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ON THE ORDER OF SUMMABILITY OF THE FOURIER
INVERSION FORMULA

JASSON VINDAS AND RICARDO ESTRADA

ABSTRACT. In this article we show that the order of the point value,
in the sense of Lojasiewicz, of a tempered distribution and the order of
summability of the pointwise Fourier inversion formula are closely re-
lated. Assuming that the order of the point values and certain order
of growth at infinity are given for a tempered distribution, we estimate
the order of summability of the Fourier inversion formula. For Fourier
series, and in other cases, is shown that if the distribution has a dis-
tributional point value of order k, then its Fourier series is e.v. Cesaro
summable to the distributional point value of order k+1. Conversely, we
also show that if the pointwise Fourier inversion formula is e.v. Cesaro
summable of order k, then the distribution is the (k + 1)-th derivative
of a locally integrable function, and the distribution has a distributional
point value of order k+ 2. We also establish connections between orders
of summability and local behavior for other Fourier inversion problems.

1. INTRODUCTION

The present article is concerned with the study of the summability of the
pointwise Fourier inversion formula for tempered distributions reported in
[35, 36].

The study of the relation between the value of a function at a point and
the convergence and summability of Fourier series and Fourier integrals has
a long history. Since the convergence fails in most interesting cases, this
study is carry out by means of summability methods.

In the case of Fourier series, it was said by A. Zygmund [46] that the
problem of summability of Fourier Series of classical functions at individual
points could be considered as a closed chapter in Mathematics. However,
since the introduction of the so called Generalized Functions, new problems
were opened.

Using the concept of the value of a distribution at a point in the sense
of Lojasiewicz [21], one can extend many results from the classical theory
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of Fourier series of functions to distributions. For example, one of the most
basic results in the classical theory says that if f € L'[0,27] its (symmetric)
Fourier series is (C, 1) summable at every Lebesgue point [11, 19, 46], then,
this result admits extension. The first extension to periodic distributions
was given by G. Walter [42, 43]; moreover, he implicitly obtained the order
of Cesaro summability of the symmetric partial sums in terms of the order
of the distributional point value. Multidimensional problems for the Fourier
transform have been investigated in [12, 38].

A distributional point of view of Fourier series is sometimes more conve-
nient because it provides new interpretations of summability of trigonomet-
ric series that the classical point of view hides in somehow. For instance,
the relationship between existence of the distributional point value and the
Cesaro summability of Fourier series has been achieved in the following result
which completely characterizes distributional point values [6]. It is remark-
able that such a characterization has not been given for classical functions.

Theorem 1.1. Let f € D'(R) be a periodic distribution of period 2m and
let Y00 cn€® be its Fourier series. Let xg € R. Then f(x¢) = v, in the
sense of Lojasiewicz, if and only if there exists k € N such that

lim Z cne™ =~ (C,k),

T—00
—x<n<laz

for each a > 0.

Notice that when a = 1, the case of symmetric Cesaro means, the above
limit reduces to the statement of the (C, k) summability of the usual sines
and cosines Fourier series of the distribution.

We emphasize that the use of asymmetric partial sums is fundamen-
tal, since the Cesaro summability of the symmetric partial sums is not
enough to conclude the existence of the distributional point value (f(x) =
Yool msinnx at © = 0 is an example).

In the case of Fourier integrals of classical functions the situation is sim-
ilar to that of Fourier series, summability methods must be employed as
well. One has also a Cesaro summability version for the Fourier inversion
integral formula in a theorem due to Plancherel [27, 31]. Other methods of
summability are also studied in classical books [3, 4]. Actually, the approach
given in [3, 4] is very close to distributional point values. Indeed, what they
do is to consider pointwise inversion formulas of the type

(1) i o [ f0eo (L) = o0)se0)

which is what one usually does in distribution theory when dealing with
distributional point values.

In recent works, the authors have been able to characterize the distri-
butional point values of tempered distributions by means of a generalized
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pointwise Fourier inversion formula [35, 36]. Let us state this result; we will
explain the notation later, in Section 2.

Theorem 1.2. Let f € S'(R). We have f(xo) = v, in the sense of
Lojasiewicz, if and only if there exists a k € N such that

% ev. (F(t).é") =5 (k)

which in case f 18 locally integrable means that

! " ftyeiotdt = C,k
27Te.v./_oof()e = (C,k) .

This result includes Theorem 1.1 as a special case and also includes
“trigonometric integrals” of tempered functions. Theorem 1.2 provides a
complete characterization of the distributional point values of tempered dis-
tributions. However, Theorems 1.1 and its extension to tempered distri-
butions, Theorem 1.2, have a little gap, namely, they do not establish a
connection between the order of summability of the Fourier inversion for-
mula and the order of the point values (see Section 2 for definitions of these
two orders).

Our aim in this work is to establish a relation between these two orders.
Among other results, we show that if a tempered distribution, with certain
restrictions of growth at oo, has a point value of order k, then the special
value of the Fourier inversion formula is summable (C,k + 1) to the value.
In the case of Fourier series, these restrictions of growth do not appear,
hence we generalized the result from [42] and [45]. We also reformulate the
result for Fourier series and integrals in terms of summability with respect
to a family of kernels, and hence the characterization of distributional point
values takes the form of (1.1) for just certain ¢’s taken from this family of
summability kernels.

It is interesting to mention that these ideas are closely related to the
classical problem of (C) summability for Fourier series (see [46, Chapter XI]
and references therein). The first to formulate the problem were Hardy and
Littlewood [16, 17]. It basically aims to characterize trigonometric series
such that their sines and cosines series,

(0.0)
% + Z(an cosnxg + by, sinnxg) ,

n=1

are Cesaro summable at a given point zg and whose coefficients are of slow
growth (hence they are tempered distributions!). If we do not care about the
order of (C) summability, then distributional point values provide an easy
and quick solution to this problem [9, Theorem 6.14.5]. A classical approach
to this problem is presented in [46, Chapter XI], where the problem of (C)
summability of the symmetric partial sums is investigated with the use of
generalized symmetric derivatives of integrated trigonometric series (notion
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which turns out to be equivalent to work with symmetric point values as
shown in Section 6).

The paper is organized as follows. In Section 2, we explain the notions
and results from the theory of generalized functions (distributions) to be
used in this paper. In Section 3, we show that for certain tempered dis-
tributions having a point value of order k at a point, the special value of
the Fourier inversion formula is summable (C, 3) to the point value for any
B > k; then, we apply this result to cases of interest; at the end of the
section we calculate a bound for the order of summability of the Fourier
inversion formula in the general case. Section 4 is devoted to discuss some
properties of asymptotically homogeneous functions of degree 0, which will
be a fundamental tool in studying summability of the special value point-
wise Fourier inversion formula for tempered distributions. In Section 5, we
study the opposite problem, namely, we estimate the order of the point value
having the order of Cesaro summability of pointwise Fourier inversion for-
mula. Section 6 is dedicated to the study of symmetric distributional point
values; we formulate and solve the problem of symmetric (C) summability
for tempered distributions, on the way we recover the classical results for
Fourier series [16, 14, 45]. Finally, we study jumps of distributions and find
the order in various formulas for the jump originally found in [36, 37].

2. PRELIMINARIES AND NOTATION

In this section we explain the spaces of test functions and distributions
needed in this paper. We also give a summary of the notion of the value of
a distribution at a point [9, 21], Cesaro behavior and limits of distributions
at infinity [7] and some related concepts [35, 36] needed in the future. All
of our functions and distributions are over the real line.

The space of test functions D and S and the corresponding spaces of
distributions D" and S’ are well known [29, 41]. Given ¢ € S, we define its
Fourier transform by

F(o)(x) = /_ T s(t)eidt ;

on &' the Fourier transform is defined as the transpose of the map ¢ ——
F(¢) from S to S. We will use indistinctly the notations f, F(f) and
F{f(t);x} to denote the Fourier transform of f.

Denote by I' the Euler gamma function. Recall the definition of the
distributions :L‘i /T(B + 1), which are defined for all g € C. For Re § >
—1, they are regular distributions (locally Lebesgue integrable functions)
supported on [0,00) , and they are defined by analytic continuation for the
other values of 3 [9, 29, 40]. Note also that when § = —k, k being a positive
integer, then they reduce to 6 (z), where §(z) is the very well known Dirac
delta distribution.
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Given a distribution f € D’ supported on the interval [0, 00), we denote
its primitive of order [ (in short S-primitive) by the convolution [40, 41]
-1
T

F =15

Note that the S-primitive is nothing else but the fractional derivative [41]
of order —f3. Since we will frequently use fractional primitives in long calcu-
lations, its convenient to introduce some additional notation. Thus, we also
denote the [-primitive by

I {f(t);a} = fCP(x) |
so that when f is locally integrable,

(2.1) It} = 5 | £O @17 ar.

When f is no longer supported on [0, 00), we cannot in general speak about
fractional order primitives. However, if k € N, we say that F' is a k-primitive
of fif F!) = f. When f is locally integrable (not necessarily supported on
[0,00)), we can still use the k-primitive given by formula (2.1) with k£ = .

The Cesaro behavior of a distribution at infinity is studied by using the
order symbols O (z®) and o (z®) in the Cesaro sense [7, 9]. If f € D’ and
a e R\{-1,-2,-3,...}, wesay that f(z) = O(z%) as x — oo in the Cesaro
sense and write

flz)=0(=%) (C), asx — o0,
if there exists k € N such that every primitive F of order k of f is an ordinary

function (locally integrable) for positive large arguments and satisfies the
ordinary order relation

F(x) = p(x) + 0x**) |, asz — o0,

for a suitable polynomial p of degree at most k — 1. Note that if o > —1,
then the polynomial p is irrelevant. To emphasize the order of the Cesaro
behavior, it is convenient to write

fx)=0(=z% (C/k), asx — oo .

A similar definition applies to the little 0 symbol. The definitions when
x — —oo are clear.

Using these ideas, one can define the limit of a distribution at co in the
Cesaro sense [7, 9]. We should now extend the definition of limits in the
Cesaro sense in order to allow fractional orders.

Definition 2.1. Let f € D' and 8 > 0. We say that f has a limit ¢ at
infinity in the Cesaro sense of order 3 (in the (C, 3) sense) and write

(22) lim f(5) =0 (C.5).

if for a decomposition f = f_ + fi as sum of two distributions supported
on (—o0,0] and [0, 00), respectively, one has that the S-primitive of f, is an
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ordinary function (locally integrable) for large arguments and satisfies the
ordinary asymptotic relation
(-5) (2P

fi (x):m%—o(xﬁ) , asx — 00 .

The reader can easily check that the definition does not depend on the
decomposition f = f_ + fi. If we do not want to make reference to the
order (3 in (2.2), we simply write

xll)rgo flz)y=¢ (C).

We now turn our attention to the local behavior of generalized functions
[9, 26, 39, 40]. Lojasiewicz [21] defined the value of a distribution f € D’ at
the point zg as the limit

flao) := = lim f(zo +ex) ,
if the limit exists in D/, that is if

(2.3) lny (a0 +0),0(a)) =7 [ olo)da

for each ¢ € D. Since (2.3) is only supposed to hold for ¢ € D, we emphasize
this fact saying that f(xzg) =~ in D', in case that (2.3) is satisfied. Suppose
now that f € 8 and f(z9) = v in D’; initially, (2.3) does not have to be
true for ¢ € S. However, it is shown in [8, Corollary 1] and [39, Section 6]
that if (2.3) holds for ¢ € D, it will remain true for ¢ € S; so we are in the
right to say f(zg) =~ in &', and this is equivalent to the existence of f(x¢)
in D'.

It was shown by Lojasiewicz [21] that the existence of the distributional
point value f(xg) = 7 is equivalent to the existence of n € N, and a primitive
of order n of f, that is F(™) = f, which is continuous in a neighborhood of
o and satisfies

) n!F(x)
(2.4) Jim @z )
Note that (2.4) says that any n-primitive of f has an n** differential in the
sense of Peano [2] (see also [46, Chapter XI, page 59] in connection with
differentiated trigonometric series).

It is convenient to define the order of the value of a tempered distribu-
tion at a point. Our definition differs from that of Lojasiewicz [21]. We
should adopt a little variant of Lojasiewicz’s original definition for the sake
of convenience.

Definition 2.2. Let f be a tempered distribution. We say that f has a
(distributional) point value v at o in 8’ of order n, and write f(x¢) = v in
S’ with order n, if n is the minimum integer such that there exists a locally
bounded measurable function F' of polynomial growth at infinity such that

F( = f and F satisfies (2.4).
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A similar definition has been also adopted in [44, Section 8.3, Definition
8.1] for studying distributional point values of tempered distributions in re-
lation with orthogonal wavelets and multiresolution analysis approximations
for spaces of tempered distributions.

The final concept we would like to discuss here is that of distributional
evaluations in the e.v. Cesaro sense, as defined by the authors in [35, 36].

Definition 2.3. Let g € D', ¢ € C®°(R) and f > 0. We say that the
evaluation (g (z),¢ (x)) exists in the e.v. Cesaro sense (of order f3), and
write

(2.5) ev.(g(x),¢(x)=v (C0),

if for some primitive G of g¢ and VYa > 0 we have
lim (Glaz) ~ G(—a) =7 (C.B) .

If g is locally integrable then we write (2.5) as

(2.6 ex. [ g@o@ =y (Ch).
If (2.5) exists, we also say that the special value of the evaluation exists in
the (C, ) sense. Similarly for (2.6), we say that the special value of the
integral exists in the (C, ) sense.

The last definition allows us to make sense out of the Fourier inversion
formula; indeed [35, 36], the authors have shown that f € &’ has a point
value v at xq if and only if

(2.7) e.v. <f(x), eix°x> =21y (C)k),

for some k € N. As we mentioned at the Introduction, this result does not
say anything about the relationship between the order of summability of
this inversion formula and the order of the point value; this will be the main
subject of Section 3 and Section 5 in the present article.

3. ORDER OF SUMMABILITY

In this section we obtain a bound for the order of summability of the
Fourier inversion formula for tempered distributions in the general case.
We also analyze two particular cases, the case of Fourier series and the
case of distributions with compact support; in both cases we obtain the
expected result: if the distribution has a value of order k, then the order of
summability of the Fourier inversion formula is at least k + 1.

Suppose that f € & is so that f € L1 (R). Denote by 04 the character-

loc

istic function of a set A. Then note that (2.7) holds if and only if

(3.1) i - [ e (;) dt = £(z0)
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where ¢>§ is the summability kernel given by

\7?
(32 o0 = L+ %0100+ (1 2) a0

Indeed, this follows directly from Definition 2.3. Observe that we may con-
sider (3.2) as the summability kernels of asymmetric (C,3) means. Notice
also that if (3.1) holds for some 3, then it holds for any 3 > 3. We shall
need some properties of these kernels, they are stated in the next lemma.

Lemma 3.1. Suppose that 0 < 8 < 1. Then,

~ 24+33(1+at
qsf(t)‘g +6t[(3+1+a ) L t>1.

Moreover, ffooo qgg(t)dt = 2.

Proof. Suppose the inequality is satisfied, then q;’g € LY(R) N L3(R), so
the very well known classical result [4, page 62] implies that the pointwise
Fourier inversion formula holds in this case, and thus we have [ ol (t)dt =

2%(;55 (0) = 2m. Let us now show the inequality.

~ 1 . .

O / (1= )P (™ + ae= ) dy
0

_B

t

1
/ (1 _ u)ﬂ—l(e—zatu _ eztu)du
0

B
$B8+1

< 2 B
S 1 T E

t
/ uﬂ—l(e—zatezau _ ezte—zu)du
0

t
/ uﬁ—l(e—zatezau o ezte—zu)du
1

2 B, 4 51 > 52
where in the last step we have used integration by parts. O

The explicit value of the constant term in the bound from the last lemma is
unimportant, however, we will use the fact that this estimate holds uniformly
for a on compact subsets of (0, 0).

We start to study the pointwise Fourier inversion formula. We first show
a proposition concerning the L?(R)-case. The proof of the following propo-
sition is similar to that of [31, Theorem 13|, but we include it for the sake
of completeness.

Proposition 3.2. Suppose that g € L*(R). If g is continuous at xq, then
we have for any 3 > 0,

1

3. &V (g(t), ™" = g(wo) (C,0) ,
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or, which amounts to the same,

(33) im 5 [ atoetol (t) dt = (o) ,

z—o0 2 [_ o
uniformly for a on compact subsets of (0, 00).

Proof. By considering g(z + xg), we may assume that zp = 0. We may also
assume that 0 < § < 1, because if it holds for those values of 3, then it
holds for any G > 0.

We have that
| awe <t> dt=c [~ g .

o x o
Therefore (3.3) holds if and only if

oo
lim g KL (t, ) dt = g(0) ,
z—00 J_ o
where K& (t,2) = xdh (xt) /(2m). Now, because of Lemma 3.1 and the
boundedness of ¢§ , the kernel Kf (t,z) satisfies the following properties

N
Kg(t,m‘ <

o0
B _

for some positives constants M and N, and the last inequality being valid
for x|t| > 1. The estimates are satisfied uniformly for a on compact sets.
Pick § > 0 such that if |t| < § then |g(t) — g(0)] < €; keep 7! < min {¢, 6},
then

Kg(t,l‘)) <Mz,

'/_Z (g(t) — g(0)) K (¢, x)dt‘

Se/z
_1

K (1) e + / l9(t) — 9(0)| | K2 (¢, )|

z t|>L
1y N 1) — 9(0)]
1
hence,
" 1 o0 A t _1

lim |o— [ g(t)¢a ( — | dt — g(0)| <2e(M + NS7) ,

z—o0 |27 J_ x
since ¢ is arbitrary, this completes the proof. O

Remark 3.3. Proposition 3.2 still holds if one assumes that zq is a Lebesgue
point of g instead of the continuity at zg. This proposition is also true for ker-
nels ¢ other than ¢’g; in fact, the proposition is valid if K (¢, z) = z¢(xt)/(27)
satisfies (3.4), that is K (¢, ) satisfies [*_ K(t,z)dt =1, |K(t,z)| < Mz for
[t|x < B and |K(t,z)| < Nz~%t~*~L, for some positive constants B, M, N
and «. For other related results, the reader can consult Titchmarsh’s book
[31, Chapter 1].
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In order to make further progress, we need two formulas. They are stated
in the next two lemmas.

Lemma 3.4. Let h € D' and m,k € N. Suppose that m > k, then
k

#106) = L 25 (s (2 0)

Jj=0

Proof. 1t follows directly form the very well known formula [5, Lemma 1.3],

valid if p € C*(R),
m N~ (™) 4 (Lo
' ;( ) (j)da:m—j (#71)

applied to p(z) = x*. O

Lemma 3.5. Let h be a locally integrable function supported on [0,00). For
any positive number 8 and positive integer k

I {tkh(t); a:} = i(—l)j <§> F(f(;)j)xk_jh(_ﬁ_j)(x) )
3=0

Proof. We proceed by induction over k. For k =1,
1 xX
Ig{th(t);z} = / (z — )P~ 1eh(t)dt
Hthere) = 5 [ (

— 2hA () — F(lﬂ) /0 ’ < /0 ‘- u)ﬁlh(u)du> at

= 2h 0 (z) — F(lﬂ) /Ox(x —u)’h(u)du
= 2h ) (z) — RV (a) .

If the formula is true for k, then

I {tk“h(t); x} (

)t
<k;>1“ B+37) IR0 ()

J

”“ I Ty, {th(t); )

Q

1)) <§> (g +] (8 + §)a* =T h(=BF=I1) (1)

_k i(E+1\T(B+)) LRH1=5 y (=B=3)
- 0<—1>< ;).



ORDER OF SUMMABILITY OF THE FOURIER INVERSION FORMULA 11

We begin to analyze the case of tempered distributions, by first imposing
some strong restrictions to the behavior of the distribution at infinity.

Theorem 3.6. Let f € S’. Suppose that there exists an m € N such that
every m-primitive of f is a locally integrable function for large arguments

and satisfies an estimate O (\x|m71 , as x — oo. If f has a distributional
point value f(xo) = at g in S, whose order is n, then

1 . .

s-ev.(f@) ey =1 (C.8),

27
for any B >k = max{m,n}.
Proof. We can assume that xg = 0. Take h, a k-primitive of f, such that h is
a locally bounded measurable function and h(z) = O <|x]k71), as |z| — oo,
and h(z) = yz*/k!+ 0 <\x|k) as x — 0. Set g(x) = h(z)/x*, then g € L*(R)
and ¢ is continuous at 0 with g(0) = +/k! . Consider § € L?>(R). Then,

(9)® (@) = (=) F {tFg)a } = (=) F{h(t)w} = (=)*h() .
Thus,

~

(35 fo)=F{nO @)z} = Fathiz) = (-1)F2F ()P (@)

We now look at a k-primitive of f. Indeed, by (3.5) and Lemma 3.4
k

I 3 = R (Ol

J=0 J

is a k-primitive of f Let 3 >k and a > 0. Set 3 = 8 — k. To show the
theorem, one should prove that

_ 1 k _ 2yttt k1
Fiw) == e Flar) + (CDF(—0) = 55 —l—o(x ) (C,3—k+1)
as x — 00. Therefore, we have to show that
1 xr ~
3.7 I AR (t):z :~/ z — )P Fy(t)dt
(37) w00} = s [0 R
2w7xﬂ

:7F(ﬁ+1)+0(lﬁ> , as T — o0 .

Notice that
o {6 + -0 ]

= 1;{#(ag) + g(-)sa} .
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So, setting g1(t) := ag(at) + g(—t) for t > 0 and g1(t) := 0 for t < 0 we
obtain from Lemma 3.4 and (3.6)

k
Doy T () ()
= (—-D)kr, {t gi )(t);x} , forz>0,

then, by Lemma 3.5, for z > 0
Iy AR ()2} = (~1)* s {507 (0)s0 )
k .
i (RNTB+147) ki (—F-1-5)
= —1k9(,>az J Nx)
Y0 () gy A e

but

A x/3’+j oo = [t Qﬂfyx@—i-j
g T @) = / gty () dt ~
PB+1+7) J-oo T ED(B+1+ )

as r — 0o, where the last asymptotic relation holds in view of Proposition
3.2, the continuity of g at 0, and the fact g(0) = ~y/k!. Therefore,

k .
21y i (B T(B+1+7)
F = ST NT(q)k 6
e A0} = gy 200 ) rocisia o
k
T MG+ 1) ]Z <J>( U G () o P
o2nyx?  dF 3 Lk ki i
— i 1)y B
MO(F+ 1) dir | ;O j e +ola”)
t=1
_ 2myaf (1 db (e-19)] ) +o(a?)
T(B+1) \ k! dtk 1
_ 2my z” B )
= m + o0 <.CU ) as T — OQ ;
hence, we have established (3.7), as required. O

Remark 3.7. It follows from the proof of the last theorem and Proposition
3.2 that (3.7) holds uniformly for a in compact subsets of (0, 00).

The next corollary follows directly from equation (3.6).

Corollary 3.8. Under the hypothesis of Theorem 3.6, then f is the k™
derivative of a locally integrable function.
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Although it imposes conditions on the behavior at infinity of the tempered
distribution, we may apply Theorem 3.6 to several cases of special interest.
The next two corollaries follow directly from Theorem 3.6 (for the direct
application of Theorem 3.6 in Corollary 3.10 one should argue that it is
enough to assume ¢y = 0).

Corollary 3.9. Let f be a distribution with compact support. Suppose that
f(xo) =~ in 8" with order k. Then for each a > 0 and (3 > k,

ax

tim [ fetar=o (C.0),
or which is the same
(3.8) lim 1/00 o (;) F(t)eotdt =~ .
Moreover, relation (3.8) holds uniformly for a in compact subsets of (0,00).

Corollary 3.10. Let f be a 2m-periodic distribution, with Fourier series
Yond €™, Suppose that f(xo) = v in 8" with order k > 1. Then for

each a >0 and B > k,
lim Y et =4 (C,H),

—zr<n<ax

or equivalently

‘ li 6] (ﬁ) . izon _ .
(3.9) Tim _<Z< 9 () ene v

Moreover, relation (3.9) holds uniformly for a in compact subsets of (0,00).

As a particular case of Corollary 3.10, we obtain almost everywhere
summability of order 5 > 1 for Denjoy integrable functions [13, 20]. This
result extends that of Privalov (see [20, page 573]) which only considers
the symmetric series. The reader should notice that Privalov theorem is
included in the much stronger result of Marcinkiewicz [23], [46, Chapter XI,
Theorem 5.4].

Corollary 3.11. Let f be a 2m-periodic function which is Denjoy integrable
on [—m,w]. Let § > 1. If its Fourier series is y o ___ c,e™", then we have
for almost every xg

. n i

lim Z o3 (;) cne™" = f(xg) , foralla>0.

T—00
—r<n<azr

We now aboard the case of general behavior at infinity. For that, we need
the following two lemmas.

Lemma 3.12. Let g € L?>(R). Suppose that o ¢ supp g, then,
axr

lim G(t)e™tdt =0 |

—
z—oo [

uniformly for a in compact subsets of (0, 00).
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Proof. The proof is trivial, just apply Parseval’s relation and then use Riemann-
Lebesgue lemma. O

Lemma 3.13. Let f € §’. Suppose that xo ¢ supp f and that
f@)=0(z") (C), as |z| - o0,

for some a > —1. Let m be the minimum integer such that any m-primitive
of f is locally bounded and O(|z|™"*) as |z| — co. Then

ev. (f(z),e™*y =0 (C,k),
where k= [m +a+ 3]+ 1 ([-] stands for the integral part of a number).

Proof. The proof is completely analogous to that of Theorem 3.6. We may
assume that zg = 0. Let A be an m-primitive of f such that h is 0 in a
neighborhood of 0 and

h(z) = O(|z|"") as |z| — oc.

Set g(x) = h(x)/z*, then g satisfies the hypothesis of Lemma 3.12. Define
G(z) = [y g(t)dt; by Lemma 3.4, the following function is a (k- 1)-primitive
of f
k
_ k=g k! <k+1> A{kfj . }
JZ:&( 1) il Lyt IG@);z .
Since

%1]» {960 ar} — (0L {Fa@: ) = 1 {tk_j /jtg(u)du;x} ,

we can use Lemma 3.12 to conclude

1 - k! kE+1 ,
Fl(x ~DrEF(—2) = —1)k—d . ( ) )I‘ o(tF=7 Y
# 0 = (D) = S (7 i {0t )i
:o(azk) as xr — 00,
uniformly for a on compact subsets of (0, c0). O

We now combine Theorem 3.6 and and Lemma 3.13 to obtain a bound
for the order of summability of the Fourier inversion formula of a general
tempered distribution. We remark that every tempered distribution satisfies
an estimate of type (3.10).

Theorem 3.14. Let f € 8’ have the behavior at infinity
(3.10) f@)=0(z") (C,;m), as |z| = oco.
If f(xo) =~ in 8" with order n, then
1 . A
—e.v. <f(x), e”ox> =~ (Ck+1),
27
where k = max {m,n,[n + o+ L], [m+a+ 3]}
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4. ASYMPTOTICALLY HOMOGENEOUS FUNCTIONS

In this section we discuss some properties of asymptotically homogeneous
functions of degree 0, they are a fundamental tool in the study of summabil-
ity of distributional evaluations in the e.v. Cesaro sense [6, 9, 36]. They have
also shown to be important in the study of quasiasymptotics of distributions
[33, 34, 39]. We will apply these properties in the next section.

We say that a measurable function o, defined in an interval of the form
[A, 00) C (0, 00), is asymptotically homogeneous of degree 0 if for each a > 0,
we have

(4.1) o(ax) =0o(z)+0o(l) asz — oo .

Most of the properties discussed here are already known [9]; however, we
will take a different approach to them, which is based on the concept of
slowly varying functions in the sense of Karamata [30]. Suppose o satisfies
(4.1) for each a > 0, we may assume that o is real valued, otherwise we

consider its real and imaginary parts separately. Then L(z) = e?@) g
positive and measurable on [A, co) and for each a > 0
L(ax)
4.2 li =1.
(42) ro0 L(x)

Therefore, L is a slowly varying function. It is very well known that (4.2)
must hold uniformly for a in compact subsets of (0, 00) [30], so should (4.1).
Actually, if one only assumes that (4.1) holds in a set of positive measure,
then it holds for every a > 0; we will use this property implicitly sometimes
in the future. In addition, there is a very well known representation formula
for slowly varying functions [30, Theorem 1.2], which implies that there
exists a number B > A such that

x
t
(4.3) J(x):n(x)—i—/ T(t)dt, +>B
B
where 7 is a bounded measurable function such that n(z) — ¢ as ¢ — oo

(le] < o0), and 7 is a continuous function on [B,o0) such that 7(z) — 0 as
x — o0o. Relation (4.3) implies two estimates for the growth of o, first,
(4.4) o(x) =o(logz) , asz — o0 ;

secondly, there are two constants Ay and A; such that

(4.5) lo(ax) —o(z)| < Ao |logal + Ai,

for z > B and ax > B. The last inequality implies the following lemma.

Lemma 4.1. Let o be an asymptotically homogeneous function of degree 0
defined on (0,00). Let g be a function such that g(t)(1+[logt|) is in L*(0,0).
Suppose that at least one of the following two condition is satisfied:

i) o is bounded in each finite subinterval of (0, 00)

ii) o € Lt ([0,00)) and g is bounded near the origin

loc
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then we have that
/000 o(xt)g(t)dt = o(x) /000 gt)dt+o(l) , asx — o0
Proof. Choose B as in (4.3), we keep > B. Consider
| ot — ol gttt = h(o) + o) ~ ta)

where Jy(z) = fg;x (o(xt) —o(x)) g(t)dt, Jo(x) = OB/x o(xt)g(t)dt, and

J3(z) = o(x) OB/w g(t)dt. Because of (4.5) and the assumption over g,
we can apply Lebesgue Dominated Convergence Theorem to conclude that
Ji(z) = o(1) as © — oo. That Ja(z) = o(1) as © — oo follows easily from
the assumptions. Finally, by using (4.4), we obtain that

|o(z)|
J <
[Ja(@)] < loge+1—InB

/000(1 T llog#]) [g(#)] dt = o(1) , as & — oo .

O

5. ORDER OF POINT VALUE

In this section we show that if e.v.<f(:r),ei“0> = 27my (C,k), then

f(zg) =~ in D" and the order of the point value is less or equal to k + 2.

We begin with a particular case which has its inspiration in Riemann’s
theorems on the formal integration of trigonometrical series [46, Chapter
IX, page 319].

Theorem 5.1. Let f be an element of S’. Suppose that

1

o e.v. <f($)a 6ix0x> =7 (C,0),

then, f(xg) = v in S'; moreover if F1 and Fy are any primitives of order
1 and 2 respectively, then Fy is locally integrable and F> possesses a Peano
second order differential at xo, with v as the second order term, i.e., Fs is
differentiable at x¢ and as r — xg

Fy(z) = Fo(wo) + Fy(wo)(z — x0) + %(m —z0)% 40 (= — m0)2) .

Hence, the point value is at most of order 2.

Proof. We may assume that 2o = 0. We also can assume that 0 ¢ supp f and
that f is the derivative of a locally integrable function. Indeed, otherwise we
express f = fg + f1, where fg is the derivative of a distribution with compact
support, 0 ¢ supp fl and fl is the first order derivative of a locally integrable
function. Observe that fy is a C*°-function and 27 f2(0) = <f2(a:), 1> =

0; consequently, f1 satisfies the hypothesis of the present theorem and f
satisfies the conclusions of the theorem if and only if f; does.
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The hypothesis implies that if G is a primitive of f, then for each a > 0,
G(ax) — G(—z) =21y +o(l) as z — oo .
We choose G such that 0 ¢ supp G. Set 0 = G—7y, then o is asymptotically
homogeneous of degree 0, and
(5.1) G(z) =mysgnzx + o (|z|) + o(1), as |z| — oo.
By (4.4), o(z) = o(logz). Therefore, 27 'G(x) € L?(R) and 27 2G(x) €

LY(R) N L?(R). Set,

L [* G
then h is continuous and h(xz) = o(1) as |z| — oo. We now relate h to f,
note that b’/ = —F1(G), so izh”(z) = f(z). In addition, we have that
W (z) = iF H{t7'G(t);z} € L*(R). Let F» be the following second order

primitive of f,
Fy(z) = izh(x) — 1/ em@ dt .

T ) oo t3

Clearly, F(z) = Fj(x) = izh/(x) — ih(z), which shows that every first order
primitive of f is locally integrable. We now show that F; is differentiable at
0,

(5.2) Fy(z) — F»0) 1 /OO G(t) (itmem —2ei$t+2> a |

—0o0

x ~or t2 tx

—00
we can apply Lebesgue Dominated Convergence Theorem in (5.2) to con-

clude that . © G
_[TGEE
2w J_oo 12
We now calculate the Peano second order differential of F5 at 0.

E - F — zF} o
_ Falo) = F2(0) — 2B5(0) _ x/ G(t)K (1) dt
21 J_
where K (t) =t~ (ite — 2¢™ + 2 + it). Note that (1-+[log(¢)|) K (t) belongs
to L'(R) N L?(R). Changing variables in (5.3) and applying Lemma 4.1 in
combination with (5.1), we obtain that as x — 0

A%(z) = 807 /OO G <t> K(¢) dt

27 J_ s x

F3(0) =

(5.3) A?(z) .

B ’Y/OO sgnt K(8) di+ %Sgn(x)"“mrl) /OO K (t) dt + o(1)

= 2 +o(1)
since [;° (K (t) + K(—t)dt) = 0 and [;° (K (t) — K(—t))dt = 1. This com-
pletes the proof. O

We now use Theorem 5.1 to attack the general problem.
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Theorem 5.2. Let f € §'. Suppose that

% e.v. <f(a:),ei’”0x> =v (Ck);

then, f(xo) =~ in S, f is the derivative of order k41 of a locally integrable
function and the order of f(xo) =~ is less or equal to k + 2.

Proof. As in the proof of the last theorem, we can assume that x¢g = 0,
0 ¢ supp f and f is the derivative of order k + 1 of a locally integrable
function.

By our assumptions, we can choose G, a locally integrable function, such
that GF+1 = f, 0 ¢ supp G, and for each a > 0,

2
a *Gaz) + (-G (~x) = ki;y:nk +o (azk> as T — 00 .

Let h be the following tempered distribution

h(z) = —izF ! {t_kG(t);a:} =F! {(t_kG(t))/;x} ,

note that h satisfies the hypothesis of Theorem 5.1. Therefore, there is a
locally integrable primitive hy of h such that hy(ex) = vex/kl4o0(e) ase — 0

in 8. Set hy(z) = [ hi(t)dt, then, by Theorem 5.1,
(5.4) ha(z) = 2%_' 2®+o(z?) asxz—0,

since h%(0) is equal to the distributional point value of hy at 0 and h1(0) =0
in D'. We now relate h to f. We show that

(5.5)  Fpyi(x Zk: D W (k“;l)fj {tkfjhl(t);ac}

Jj=

k 1)k-
i)
Jj=
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is a (k + 1)-primitive of f. Differentiating (5.5) (k + 1) times, we obtain,

k Ic ]k' k k+1—j x

(k+1) +1\ d _i . i

F (@ Z < . >d$k+1_j (mk Jhl(a:)—(k—])/ ki 1h1(t)dt>
j=0

) 0
k = jkl k+1\ d*7
Z < J )dmk—j (xk Jh(:v))
=0
() 22 o el
k

> ((_kf)_kj)]f' (k ;r 1) dcf]:j <]___1 {(G(t)/tk)(k-i—l—j) I})

=0

F-1 {% <k ;r 1>;Z(tk) (G(t)/tk>(k+l_j) ;x}

.

.

@
Q
M?r

<.

= etV wya} = FH{fya) = fl)

Therefore, Fjy1 is a primitive of order k£ + 1 of f. Since h; is locally inte-
grable, sois Fj11. We integrate (5.5) to obtain a continuous (k+2)-primitive
of f, given by

1)k=JE!

Floo(z) = ]Zk; (zk)_j), <k j 1) I {tk_jhg(t) (k- j) /Ot F Ty (5)ds; :c}
k

+ Z Eﬁ _1?]]6_]];' (k —]i_ 1>Ij+1 {(k —Jj-1) /Ot s 72 hy(s)ds — tF 7 g (t); x} :

J=0

By using (5.4), we can conclude that

k 1)k=k [ 4k2—7.
Y UK (k1) 20 {7 iio
F; =
k(T 2ka2 ( j )(k+2—j)(k+1—j)+0(x )

— k+2z )"~ ]k' <k—;1> EZ;giJro(ka)
k;+2 k+22 <> k+1—j)+0<xk+2>

1
- zd(i:mxk+2(_1)k/o (t = 1)dt + o)

= ﬁ.ﬁk—'—z + o0 (xk+2> as r — 0,
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this shows that f(0) = v in &’ and the order of the point value is at most
k+ 2. O

6. SYMMETRIC POINT VALUES

This section is devoted to the study of symmetric point values of distri-
butions. They are studied by means of the symmetric part of a distribution
about at given point x = xg, that is, the distribution

(6.1) Xifo () = f(x+ x0) ‘; f(zo —x)

Notice that X£0 is an even distribution.

Definition 6.1. Let f € D' and xyp € R. We say that f has a (distributional)
symmetric point value v at x = xg if its symmetric part about xy has a point
value at z = 0, that is, X£0(0) = in D’. In this case we write fsym(xo) =
in D'

Of course, the existence of the symmetric value at xg is equivalent to have

62t o (s (T2 ) vo(M20)) =0 [ staa,

for each ¢ € D'. We may use Lojasiewicz characterization of distributional
point values (2.4) to characterize symmetric point values.

Theorem 6.2. Let f € D' and xyp € R. We have that fsym(zo) = v in
D' if and only if there exists n € N and an n-primitive F of f such that
F(zo+x) + (—1)"F(xg — ) is locally integrable in a neighborhood of the
origin and

n

(63)  Flao+h) + (—1)"F(ao — h) = 27% Fo(h"), h—0.

Most of the results for symmetric point values can be obtained from those
of distributional point values. Let us discuss an example.

Example 6.3. Let f € D’ have a distributional point value v at xg. Let U
be a harmonic representation [1] of f on Smz > 0, that is, U(z) is harmonic
for mz > 0 and lim,,_,o+ U(z +iy) = f(z) in the weak topology of D'. It is
shown in [8] by studying the Poisson kernel and in [34] by Fourier transform
methods that

lim U(z) =+, non-tangentially from the upper half-plane.

zZ—T0
We can use this result applied to the symmetric distribution to obtain a
radial version of this result in the case of symmetric point values. Indeed,
suppose now that feym(zo) = in D'. If U is a harmonic representation of
f. Then Ui(z) = (U(zo + 2z) + U(xp — Z))/2 is a harmonic representation of
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XJZO, hence Uj(z) = v+ o(1) as z approaches 0 from the upper half-plane in
a non-tangential manner. Therefore,

yll,%l+ U(zo +1iy) = yli,%l+ Ui(iy) = .

In particular, if f is a 27-periodic distribution with sines and cosines series
f(x) =ao/2+ 3,7 an cosnx + by sinnz, then

o0
a .
?0 + z:l(an cosnxg + bysinnxg) =y  (A),
n=
where (A) stands for Abel summability [15]. This recovers the main result
from [43].

We say that feym(zo) = vin S if x4, € 8 and (6.2) holds for cach ¢ € S.
It is then obvious that if x4, € &', we have that Jsym(z0) =~ in D’ if and
only if foym(zo) =7 in & .

In the same manner as for distributional point values, we define the order
of symmetric point values.

Definition 6.4. Let f € D'. Suppose that X£O € &’. We say that f has a
(distributional) symmetric point value v at xg in S’ of order n, and write
fsym(z0) = v in 8" with order n, if n is the minimum integer such that there
exists a distribution F such that F(") = f, F(zg + x) + (=1)"F(z¢ — z) is
a locally bounded measurable function of polynomial growth at infinity and
F satisfies (6.3).

We can also describe distributional symmetric point values in terms of de
la Vallée Poussin derivatives [32], [46, Chapter XI]. Given a distribution f
define its jump distribution at x = xg by
flxo+z)— flxg—x
(6.4 vl () = D @02 0)
Then, in the case that n is even in Theorem 6.2, we obtain that xZ (h) =
Yh™/n! + o(h™); but on the other hand when n is odd ¥% (k) = yh"/n! +

o(h™). Let now Fj be an arbitrary n-primitive of f, then we obtain that Fj
is de la Vallée Poussin n-differentiable at x = ¢, that is, either

Xeb(h) = ag + azh® + -+ Ah" [nl + o(h"), ash—0,

for some constants ag, as ..., when n is even, or
I (h) = bih + bsh® + - -+ yh™ /nl + o(h"), ash—0,
for some constants b1, b3 ..., when n is odd.

Our main goal in this section is to formulate and solve the problem of (C)
symmetric summability for tempered distributions. We will do this with the
aid of symmetric point values. Let us first discuss a known case, namely,
Fourier series.
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Example 6.5. Suppose that f is a 2m-periodic distribution with sines and
cosines Fourier series f(z) = ap/2 + Y o (ay cosnx + b, sinnz). Then the
solution to the (C) problem (see the Introduction) can be formulated in
terms of symmetric point values. Indeed, [9, Theorem 6.14.4], [16],

oo
a .
f(z) = ?O + Z:l(an cosnxg + by sinnzg) =v  (C)
n=
if and only if fsym(zo) = v in D’. In [14, 45], using the language of de la
Vallée Poussin derivatives the order of summability is estimated upon knowl-

edge of the order of the point value; the opposite problem was investigated
in [46, Chapter XI, Theorem 2.1} (the original source is [45]).

The natural extension of the Hardy-Littlewood (C) summability problem
is then to characterize symmetric point values of tempered distributions by
summability of the Fourier transform. In order to characterize symmetric
point values in terms of the Fourier transform, we need to choose the correct
notion of summability. It turns out the right notion is that of principal value
distributional evaluations in the (C) sense, which we now proceed to define.

Definition 6.6. Let ¢ € D', ¢ € C®°(R) and § > 0. We say that the
evaluation (g (z),¢ (x)) exists in the p.v. Cesaro sense (at order (), and
write

(6.5) p-v-{g(x),0(x) =7 (Cp),

if for some primitive G of g¢ we have
Jim (G(z) = G(=z)) =~ (C,7).

If (6.5) exits, we also say that the principal value of the evaluation exists in
the (C, 3) sense.

Suppose that g is locally integrable, then we write (6.5) as
o
(6.6) pv. [ g@o@ di=g  (€.0).
—o0

and we say that the principal value of the integral exists. Notice that (6.6)

exactly means
o %
lim gt)et)([1——) dt=~.
z—oo [ €T

I numeri ries, Cn ;O,_OO uen mplex numbers, wi
Fo erical series, let ~ __ be asequence of comple bers, we

say that the principal value of the series exits in the (C, 3) sense and write

(6.7) pv. . o) =7 (C,B),

n=—oo
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if
(o]
co+ Y (eaten)pn)=7 (C,B),
n=1

where in the last equation (C, 3) stands for Cesaro summability but in the
sense of numerical series [15]. Because of the equivalence between Cesaro
means and Riesz typical means [15, 18, 28], it means that

i 3 cuolo) ( —'”')ﬁzv-

P n = )
—x<n<x

thus, (6.7) is equivalent to have (6.5) with g(x) =32 ¢,0(z —n).

n=—oo
We easily obtain a version of Theorem 3.6 for symmetric point values.

Theorem 6.7. Let f € D'. Suppose that there exists an m € N, such that
every m-primitive of Xgo is a locally bounded measurable function for large

arguments and satisfies an estimate O <|x]m_l) , as x — 00. If foym(zo) =
in 8" with order n, then

%p.v. <>2£0(x),1> =7 (C,B),

for any B >k = max{m,n}. When f € §', we obtain
1 . .
- izox\ _
oo pv- (@) e™m) =5 (C.p)
for any B >k = max{m,n}.

Proof. Our hypotheses imply that Xﬁzo € &', thus we can apply Theorem 3.6
to x4,. Since, x4, (0) =~ in & with order n, then

e.v. <)Z£O(x), 1> =2my  (C,B),

for any § > k = max {m,n}, in particular the last relation holds in the p.v.
sense. If we assume that f € &', then

1/ . . o
~f - = 10T —ixox £
(@) = 5 (0 f @) + e (=)
so, if F is first order primitive of /0% f(x), then G(z) = (F(z) — F(—z))/2

is a first order primitive of x;ﬁo (x), and hence

lim (G(x) ~ G(~a)) = lim (F(z) ~ F(~x)) =217 (C.6) .

When f has compact support we obtain the following result.

Corollary 6.8. Let f be a distribution with compact support. Suppose that
fsym(xo) = in 8" with order k. Then for any > k,

1

27TpV/\ f(t)@lxotdt = 'Y (C7IB) 9
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or which is the same

lim S /w 1-— Ld ﬂf(t)emotdt =7
z—o0 2T J_ T '

T

For Fourier series, we obtain the result of A. Zygmund [45] mentioned
in Example 6.5. Obviously, our language differers from that of Zygmund’s
original statement.

Corollary 6.9. Let f be a 2m-periodic distribution, with sines and cosines
Fourier series

fz) = % + Z(an cosnx + by sinnz) .

n=1
Suppose that fsym(zo) = v in 8" with order k > 0. Then for any 3 > k,

o8]
Qa

?0 + Z(an cosnxg + by sinnxg) = (C,B) ,

n=1

or equivalently

B

. ap In| . B

xlirgo o> + E (1 — 3:> (an cosnzg + by, sinnwzg) =y .
O0<n<z

Proof. If k£ > 1, we can assume that ap = 0 and proceed to apply Theorem
6.7. For k = 0, then f is a bounded 27-periodic function which is continuous
at zo, and hence the conclusion follows from the classical result [19, 46]. O

As in the proof of Theorem 6.7, one can apply the result for distributional
point values, Theorem 3.14, to the distribution X;];O to easily obtain the next
bound for the order of summability in the case of the principal value of
Fourier inversion formula for general tempered distributions.

Theorem 6.10. Let f € D'. Suppose that
Xl (@) =O(lz[*)  (C,m), as |z[ — oo
If foym(z0) = in S with order n, then

1

—_— of =

5PV <X$0('r)’1> v (Ck+1),

where k = max {m,n, [n +a+ 3], [m+a+ 3]}. If we assume f € S, then

we obtain
1

%p.v. <f(ac), eix°$> =7 (C,k+1).

Finally, we estimate the order of the symmetric point value in terms of
the order of summability of the principal value Fourier inversion formula.
We need the following lemma.



ORDER OF SUMMABILITY OF THE FOURIER INVERSION FORMULA 25

Lemma 6.11. Let g € D' be an even distribution, that is, g(—zx) = g(x),
then

(6.8) ev. (g(x),1) =~ (C,0)
if and only if

(6.9) p-v-(g(x),1) =7  (C,0B) .
In fact the above relations are equivalent to

(6.10) lim G@) =2 (C.h),

where G is the unique odd first order primitive of g.

Proof. That (6.9) and (6.10) are equivalent is clear. Relation (6.8) obviously
implies (6.9). We now show that (6.10) implies (6.8). Let G be the odd first
order primitive of g, so we have that G(x) = v/2 + o(1) (C,[3) as © — oo,
hence we also have that G(az) = v/2 4+ o(1) (C,3) as x — oo, and thus for
each a > 0

lim (G(ax) — G(—x)) =2 lim (G(ax) + G(x)) =~  (C,[0) .

r—00 Tr—00

O

Therefore, on combining Lemma 6.11 and Theorem 5.2, we immediately
obtain the following result. Notice that, as a corollary, we obtain the classical
result [46, Chapter XI, Theorem 2.1 ] for Fourier series.

Theorem 6.12. Let f € S’. Suppose that

1 . .

- izoT \ _

. p.v.<f(1:),e > v (Ck),

then, foym(zo) = v in &', X£0 is the derivative of order k 4+ 1 of a locally
integrable function and the order of fsym(xo) is less or equal to k + 2.

The solution of the (C) symmetric problem for “trigonometric integrals”
of distributions is summarized in the last theorem of this section, which ex-
tends Hardy and Littlewood characterization [16] of (symmetric) (C) summa-
bility at a point from Fourier series to general tempered distributions.

Theorem 6.13. Let f € D'. Suppose that xi, € S'. Then

1 .
(6.11) 3 PV <x£0, >= 7 (€
if and only if fsym(xo) =7 in D'. If in addition f € S', then (6.11) is the
same as

1

7. -V <f(a:),eixoz> =7 C) .
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7. THE ORDER OF JUMPS AND SYMMETRIC JUMPS

In this last section we study the order of summability in several charac-
terizations the author have obtained for the jump behavior and symmetric
jump behavior of distributions [35, 36, 37, 10]. Let us define these two
concepts.

Definition 7.1. A distribution f € D’ is said to have a distributional jump
behavior (or jump behavior) at © = xo € R if it satisfies the following
distributional asymptotic relation

(7.1) f (w0 +2) = y_H(—) + 7+ H(@) + o(1) .

as € — 07 in D', where H is the Heaviside function, i.e., the characteristic
function of (0, 00), and 4 are constants. The jump (or saltus) of f at x = xg
is defined then as the number [f] _, =4+ —7- .

The meaning of (7.1) is in the weak topology of D', in the sense that for
each ¢ € D,

0 [e%S)
(7.2) lim (f(xo+ex),d(z)) == / ¢(z) dx + W+/ ¢(z)de .
e—0t —o0 0
If f € &, then it is shown in [39] that (7.2) remains true for all ¢ € S'.
Furthermore, from the results of [39], a structural characterization of the
jump behavior of distributions can be given explicitly, that is, a distribution
f € D’ has the jump behavior (7.1) if and only if there exist n € N and a
function F, locally integrable on a neighborhood of zg, such that F(") = f
near xg and
n!F(x)

7.3 lim ————— =4 .
So we can define the order of the jump behavior in S’ of a tempered distri-
bution.

Definition 7.2. Let f € S§’. Suppose that f has jump behavior at xy. The
order of the jump behavior in 8’ is defined as the minimum integer n such
that there exists a locally bounded measurable function F' of polynomial
growth at infinity satisfying F(") = f and (7.3).

Recall the definition of the jump distribution of f at x = xg, it is given
by (6.4).

Definition 7.3. A distribution f € D’ is said to have a distributional sym-
metric jump behavior (or symmetric jump behavior) at x = x¢ € R if the
jump distribution z/)go has jump behavior at 0 . In such a case, we define the

symmetric jump (or saltus) of f at x = z¢ as the number [f] _ = [wio}
x

. We say that f has a jump behavior in &’ with order n if 1/19{0 € S8 and it
has a jump behavior at x = 0 of order n.
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Since the jump distribution is odd, it is easy to see that the jump behavior
of the jump distribution in Definition 7.3 must be of the form

wxo (63?) = [f]x:xo Sgnx + 0(1) as & — 0+ in D/ ’

| =

where sgnz is the signum function, i.e., H(z) — H(—xz) . Notice that a
distribution f has jump behavior (7.1) at x = z¢ if and only if it has sym-
metric point value and symmetric jump behavior at z = zg and fsym(zo) =
(V= +7+)/2 and [fla=zo =74 — 71—

We now add information about the order to the characterization of the
jump behavior given in [35, 36].

Theorem 7.4. Let f € 8" have the distributional jump behavior (7.1) at
x = xo9 of order n. Suppose that there exists an m € N such that every

m-primitive of f is a locally integrable function for large arguments and

m—1

satisfies an estimate O | |x| , as x — oco. Let F be a fist order primitive

of €0 f then if B > k = max {m,n},

[f]

L fim (F(az) = F(=2)) = fam(0) + Lemioga  (0p),

2T z—o0

uniformly for a in compact subsets of (0,00).

Proof. Define the distribution
v=—0_10 + b, -

Then the distribution

W) = (&) = 3lflemo v(z — 20)

satisfies the hypothesis of Theorem 3.6 and h(zg) = fsym(z0) in S’ with
order n. Therefore,

e.v. <iL(ﬂC), eix°m> = 27 fsym(20) (C, ),

whenever § > k = max {m,n}. Observe that

_ 2—2cosx

T F Ly(t — x0); w0} = d(x) =

X

Let G be a first order primitive of e*0%}(z), hence

F(x) =G(z) + [fla=z0 /Ox 1 —tcost "
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satisfies F'(x) = ¢/@0% (). Then, we obtain as  — 0o

F(az) — F(—z) = G(az) — G(—z) + [f]";:% /_W 1 —;:ost &

=27 foym (x0) + [f]mi_xo /aw ! _:OSt dt +o(1)

[/]

= 27 foym(20) + % loga + o(1) (C,B) .

O

We obtain immediately form Theorem 7.4 the corresponding results for
compactly supported distributions and Fourier series. Here we only state the
result for Fourier series and leave the corresponding statement for compactly
supported distributions to the reader.

Corollary 7.5. Let f be a 2mw-periodic distribution, with Fourier series
S>> cne™™. Suppose that f has the distributional jump behavior (7.1)

n=—0oo

at x = xg in S’ with order k > 1. Then for each a > 0 and 3 > k,

Y e = fym(ao) + L1050 (C9)

—x<n<azx 2m
or equivalently
(7.4) lim Z o3 (%) €™ = foym(wo) +

T—00
—r<n<azr

/]

T=x0
| .
omi 8

Moreover, relation (7.4) holds uniformly for a in compact subsets of (0,00).

Using the same procedure as in the proof of Theorem 7.4, we obtain from
Theorem 3.14 and Theorem 5.2.

Theorem 7.6. Let f € 8" have the distributional jump behavior (7.1) at
x = xq of order n. Suppose that

f@)=0(z")  (C,m), as |z| - occ.
Let F be a first order primitive of eixoa”f’(x). Then we have, uniformly for
a in compact subset of (0,00),

L fim (F(az) = F(=2)) = faym(0) + [f];;,mloga (Cok+1),

27T x—00

where k:max{m,n, [n+a+%],[m+a+%]}.

Theorem 7.7. Let f € 8. Let F be a first order primitive of f. Suppose
that for some constants dy and do

L lim (F(ax) — F(—z)) = dy +daloga  (C,k) ,

27 v—o0

for a in a subset of positive measure of the interval (0,00). Then, f has the
distributional jump behavior (7.1) at xg with constants v+ = dy +indsg, f is
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the derivative of order k+ 1 of a locally integrable function and the order of
the jump behavior is less or equal to k + 2.

It is possible to formulate analogous results for the symmetric jump be-
havior in terms of the jump distribution; however, we choose only to do it
for the case of Fourier series.

Theorem 7.8. Let f be a 2mw-distribution with Fourier series

o0
f(z) = % + zjl(an cos nx + by, sinnx) .
n—=
Suppose that f has a symmetric jump behavior at © = xg of order k > 1.
Then for any 3 >k

lim Z (an sinnxg — by, cosnxy) = —[f]m;wo log a (C,0) ,
T—00 7T

z<n<lax

uniformly for a in compact subsets of [1,00).

Proof. The jump distribution has Fourier transform

o0
1/19{0 (£) ==Y (apsinnzy — b, cosnzg) sinnx ,
n=1
it has Fourier transform
oo
7,5};0 (x) = mi Z (an sinnxzg — by, cosnzg) (6 (x —n) — 6 (z +n)) .
n=1

Therefore,
V(zx) =mi Z (an sinnxg — by, cosnxg)
1<n<|z|
is a first order primitive of the 1%0 Since it has a jump behavior at x = 0
with jump [f]z=z,, Theorem 7.4 implies the result. O

Reasoning as in Theorem 7.8, we can prove using Theorem 7.7 the fol-
lowing result.

Theorem 7.9. Let f be a 2mw-distribution with Fourier series

o0
fz) = % + Z(an cosnx + by sinnz) .
n=0
Suppose that
lim Z (an sinnxzg — by cosnzg) = dloga  (C,k) ,
T—00
r<n<lax
for a in a subset of positive measure of the interval [1,00). Then, f has the
distributional symmetric jump behavior at xo with jump [flz=z, = —7d, d)g];O
is the derivative of order k+ 1 of a locally integrable function and the order
of the jump behavior is less or equal to k + 2.
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We may use Theorems 7.8, Theorem 7.9 and Corollary 6.9 to characterize
the distributional jump behavior of a 27-periodic distribution from its sines
and cosines Fourier series and its conjugate series.

Theorem 7.10. Let f be a 2w-distribution with Fourier series

oo
a .
flx) = ?0 + Z(an cos nx + by, sinnx) .
n=0
Then [ has distributional jump behavior at x = xg if and only if there exists
B > 0 such that for some constants di and do

o0
a .
?0 + E (an cosnzgy + b, sinnzg) = d; (C,0) ,
n=0
and
lim g (an sinnxzg — b, cosnzg) = deloga  (C,[)
T—00
rz<n<lax

for a in a subset of positive measure of the interval [1,00). In such case
fsym(x'O) =d; and [f]ac:aco = —mds.

The last results we want to comment are in relation with the classical
formula of F. Lukécs for the jump of a function [22, 24, 25]. Indeed, exactly
the same arguments given in [37] now in combination with the information
about the order from Theorem 7.4, Corollary 7.5 and Theorem 7.6 yield the
following series of results.

Theorem 7.11. Let f € 8" have the distributional jump behavior at © =
of order n. Suppose that there exists a m € N, such that every m-primitive of
f is a locally integrable function for large arguments and satisfies an estimate

0] (|x\m71 , as & — oo. Then for any decomposition f = f_ + f+, where

supp f_ C (—00,0] and supp fi C [0,00), and for any B > max{n,m}, we
have that the following convolutions are locally bounded functions and
+izot } 16} ‘x’ﬁ
(e Ot fL(£t) * t+> (x) ~ £[flo=zy——logz , aszx — oo,
i

in the ordinary sense.

Theorem 7.12. Let f be a 2mw-periodic distribution, with Fourier series
> cne™™. Suppose it has distributional jump behavior at x = x¢ of

n=—0oo

order k > 1. Then for any 8 > k
1 i B T=T
lim D cane™m (1 - E) = =0

z—oo log x W= T 27i
SNST

Theorem 7.13. Let f € S’ have the distributional jump behavior at x = xq
of order n. Suppose that

@) =0(al®)  (Com), as |z] - oc .
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Then for any decomposition f = f, + f+, where supp f, C (—00,0] and
supp f+ C [0,00). We have that the following convolutions are locally
bounded functions and

‘.%"IH_I

(0 Fu(8) 1 871) (2) ~ 2 flomso T logz , a5z — 00,

in the ordinary sense, where k = max {m,n,[n+a+ 3|, [m +a+ 1]}

1

For the case of symmetric jumps of Fourier series we have the following
result.

Theorem 7.14. Let f € 8’ be a 2mw-periodic distribution having the follow-
ing Fourier series

o0
% + Z (an cosnx + by, sinnx)
n=1
If f has a symmetric jump behavior at x = xg of order k > 1, then for any
B>k

o0
. Z . n\ B 1
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