dense sequence {x,;n € N} such the
sequence {f(xz,);n € N} of functions, is relatively compact in (Cyp(R™, X), ||-|ls);

(v) [ is B-almost periodic iff f(R™) is relatively compact in (Cy(R™, X), |.||s);

(vi) (Bochner’s criterion) f is B-almost periodic iff f(R™) is relatively compact in (Cp(R™, X), ||-15)-

Proof. (i) Since || f||s = sup{||f(z)||; z € R™}, therefore we have

1 ($)llo = sup{[[f (s)(); = € R"}
= sup{|[f(z + s)[;x € R"}

(
(
= sup{|[[f(¥)[;y € R"}
(
(

sup{[[f(y +0)[l;y € R"}
sup{ [l f(0)(y)[l;y € R"}

1£(0)[ls, V' s € R™
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Also

(- + 8)llo = sup{|If(- + s)(@)[; @ € R"}

(-+
=sup{[|f(z + .+ s)[;z € R"}
= sup{||f(y)[l;y € R"}
= sup{||f(y)[l;y € R"}
=sup{[|f(y +0)|;y € R"}
= sup{[ f(0)(»)]l;y € R"}
1F(0)]l5, ¥ s € R"

Hence it is proved that
1F()llo = 1(+9)llo = [ F(O)]o, ¥ 5 € R"

(ii) Again by using the definition of ||.||, we have
1 (s +9) = F(s)ls = sup{[|f (s + y) (@) = f(s)(@)l|; = € R"}

(
=sup{[[f(z +s+y) - f(z+s)[;2 €R"}
sup{||f(z +y) — f(2)[; 2 € R"}
( f
(

sup{[|f(z +y) — f(0+ 2)[l; 2 € R"}
sup{[|f(y)(z) = F(0)(2)[; = € R"}
= 1/ty) = FO)lls ¥ y, s € R

(iii) This is an immediate consequence of (ii)

(iv) If f(s) is almost periodic, it follows by Remark 6 that for every sequence (z)) in
R", the set {f(zx) : k € N} is relatively compact in (Cy(R", X), |.|l). Conversely suppose
that there exists a relatively dense sequence () in R” such that the set {f(zz) : k € N} is
relatively compact in the complete metric space (Cy(R™, X), ||.||ls). This is equivalent with

the fact that {f(zy) : k € N} is totally bounded in (Cy(R™, X), ||.|ls). Therefore due to
total boundedness of the set {f(xy) : k € N} in Cp(R™, X), it is possible to fined v vectors

{z1,0,22,0,---%v0} In (zg)r such that flzy) € .Glg(f(xm),e), Vk=123,.. Wedivide
]:

the whole sequence {f(xk) : k € N} into v subsequences {f(xjk) :keN} j=1,2,3,..,v
where (z;1)r C (2k)k is such that || f(x; k) — f(z;.0)|ls < € which by Theorem 14(ii) implies
that || f(zjx — zj0) — f(0)]]ps < e. It follows that y;, = x;x — ;0 € T(f,e). Now we show
that the set _LVJl{yj,k : k € N} is relatively dense in R™. Let » > 0 be such that any ball
‘7:
B(z,r) in R"contains some z. We say that in any ball B(z,7+7) ,where 7 = sup {||z;0ll},
1<j<v
contains some y; . In fact, in B(z,r) there is some xj; which is an x; 1 for some j and k.
Hence ||z, — || < r and it follows that ||z;r — x50 — || < ||zj6 — 2| + ||zj0l < r+T,

so that z;, — zj0 € B(x,r + 7). We note that the relatively dense set contained in T'(f,¢)
was obtained by taking differences of elements in (x)g. Also assume that f € Cp(R", X) is
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almost periodic then {f(z) : € R} is relatively compact and in particular {f(wy) : wy €
Z"} is relatively compact sequence in Cp(R™, X). It follows that, V € > 0, the set T(f,¢)
contains relatively dense set formed from the elements in Z™. This proves the B-almost
periodicity of f.
(v) The necessity follows from Theorem 8. The sufficiency is a direct consequence of (iv).
(vi) It is a consequence of (iii) and (v) O

The following theorem is also sufficient criterion for almost periodicity.

Theorem 15. Let f € Co(R™, X) and {f(zk) : k € N} be a relatively compact sequence in
X for a relatively dense sequence ()i in R™. Assume that

eD(f(x+xp), f(x +24)) < D(f(xp), f(zg)),Yz €R", Vp,geN

holds true for some ¢ > 0. Then f is B-almost periodic.

Proof. From the inequality in the statement we have

D(f(xp), f(xq)) = [If(xp) — f(zq)
>c|lf(z +mp) = flz+24)l
> esupf[|f(z + xp) — f(z +zq)[[;z € R"}

= csup{ | f(z,) () = f(zq)(@)]; > € R"}

= CDb(f(x;D)a f(fﬂq)),Vp7q €N

Since the set {f(z1) : n € N} is relatively compact, it has a convergent subsequence { f(z,,) :
n € N} which is Cauchy sequence in the complete metric space (X, D), so it must be
convergent. It follows that {f(x;ﬂ) :n € N} is a Cauchy sequence in (Cp(R™, X), ||.]|s). With
this together with Theorem 14, (iv), it follows that f(s) is B-almost periodic, which by
Theorem 14, (ii), implies that f is B-almost periodic.

This completes the proof of the theorem. O

Corollary 2. Let the function f : R™ — X have relatively compact range and also assume
that

csup{D(f(x +y), f(x)): 2 € R"} <inf{D(f(z +y), f(x)) : x € R"}

for some ¢ > 0. Then f is B-almost periodic.

Proof. Let (xy)r be any relatively dense sequence in R™ then {f(xy) : n € N} is relatively
compact. Moreover if y = x, — 24, from the given inequality we get

csup{D(f (& + 3, — ), f(2)) : 2 € R"} < mf{D(f(w + 2, — 2,), f(2)) : @ € R"}
Take u = x — x4, then

esup{D(f(u+ zp), f(u+xq)) 1w € R"} <inf{D(f(u+ ), flu+24) :ue€R™}  (7)
< D(f(xp), f(xq))
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but

sup{ D(f(u + zp), f(u+4)) : uw € R"} = sup{[| f(u + ) — f(u+xg)[| : u € R"}

= sup{ | f(z,)(u) = f(zq) (W) : w € R"}

= ||f(zp) = f(xg)lle

= Dy(f(zy), f(4))

Therefore from (7) we have

CDb(f(mp)a f(xq)) < D(f(zp), f(zq)), VP,qg €N
From Theorem 15 the B-almost periodicity is proved. O

Definition 5. Let f : R® — X be an almost periodic function. A sequence (xy)x in R™
is said to be reqular with respect to f if the sequence of translates (f(x + xy))r s uniformly
convergent on R™ which is equivalent to the convergence of (f(zx))r in Cp(R™, X).

Theorem 16. Let f : R® — X be an almost periodic function and assume that for a
sequence (xy) in R™ there exists the limit klim f(p + k) = gp € X for all elements in the
— 00

sequence (1), which is dense in R™ then (zx)i is regular to f.

Proof. Suppose that (f(z1))s is not convergent then there exists g9 > 0 and one may extract

sequences (p;); and (g;); from (p),, such that || f(zp,) — f(xg )|l b > €0, K =1,2,3.... Asthe

range of f is relatively compact, we may assume that klim flzp,) = g1, klim f(zq,) = G2,
where Dy (g1, g2) > €o. Hence klim flz+zp,) = g1(z), klirn f(x+zq,) = g2(x) uniformly on
R™. On the other hand we get klim fmj+ap,)=0(n) =9 = klim fnj +zq.) = g2(nj),

vV j=1,2,3,.... From the continuity of g; and g, and the density of (1;); in R"™ we obtain
g91(z) = go(x), V € R™ a contradiction. This completes the proof. O
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