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A Note on c-almost Periodic Ultradistributions and c-almost
Periodic Hyperfunctions

Marko Kostié?

¢ Faculty of Technical Sciences, University of Novi Sad, Trg D. Obradoviéa 6, 21125 Novi Sad, Serbia

Abstract. The classes of c-almost periodic functions and c-almost periodic distributions have recently

been introduced and analyzed. In this note, we consider the classes of c-almost periodic ultradistributions
and c-almost periodic hyperfunctions.

1. Introduction and preliminaries

In this paper, we will always assume that (X, || -||) is a complex Banach space as well as that I = R or
I=100,00),ceCand|c]=1 Set S;={z€C:|z| =1}

Let f: I — X be a continuous function and let a number € > 0 be given. We call a number 7 > 0 an
(e, ¢)-period for f(-) if ||f(t+ 7) —cf(¢)|| < e for all ¢ € I. By 9.(f,€) we denote the set consisting of all
(e, ¢)-periods for f(-). In a joint research study [12] with M. T. Khalladi, A. Rahmani, M. Pinto and D.
Velinov, we have recently introduced the following notion (cf. also [13]-[14]):

Definition 1.1. It is said that f(-) is c-almost periodic if and only if for each € > 0 the set J.(f,€) is
relatively dense in [0, 00), which means that there exists I = [(€) > 0 such that any subinterval of [0, 00) of

length [ meets ¥.(f, ¢) The space consisting of all c-almost periodic functions from the interval I into X will
be denoted by AP.(I : X).

If ¢ =1, resp. ¢ = —1, then we recover the notion of almost periodicity, resp. almost anti-periodicity;
if ¢ = 1, then we also denote AP(I : X) = AP.(I : X). There is an enormous literature about almost
periodic functions and their applications to ordinary differential equations and partial differential equations;
let us recall that this important class of functions was introduced by the Danish mathematician H. Bohr
around 1925. For more details about the subject, we refer the reader to the forthcoming monograph [19]
and references cited therein.

The classes of scalar-valued bounded distributions and scalar-valued almost periodic distributions have
been introduced by L. Schwartz [26] and later extended to the vector-valued case by I. Cioranescu in [6];
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the class of scalar-valued almost periodic ultradistributions was introduced by I. Cioranescu in [7] and later
extended to the vector- valued case in [20]; see also the recent research studies [21] by M. Kostié¢, [2] by C.
Bouzar, F. Z. Tchouar and the list of references given in the monograph [18]. In a recent joint work [11]
with V. Fedorov, S. Pilipovi¢ and D. Velinov, we have introduced and analyzed various classes of c-almost
periodic distributions.

The main aim of this note is to consider c-almost periodic ultradistributions and c-almost periodic
hyperfunctions with values in complex Banach spaces. Before beginning our work, the author would like to
express his sincere thanks to Prof. M. Hasler and M. T. Khalladi for many stimulating discussions during
the preparation of this manuscript.

2. c-Almost periodic ultradistributions and c-almost periodic hyperfunctions

In this note, we analyze c-almost periodic ultradistributions and c-almost periodic hyperfunctions; we
will skip all related details concerning c-uniformly recurrent ultradistributions (hyperfunctions) and semi-c-
periodic ultradistributions (hyperfunctions).

Assume that (M) is a sequence of positive real numbers satisfying My = 1 and the following conditions:

(M.1): M2 < My M,_1, p€N,
(M.2): M), < AHP supg<;<, MiM,,_;, p €N, for some A, H > 1,

We will occasionally use conditions

5 oo M,_
(M.3): 22, Mpl < 00,

. 00 Mg 1 Mpia
(M?)) SuppeN Zq:erl pM, M, < 00,

(C): The sequence (M) satisfies (M.3).

Let us recall that conditions (M.3’) and (C) are substantially weaker than (M.3) as well that condition (C)
has been essentially employed in the analysis of almost periodic hyperfunctions [3] carried out by J. Chung,
S.-Y. Chung, D. Kim, H. J. Kim and the analysis of representations of quasianalytic ultradistributions
carried out by S.-Y. Chung, D. Kim [4] (it is well known that (M) satisfies (C) if and only if there exists a
positive integer k € N such that liminf,, o (myp/myp)? > k, where m,, := M,/M,_; for all p € N as well
as that H. Petzche has proved, in [25], that (M) satisfies (M.3) if and only if there exists a positive integer
k € N such that liminf, , . mg,/m, > k). If s > 1, then the Gevrey sequence (p!®) satisfies the above
conditions, while the sequence (p!®) satisfies (M.1), (M.2) and (C) for s > 1/2.
The space of Beurling, resp., Roumieu ultradifferentiable functions, is defined by
DMp) . — indlimK@@RD%M”)7 resp., DM} .= indlimK@@RD%M‘“}, where D%M‘") = projlithmD%”’h, resp.,

DM~ indlimy, oD, DY = {6 € C(R) : suppé C K, ||@]|ar, 5 < 00} and
PP (¢
[ YA = sup{'ié\/[() teK,pe NO}.
P

The asterisk # is used to designate both, the Beurling case (M,,) or the Roumieu case {M,}. The space
consisting of all linear continuous functions from D* into X, denoted by D™ (X)) := L(D* : X), is said to be
the space of all X-valued ultradistributions of *-class.

Let us recall (see [15]-[17] for the basic introduction to the theory of ultradistributions) that an entire
function of the form P(\) = Z;o:o apAP, A € C, is of class (Mp), resp., of class {M,}, if there exist [ > 0
and C > 0, resp., for every [ > 0 there exists a constant C' > 0, such that |a,| < CI?/M,, p € N. The
corresponding ultradifferential operator P(D) = »777 ; a,D? is of class (M,), resp., of class {M),}. For more
details about convolution of scalar-valued ultradistributions (ultradifferentiable functions), see [15]. The
convolution of Banach space valued ultradistributions and scalar-valued ultradifferentiable functions will
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be taken in the sense of considerations given on page 685 of [17]. As in the distributional case, we define
<Tha¢> = <T’¢( - h)>a T e D/*(X)v h > 07 (b € D*.
The Sato space Fp consists of all infinitely differentiable functions ¢ : R — C satisfying that there exist
h >0 and k > 0 such that
hp‘¢(p)(x)|ek\m\
[8llpk == sup —————

7 < +o0.
z€eR,peNg p-

Let Fz be topologized by the corresponding inductive limit topology induced by these seminorms. The space
of all X-valued Fourier hyperfunctions, denoted by Fy;(X), is defined as the space of all linear continuous
mappings T : Fyg — X, equipped with the strong topology.

Now we will consider bounded ultradistributions and bounded hyperfunctions with values in complex
Banach spaces. First of all, for every A > 0, we define

o . _ hP|1f Py
Dia ((M,,)J“L) =4 f€Dpi; |fllin:= sup — < 00 p.
pENg p

Then (Dp:((Mp), h), || - ]1,n) is a Banach space and the space of all X-valued bounded Beurling ultradistri-
butions of class (M), resp., X-valued bounded Roumieu ultradistributions of class {M,,}, is defined as the
space consisting of all linear continuous mappings from Dp:1((M,)), resp., D1 ({M,}), into X, where

D ((Mp)) := projlim;,_, D1 ((Mp),h),

resp.,
D1 ({Mp}) := indlimp, o4 D1 (M), h).

These spaces, carrying the strong topologies, will be shortly denoted by D}, ((M,) : X), resp., D} ({Mp} :
X). Tt is well known that D») vesp. DIMr} | is a dense subspace of D1 ((M,)), resp., Dri({M,}), as well
as that Dp1((Mp)) € D ({M,}).

In particular case M, := p!, the space D}, ({p!} : X) is said to be the space of bounded hyperfunctions. As
in the scalar-valued case, this space is contained in the space F;(X) of all X-valued Fourier hyperfunctions
(see also [5, Definition 3.1] for the multi-dimensional analogue).

Recall that the heat kernel E(x,t) is defined by E(z,t) := (47rt)_1/2e_””2/4t, r €R,t>0and E(z,t) :=0,
x € R, t <0. It can be simply shown that the function E(-,t) belongs to the Sato space for every fixed real
number ¢ > 0 as well as that for each € R and ¢ > 0 the function E(x —-,t) belongs to the space Dr1({p'} :
X). Hence, for each Fourier hyperfunction T' € Fy(X), its Gauss transform wu(z,t) := (T, E(x — -,t)) is
infinitely differentiable in R x (0, 00).

We would like to note that the statements of [5, Theorem 3.4, Theorem 3.5] continue to hold in the vector-
valued case. In connection with this observation, it should be only observed that the existence of functions
g(x) and h(z), established on [5, p. 2425, 1. -3] (see also [3, p. 735, 1. -1; 1. -5]), follows from the facts
(see [1, Example 3.7.6, Example 3.7.8] for more details) that the Laplacian A with maximal distributional
domain (= A) generates a strongly continuous Gaussian semigroup on LP(R™ : X), the operator A generates
a polynomially bounded once integrated Gaussian semigroup on L>®(R"™ : X), the basic results about the
existence and uniqueness of mild solutions of the abstract (ill-posed) Cauchy problems of the first order and
the conclusion established on [5, p. 2425, 1. -4]. In particular, the statement of [3, Theorem 3.1] can be
extended to the vector-valued case:

Theorem 2.1. Suppose that T € Fy(X). Then the following statements are equivalent:
(i) We have T € D}, ({p'} : X).
(it) T«p € LR : X) for all p € Fpy.

(i4i) There exist two bounded continuous functions f: R — X, g : R — X and an ultradifferential operator
P of class {p'?} such that T = P(—A)f + g.
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(iv) The Gauss transform u(x,t) of T is infinitely differentiable in (0,00)? and solves the heat equation in
(0,00)2, as well as for every e > 0 there exists a constant ¢ > 0 such that

|u(z,t)|| < ce’t, z€R, t>0

and
“+oo

(T,o)= lim [ ule,Op(e)de, ¢ eDu({pl}:X).

— 00

Concerning bounded quasianalytic ultradistributions, we would like to note that the statement of [3,
Lemma 4.2] also holds in the vector-valued case.
Concerning c-almost periodic ultradistributions, we will use the function space

Erp (X) = {¢ €& (X): ¢ € AP.(R: X) for all i € NO},

which is a slight generalization of the space €% p(X) used in [20], with ¢ = 1.

In [7] and [20], a bounded X-valued ultradistribution 7" € D}, ((M,) : X), resp., T € D} ({Mp} : X), is
said to be almost periodic of Beurling class (M), resp., almost periodic of Roumeiu class {M,,}, if and only
if there exists a sequence of X-valued trigonometric polynomials converging to 7' in D}, ((M,) : X), resp.,
D) ({Mp} : X). If the sequence (M) satisfies (M.3), then T € D, ((M,) : X) is almost periodic if and only
if Txpec APR: X) for all p € DMr),

Concerning [20, Theorem 2], the following result should be stated for c-almost periodicity:

Theorem 2.2. Let (M,) satisfy the conditions (M.1), (M.2) and (M.3’), and let T € D}, ((M,) : X), resp.,
T € D) ({Mp} : X). Consider the following assertions:

(i) There exists an ultradifferential operator P(D) = E;O:o apDP of class (M), resp., of class {M,}, and
functions f, g € AP.(R : X) such that the function t — (f(t),g(t)), t € R is c-almost periodic and
T = P(D)f +g for all g € Dya((M,), resp, ¢ € Ds ({My}).

(ii) For every ¢ € D*, we have T x p € AP.(R: X).

(i) T € DY ((Mp) : X), resp. T' € D\ ({ My} : X), and there exists a sequence (¢n,) in E4p (X) such that
limy, o0 ¢ =T for the topology of Dy, ((Mp) : X), resp. Dy ({Mp} : X).

(iv) There exists h > 0 such that for each compact set K C R, in the Beurling case, resp., for each compact
set K C R and for each h > 0, in the Roumieu case, the following holds T * ¢ € AP.(R : X),

pE D%”’h.

Then we have (i) = (ii) & (iii) < (iv).

Unfortunately, if (M,) additionally satisfies (M.3), then the equivalence of the above assertions cannot
be so simply clarified in the Beurling case (see e.g., [7, Lemma 2] and the proofs of [7, Theorem 1, Theorem
2]); more precisely, it is not clear how one can prove that (iv) implies (i) for c-almost periodicity; we can
only prove that (iv) implies that there exists an ultradifferential operator P(D) = Z;O:O a, DP of class (M),
resp., of class {M,}, and functions f, g € AP.(R : X) such that T = P(D)f + g for all ¢ € Dp:((Mp)),
resp., p € Dpi({M,}).

Concerning almost periodic quasianalytic ultradistributions, we would like to note that the statement
of [3, Theorem 4.3] continues to hold in the vector-valued case. Concerning c-almost periodic quasianalytic
ultradistribution and asymptotically c-almost periodic ultradistributions of #-class, let us only mention
that the notion introduced in [20, Definition 1, Definition 2] as well as the notion of space Bj(X) can be
straightforwardly extended to the ultradistributional case (cf. also the recent article [8] by A. Debrouwere,
L. Neyt and J. Vindas). Also, it could be very interesting to reconsider [20, Theorem 3] for asymptotical
c-almost periodicity.
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Now we will consider the class of c-almost periodic hyperfunctions. We will follow the approach of J.
Chung, S.-Y. Chung, D. Kim and H. J. Kim obeyed in [3]. In this paper, the authors use the operation
calculus approach to hyperfunctions developed by T. Matsuzawa in [22]-[24], which is based on the use of
Gauss kernels.

First of all, we introduce the vector-valued analogue of [3, Definition 3.2]:

Definition 2.3. A hyperfunction T' € D/, ({p!} : X) is said to be almost periodic if and only if there exists
a sequence of trigonometric polynomials in X which converges to T in D}, ({p!} : X) .

Further on, we want to emphasize that the statement of [3, Theorem 3.5] can be extended to the vector-
valued case:

Theorem 2.4. Suppose that T € D}, ({p!'} : X). Then the following statements are equivalent:
(i) T is almost periodic.
(i) Txp € AP(R: X) for all ¢ € Fg.

(iii) There exist two almost periodic functions f: R — X, g : R = X and an ultradifferential operator P
of class {p!*} such that T = P(—A)f + g.

(iv) The Gauss transform u(z,t) of T is almost periodic.

Now we would like to introduce the notion of a c-almost periodic hyperfunction, which extends the notion
of an almost periodic hyperfunction (¢ = 1) due to Theorem 2.4(ii):

Definition 2.5. Suppose that ¢ € S; and T' € D}, ({p!} : X). Then T is said to be c-almost periodic if and
only if T'x ¢ € AP.(R: X) for all p € Fpg.

Immediately from definition, it follows that any c-almost periodic hyperfunction is almost periodic,
bounded and belongs to the Fourier class of hyperfunctions as well that the space of c-almost periodic
functions is closed under differentiation. Many structural properties of c-almost periodic hyperfunctions
can be obtained by using the corresponding structural properties of space AP.(R : X) given in [12]; for
example, any almost anti-periodic hyperfunction (obtained by plugging ¢ = —1 in the above definition)
is almost periodic and any c-almost periodic hyperfunction is almost anti-periodic, provided that |¢| = 1,
p € Z\{0}, ¢ € N, (p,q) = 1 and arg(c) = (p/q)w. Furthermore, many structural properties of c-almost
periodic hyperfunctions can be obtained analogously as for c-almost periodic distributions; for example, the
statements of [11, Proposition 2.5, Proposition 2.6] continue to hold for c-almost periodic hyperfunctions.

Concerning c-almost periodic hyperfunctions, we have the following analogue of Theorem 2.4:

Theorem 2.6. Suppose that T € D}, ({p!'} : X). Consider the following statements:

(i) There exists a X*-valued c-almost periodic function z +— (f(x),g(z)), z € R and an ultradifferential
operator P of class {p'*} such that T = P(—A)f + g.

(ii) For every ¢, 1 € Fp, the function © — ((T * p)(x), (T x ) (x)), x € R is c-almost periodic.
(i4i) T is c-almost periodic.
(iv) The Gauss transform u(x,t) of T is c-almost periodic.
Then we have (i) < (i) = (iii) & (iv).
Proof. The proofs of the equivalence (iii) < (iv), the implication (ii) = (i) and the implication (ii) = (iii)

can be given similarly as in the proof of [3, Theorem 3.5]. In order to see that (i) implies (ii), we can argue
as in the proof of [11, Theorem 2.8]. Speaking-matter-of-factly, let ¢, ©» € Fg. Let € > 0 be given, and
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let 7 be a common (¢, €)-almost period of functions f(-) and g(-). If we assume that ||¢||,x < oo for some
h, k> 0, then for each t € R we have

o0

+00 Foo
T o)) = (Lot =) =D (10, [ ¢ @f-v)dos [ p)glt - o)do
p=0 —o0 —o0
and therefore
(T @)t +7) — (T * 0)(1)|
o +00
< Z(—l)pap/ PP (W) [f(t+7—v) —cf(t —v)] dv
p=0 e
“+o0
+ /_ o(v) [g(t +7—v)—cg(t— v)] dv

—+o00

o) 400
SE[Z ol [ o]+ [
p=0 -

— 00

le(v)] dv} :

We have the existence of a finite real number M > 1 such that [p(P)(v)| < Mh=Pe**l(2p)! for all p € Ny
and v € R. Moreover, for any [ € (0,h/4), we have the existence of a finite real number ¢ > 0 such that
lap| < clPp!? for all p € Ny, so that we can continue the calculus as follows:

oo o0 +oo
<e [Z cli"p!QMh—:D(Qp)!/ ekl o) +/ e~ klvl dv]

p=0 -
e +oo +oo

<e ch”szMh*p/ e klvl var/ e kvl gy .
p=0 — 00 —0o0

A similar estimate holds with the function ¢(-) considered, with the same number 7. This simply completes
the proof. [

Remark 2.7. Consider the following condition:

(i)’ There exist two c-almost periodic functions z — f(z), x € R,  — ¢(x), z € R and an ultradifferential
operator P of class {p!?} such that T = P(—A)f + g.

Then we clearly have that (i) implies (i)’ but it is not clear whether (i)’ implies (ii).

We close the paper with the observation that (@, T) affine-periodic solutions and pseudo (Q,T) affine-
periodic solutions for various classes of systems of ordinary differential equations have recently been analyzed
by many mathematicians. The notion of (Q,T) affine-periodicity is a special case of the notion of (w,T)-
periodicity, which has recently been introduced and analyzed in the infinite-dimensional setting by M.
Feckan, K. Liu and J.-R. Wang in [10]. We can extend this notion to the almost periodic setting in the
following way: Let T : X — X be a linear isomorphism. For a given £ > 0, a real number 7 > 0 is called
(e, T)-almost period of a continuous function f: I — X if and only if

If(t+7)—Tf(@)| <e, tel.

Denote by d1(f,e) the set of all (e, T)-almost periods of f(-), i.e.,

I (f,e) = {TEIZ stteul)Hf(t—l—T)—’]I‘f(t)H <5}.



M. Kosti¢ / FAAC 14 (1) (2022), 15-21 21

A continuous function f : I — X is called T-almost periodic if and only if for any & > 0 the set ¥7(f,¢) is
relatively dense in [0, 00).

In the case that there exists an integer k& € Ny such that T* = I, the notion of (w, T)-periodicity is a
special case of the notion of T-almost periodicity; the converse statement does not true in general. In the case
that T = cI, where ¢ € C\ {0} and I denotes the identity operator on X, the notion of T-almost periodicity
reduces to the notion of c-almost periodicity. For more details, we refer the reader to the forthcoming paper
[9].
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