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ABSTRACT. Every periodic hyperfunction is a bounded hyperfunction and can
be represented as an infinite sum of derivatives of bounded continuous periodic
functions. Also, Fourier coefficients cq of periodic hyperfunctions are of infra-
exponential growth in R"”, i.e., ca < Ceelel for every € > 0 and every a €
Z™. This is a natural generalization of the polynomial growth of the Fourier
coefficients of distributions.

To show these we introduce the space Bpp of hyperfunctions of LP growth
which generalizes the space D], of distributions of LP growth and represent
generalized functions as the initial values of smooth solutions of the heat equa-
tion.

1. INTRODUCTION

In this paper we show that the following results:
(i) Every periodic hyperfunction is a bounded hyperfunction.
(ii) Every periodic hyperfunction can be represented as an infinite sum of deriva-
tives of bounded continuous periodic functions.
(iii) Fourier coeflicients ¢, of periodic hyperfunctions are of infra-exponential
growth in R, ie., |co| < Cel®l for every € > 0. Our result contains the
result of Sato and Helgason which deals with the case of R! (see [Sal, [Hé)]).

These results are natural generalization of the well known results in distributions
and ultradistributions. See [S], [G], [GG] for details.

In the proof of these results we use the heat kernel method and introduce the
space Brr of Sato hyperfunctions of LP growth which generalizes the space D}, of
Schwartz distributions of LP growth. This “heat kernel” method, which represents
the above generalized functions as the initial values of smooth solutions of heat
equations as in Matsuzawa [M], Kim-Chung-Kim [KCK] and Chung-Kim [CK], can
overcome difficulties due to the sheaf theoretical definition of the hyperfunctions
when we are dealing with the analytical and global properties in the theory of
hyperfunctions. Applying this idea we relate the periodic hyperfunctions to the
periodicity of its defining function. Note that also in the case of distributions
periodicity in terms of the defining function for the distributions and the original
definition for periodic distributions coincide naturally. See (2.1) for the definition
of the defining function.
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In Section 2 using this heat kernel method we state a structure theorem for dis-
tributions and Fourier hyperfunctions in [M] and [KCK] respectively. In Section 3
we also introduce the space Byr of Sato hyperfunctions of LP growth and give a
structure theorem for this space. In Section 4 we define periodicity for hyperfunc-
tions w in terms of its collection of restrictions u; to 2; by following A. Martineau’s
approach in Theorem 2.3 and its following remark. We relate the definition of the
periodic hyperfunctions and periodicity of its defining function and show that ev-
ery periodic hyperfunction is a Fourier hyperfunction and furthermore a bounded
hyperfunction, which is parallel to the fact that every periodic distribution is a tem-
pered distribution and furthermore, a bounded distribution. Finally, we show that
Fourier coefficients ¢, of periodic hyperfunctions are of infra-exponential growth,
ie., for every € > 0 ¢, < Cefl®l which is a natural generalization of polynomial
growth of the Fourier coefficients of distributions and of Gorbacuk’s result for the
case of ultradistributions in [G], [GG].

2. GENERALIZED FUNCTIONS AS INITIAL VALUES OF SOLUTIONS
OF THE HEAT EQUATION

We first briefly introduce analytic functionals, hyperfunctions and Fourier hy-
perfunctions. See [H], [KCK], [M] for more details.

Definition 2.1. Let K C R™ be a compact set. Then A(K) is the space of all real
analytic functions in some neighborhood of K with the seminorms

sup |8%p(z)|/hl*lal,
reK

[e%

where we use the multi-index notations: |a| = a3+ -+ ay for a = (aq,... ,ap) €
Ni where Ny is the set of non-negative integers and 9% = 97" - -- 99, 0; = 0/0z;.

We denote by A’(K) the strong dual space of A(K) and call its element an
analytic functional carried by K.

We set A'(R") = |Ji A/(K) and the support of u € A'(R™) is the smallest
compact set K C R™ such that u € A'(K).

We are in a position to define the space B of hyperfunctions following A. Mar-
tineau as in Hormander [H] and to state the localization theorem.

Definition 2.2. Let Q be a bounded open set in R™. Then the space B(Q) of
hyperfunctions is defined by B(Q2) = A’(Q2)/A'(99).

Theorem 2.3. Let €, 7 = 1,2,..., be bounded open subsets of R" such that
Q=UZ, Q5. If uj € B(Qy) and for all i, j we have u; = uj in Q; N Q; (that
is, supp (u; — u;) N NQ; = 0), then there is a unique u € B(Q) such that the
restriction of u to §; is equal to u;.

Remark 2.4. Tt follows from the above theorem that a hyperfunction v € B(R™)
can be regarded as a collection of u; € A'(Q;) with R" = U; 2, and we write

u = (uy).

We now introduce a real version of the Fourier hyperfunctions.
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Definition 2.5 (J[KCK]). We denote by F the Sato space of all infinitely differen-
tiable functions ¢ in R™ such that the seminorms

0" (@) exphls] _

= su
|lh.k xellg" Rlalol
aeN{
are finite for some h, k > 0 and these seminorms define its topology.
We denote by F’ the strong dual of F and call its elements Fourier hyperfunc-
tions.
We denote by E(x,t) the n-dimensional heat kernel

dmt)~"/2 exp(—|z|? /4t t
Blont) = { @ ep(—la a0, e 0,
0, t <0.
Note that E(x,t) belongs to the Sato space F for each ¢ > 0.

Definition 2.6. For every u € F’
(2.1) Ulz,t) = uy(E(x =y, 1))
is well defined in R} = {(z,t)| z € R", t > 0} and called the defining function

of u.

We now represent distributions, hyperfunctions as in Matsuzawa [M] and Fourier
hyperfunctions as in Kim—Chung-Kim [KCK], as the initial values of smooth solu-
tions of the heat equation.

Theorem 2.7 ([M]). (i) Let u € D'(R™). Then there is a defining function U(x,t)
e C> (RT‘l) satisfying the following conditions:
(2.2) (8/0t — AU (z,t) =0 in R

For any compact set K C R™ there exist positive constants N = N(K) and Cg
such that

(2.3) |U(z,t)| <Cxt™, t>0, z€K,
and U(-,t) — u as t — 07 in the sense that for every ¢ € C>

(2.4) u(yp) = tlir(l;l+ U(z,t)p(x) dz.

Conversely, let U(x,t) € O (R} ™) satisfy (2.2) and (2.3). Then there exists a
unique u € D'(R™) satisfying (2.4).

(ii) Let u € B(R™). Then there is a defining function U(z,t) € C®(RH)
satisfying the heat equation (2.2) and the following conditions: For every compact
subset K C R™ and for every € > 0 there exists a constant C¢ g > 0 such that

(2.5) |U(x,t)| < Ce ik exp(e/t), t>0,z€K,

and

(2.6) U(t)—u ast— 0"

in the sense that U(x,t) — Uj(x,t) = 0 as t — 0% in Q;, j = 1,2,..., where

= means weak uniform convergence in ; and U; is the defining function of

uj € A'(Y;) as in (2.1) and u = (u;) € B(R™) with R = J; Q;.
Conversely, let U(z,t) € C°(R ) satisfy (2.2) and (2.5). Then there exists a
unique u € B(R™) satisfying (2.6).
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Remark 2.8 ([KCK]). If we replace the growth condition (2.5) by
(2.7) U(z,t)] < Ceexp[e(|z] +1/8)],

then we obtain the case for Fourier hyperfunctions.

3. HYPERFUNCTIONS OF LP GROWTH

We first introduce the new space Br» of hyperfunctions of LP growth which is
a natural generalization of D}, for hyperfunctions and will be used to characterize
the periodic hyperfunctions. We also represent these hyperfunctions as the initial
values of solutions of the heat equation.

Definition 3.1. We denote by Ar. (1 < ¢ < o) the space of all functions ¢ €
C>(R™) satisfying

10%¢] s

helal . =

[llza,n = sup
«@
for some constant h > 0. We say that ¢; — 0in Az« as j — oo if there is a positive
constant h such that

%0,
up 107110

ol ol —0 as j— oo.
« .

We denote by Brr (1 < p < 00) the dual of Apq, where 1/p+1/q = 1. In particular,
every element in By~ is called a bounded hyperfunction. Note that every element
in D} - is called a bounded distribution.

It is easy to see the following topological inclusions:
F— A (1<qg<o0), Bpp—F (1<p<o0).

We will prove the structure theorem for Br» (1 < p < 00). We need the following
two lemmas to prove the main theorem.

Lemma 3.2 ([M]). For any h > 0 and € > 0 there exist functions v(t) € C°([0, ¢€])
and an ultradifferential operator P(d/dt) such that

lW® () < Ch7FE2, k=0,1,---,
[v(t)] < Cexp(—h/t), 0<t< o0,

(3.1) P(d/dt) = iak(d/dt)k, lax| < C1RY /K2, 0 < hy < h,
k=0
P(d/dt)v(t) = 6 + w(t),

where w(t) € CX([e/2,€]).
Lemma 3.3. For every ¢ € Ara (1 < q < +00), let

(3.2) oe(z) = / E(x -y 0)p(y)dy, ¢ > 0.

Then ¢; € Apa and @y — @ in Apa ast — 0.
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Proof. Let ¢ € Apa. Then, clearly ¢, € Arq. Also, by the same method as in
Kim-Chung-Kim [KCK] Theorem 1.3] we can easily show that for every e > 0 there
exists a constant § > 0 such that, for 0 <t <,

10%p — 0%l
pelal €
for all a where 0 is independent of a. Thus we obtain that ¢(z) — p(z) in AL
ast — 0F. O

Let u € Br». Then the defining function U(z, t) = u, (E(z—y,t)), (z,t) € R},
is a well defined C'*° function, since FE(z — -, t) belongs to Ar« (1/p+1/q¢=1) for
each (z,t) € R,

Theorem 3.4. A hyperfunction u belongs to Brr» (1 < p < 00) if and only if u can
be written as

u= P(—A)g(z) + h(x)

where P(—A) is given in Lemma 8.2 and g and h are bounded continuous functions
belonging to LP.

Proof. Sufficiency: If ¢ € Arqa (1 < ¢ < 00) with ||p||pan < oo (1/p+1/¢ =1),
then P(—A)p € LY and for € < 2/nh?,

IP(=A)¢llzs < lawl [1(=2) | za
k=0

k !
2 el

IN

2. (enh?)*(2k)
0

k=
< Cllellzan

for some constant C' > 0. Therefore, we can easily obtain that « is a bounded linear

functional on Aj.q.

Necessity: We first prove that ux @ € LP for all o € F. We denote by B the unit
disc with respect to the L9 norm, i.e., B = {¢ € F : ||¢||r« < 1}. Then B is dense
in the unit ball of L?. Consider ¢ * 1) for fixed ¢ and ) € B. Then it follows that
(u* @) (¢) = u(p * 1) is bounded. Therefore, u * ¢ is a bounded linear functional
on F by topology induced by L?. Thus u* @ € LP.

By Lemma 3.2 there exist functions v, w € C¢°(R) such that P(d/dt)v+w = 4.
Define

V(z,t) z/ E(z,t+ s)v(s)ds and W (z,t) :/ E(z,t + s)w(s)ds.
0 0
Then it follows that V(x,t) and W (x,t) are contained in F for fixed ¢ > 0 and in
> (erjl).
Therefore, we can see that u x, V(x,t) and u *, W(z,t) belong to L? for every
fixed t > 0. Moreover, we have

(8t—A)u>ka=O, (8t—A)’U,*xW:O,
P(=A)us, V+usx, W=ux, E.

Then by the well known theorem in Widder [W] there exist functions g(z) and h(x)
in LP such that

uxV(x,t) =g(x)* E(x,t), wxW(x,t)=h(x)* E(z,t).
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In fact, it follows from u * V(z,0) = g(x) and u * W(x,0) = h(z) that g(x) and
h(zx) are also bounded continuous functions on R™.

Therefore, by the uniqueness of defining function U(x,t) = uy(E(z — y,t)) of u
we have u = P(—A)g + h, which completes the proof. O

Theorem 3.5. Let u € Brr. Then the defining function U(z,t) of u belongs to
COO(RZ_H) and satisfies the following:

(3.2) (0 — A)U(z,t) =0 in R}
For every € > 0 there exists a constant C > 0 such that
(3.3) Uz, )| Lorny < Ce/t in RYF,

and U(-,t) — u as t — 01 in the sense that
(3.4) u(¢) = lim Uz, t)p(x)dx, ¢€ Afpa.
t—0t Jrn

Conversely, every C* function defined in Ri"’l satisfying condition (3.2) and
(3.3) can be written as

U(z,t) = uy(E(x —y,t)) in RE
with a unique element u € Bryp.

Proof. Let u € Brp. Then it follows from Lemma 3.3 that

/b@wﬂwW=%wm»

for every ¢ € Apa, which gives (3.2).
Since u € Brr, we can write u = P(—A)g + h where g and h are bounded
continuous functions belonging to LP. Then we have

U (2, )l Lery) = [lu* ||z
<|[P(=A)g * El|e + [|h+ El|Lr
= |lg * P(=A)El|e + [l + El[»

< ||9||LPZ||% )Y El| Ly + [|k| e || Bl 1.

Applying the following estimate in [M, p.622]:
|09 B (x, 1) < Clelg=(HaD/ 2012 exp(—|z|?/8),  (x,t) € R,
we can obtain that for some C' > 0

2
le% al;—(lal+n)/2 1 |(E|
0% B lus < Ol 2t exp (10 [

Therefore, it follows that for every e = 2hC? > 0
(2RC2)Ft—F

- Cee/t

Uz, )| r < CZ k'QC%t_k(%) 12 < cz
k=0
in R
We now prove the converse. By (3.3) we can define the convolution of v or w
given in Lemma 3.3 and U(z,t). Therefore we can prove the converse by the same
method as in Theorem 3.4. O
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Remark. In Theorem 3.4 we can obtain that ux ¢ € LP for every ¢ € F if and only
ifue BLP .

4. PERIODIC HYPERFUNCTIONS

In this section we give a definition of periodic hyperfunctions u in terms of the
collection of analytic functionals with compact support u; € A’'(€;) as in Remark
2.4 along lines proposed by Martineau. Also, we relate this definition of periodic
hyperfunctions and the periodicity of the defining function U of u as in Theorem
4.2.

We now give a natural definition of periodic hyperfunctions.

Definition 4.1. A hyperfunction u = (u;);ez € B(R"), where u; € A’(Q;) with
R™ = U, Q; is periodic if Tou = (Tou;) = u for all a € Z". Here, Tau; € A'(745;)
with 7,Q; = {z + a|z € Q;}.

From this definition we can easily obtain the following

Theorem 4.2. If a hyperfunction u is periodic, then the defining function U(x,t)
of u is also periodic.

Proof. Let Uj(z,t) = u; * E(x,t) be the defining function of u; and Vj(z,t) =
Toj* E(z,t) be the defining function of 7,u;. Then we have Vj(xz,t) = U;(x+a, t).
In fact,

Vi(z,t) =uj(E(x — (- —a),t)) =u; * E(z + o, t) = Uj(z + o, 1).

Therefore, the defining function of 7,u is U(x + a, t). It follows from 7,u = u that
U(x 4+ a,t) = U(x,t) for all a € Z"™. O

Making use of the periodicity of the defining function U of a periodic hyperfunc-
tion w we now prove the following

Theorem 4.3. Every periodic hyperfunction is a bounded hyperfunction.

Proof. Let U(x,t) be a defining function of u which is periodic with respect to x.
It follows from Theorem 2.7 that for any compact subset K of R™ and € > 0, we
have

U(z,t)| < Coxe’t, (x,t) € R

But since U(z, t) is periodic, we can choose C¢ g = C. independent of K. Therefore,
by Theorem 3.5 we have u € By ~. O

Remark. Tt follows from Theorem 4.3 that every periodic hyperfunction w is a
periodic Fourier hyperfunction, i.e., u is periodic in F’. Therefore, we obtain that
Tau(p) = u(yp) for all a € Z", p € F.

We now show that a periodic hyperfunction can be expanded as a Fourier se-
ries with coefficients of infra-exponential growth, which generalizes the results of
Gorbacuk’s [G], [GG] and the similar result for distributions.

Theorem 4.4. The trigonometric seriesu =y cyn Ca€®™ ™ is the Fourier series
of a periodic hyperfunction, i.e., Tou = u for all a € Z™ if and only if for every
€ > 0 there exists a constant C' > 0 such that |co| < Cefl®! for every o € Z™, where
laf = Jea| + -+ |om].
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Proof. Necessity: It follows from Theorem 3.4 and Theorem 4.3 that u can be
written as u = P(—A)f + g where P(—A) is given in Lemma 3.2 and f and ¢
are bounded continuous functions. We can easily obtain that f and g are periodic
functions as in the proof of Theorem 3.4. Accordingly, expanding f and g as Fourier
series we write

f: Z fA(Qﬂ_Oé)eZwia-z’ g= Z Q(27Ta)e27ria~a:.

aczn aczn
Therefore, we have the following identity:
P(=A)f+g= "> (P(@r?a®)f(2ra) + j(2ra))e’™ ",
agZm™
where a? = af + -+ + a2. Writing
ta = P(4n2a®) f(27ma) + §(2na)
we finally obtain that, for every e = 27V/h,

o0
lal <111l Y lawll(dna®)*] + [|gl| L=
k=0

S (4772h)k 2k
<O el
k=0

< C626|a\ )

Sufficiency: If the growth condition for the coefficients ¢, is satisfied, we can
define a linear form u on Ay by

u(p) = Y (ca® ) (@), @€ AL
aczn

Then u is continuous on Ap:. In fact, for all ¢ € Ap: with [|¢||p1, < oo there
exist constants €, C' with € < 1/2hn such that

ulp) = Y leallp(—2ma)]

aEZn
- (elaD”
< Y Y o(-2ra)]
a€Z™ k=0
= (e)F 1 (k+n+1)! 4
e DI D IR D D e L 1
k=0 aeZn |B|=k+n+1
< C5 Y (2¢hn)*||] L
k=0
< Cllell L1,

O

Remark. One dimensional version of the above Theorem 4.4 was given by Sato in
[S] and Helgason [Hel, Lemma 4.25] by using a quite different method from our heat
kernel method.
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We finally estimate the partial sum of Fourier series.

Theorem 4.5. Let u be a periodic hyperfunction. Then for every e > 0 there exists
a constant C > 0 such that

[$mm(u, )| = Z |cqe®™iT| < Ce™.

loe]<m

Proof. Also, if s, (u,z) = Z\a|§m 2™ then

|sm(u,2)[ < ) leal

o] <m
X k|, |k
e"lof
<C > >
|| <mn k=0

|a|? (k+2)!

> 1 (k+2)(k+ 1)e|alk+2
=0 >

k=0 |a|<m

© mk+2(26)k+2 €2
< = R
—Ckzzo (k +2)! |az<:m|°‘|2

& (26)k+2mk+2

<c'y

]
= (k+2)!
S CI€2€m-
O
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