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AN EXTENSION OF SOME PROPERTIES FOR THE FOURIER
TRANSFORM OPERATOR ON LP(R) SPACES

M. GUADALUPE MORALES, JUAN H. ARREDONDO, AND FRANCISCO J. MENDOZA

ABSTRACT. In this paper the Fourier transform is studied using the Henstock—
Kurzweil integral on R. We obtain that the classical Fourier transform F, :
LP(R) —» LI(R), 1/p+1/¢g=1and 1 < p < 2, is represented by the integral
on a subspace of LP(R), which strictly contains L'(R) N LP?(R). Moreover, for
any function f in that subspace, Fp(f) obeys a generalized Riemann—Lebesgue
lemma.

1. INTRODUCTION

If f belongs to the space of real valued Lebesgue integrable functions, L (R), its
classical Fourier transform is defined for every real number s as

Fi(f)(s) := / eI f(t) dt. (1.1)
R

Here the integral is taken in the Lebesgue sense. When f is in L?(R), the Fourier
transform of f is defined by

Folf)(s) := lim [ e " f,(t)dt, (1.2)
n—oo R
where the limit is taken in the topology of the norm on L?(R) and (f,,) is a sequence
in L*(R) N L?(R) obeying || f, — f|l2 — 0, as n — oco.

For any unbounded set X C R, C(X) denotes the complex valued continuous
functions on X vanishing at infinity (see [14]).

In [I8] the Henstock—Kurzweil integral was employed to study the Fourier trans-
form. In [IIl 12] it was proved that makes sense as a Henstock—Kurzweil
integral over BV;(R), and defines a function in Coo (R \ {0}).

In this paper we prove that the Fourier transform operator on LP(R), for 1 <
p < 2, is represented by a Henstock—Kurzweil integral on a subspace of LP(R),
implying an extension of some properties for the operator.
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2. PRELIMINARIES

The characteristic function of a set E will be denoted by xg(z) =1ifx € E
and zero otherwise. The Lebesgue measure of the set E will be denoted by m(E).

Definition 2.1. Let 0 < p < oo and X C R. For any Lebesgue measurable
function f : X — R we define

1/p
1£l = [ /. fl”dm} |

The set of functions f such that ||f|, < oo is a vector space denoted by LP(X).
W, denotes the subspace of functions on which || - ||, vanishes.

For p > 1, || - ||, is a seminorm on £P(X) and induces a norm on the quotient
space LP(X)/W,. This space with induced norm is denoted by L”(X). Similarly,
for p > 1 we define £P(X,C) and LP(X,C) by considering complex valued instead
of real valued functions.

For p=oc and f: X — R, we define || f|lo to be the essential supremum of |f|,
and L£>*(R) is the vector space of all Lebesgue measurable functions f for which
flloe < o0.

Now we will introduce the definition of the Henstock—Kurzweil integral. Let R
be defined as R U {#o00}. For an interval [a,b] C R, a gauge function is a map
7+ [a, 0] = (0, 00).

Definition 2.2. Given a gauge function 7 : [a,b] — (0, 00), one says that a tagged
partition P = {([z;—1, 2], t;); ti € [®i—1, 23]} of [a,b] is y-fine according to the
following cases.
For a € R and b = oc:
(1) a=zp, b=a, =t, = 0.
(2) [xim1, 2] C [t — (i), ti +y(t;)], forall i =1,2,...,n — 1.
For a = —o0 and b € R:
(1) a=z9=1t; = —00, b=x,.
(2) [wi—1, 2] C[ti — (L), t; +~(t;)], for all i =2,... n.
(3) [—OO, (Eﬂ C [—OO, _1/7@1)]
For a = —oco and b = oo
(1) b=z, =t, =00, a=1z9 =1t = —00.
(2) [Ii_l,l‘i] - [tl - ’y(ti),ti + "Y(tz)L for all i = 27 cee,n = 1.
(3) [zn—1,00] C [1/7(tn),00] and [—o0,21] C [—00, —=1/7(t1)].
For a,b € R:
(1) [.’Ez‘,l,l‘i] - [t’b - fY(tl)a t; + 7(%)]7 for all i = 17 27 sy T

Definition 2.3. A function f : [a,b] — R is said to be Henstock-Kurzweil inte-
grable iff there exists A € R such that, for each ¢ > 0, there is a gauge function
Ve : [a,b] = (0,00) such that if P = {([z;—1,%:],¢:); t; € [xi—1, 2]}, is & y.-fine
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partition of [a, b], then

n

Zf(ti)(xi —xi) — A

i=1

<e. (2.1)

The number A is the integral of f over [a,b] and it is denoted by f: f=A
Using the convention 0 - (£o00) = 0, an extra condition for f is that f(£oo) = 0
(see [II).

The space of Henstock—Kurzweil integrable functions defined on an interval I
will be denoted by HA(I). This space is a semi normed space with the Alexiewicz

seminorm, which is defined as
171 :sup{ o o) z}.

The quotient space HIC(I)/W(I) will be denoted by HK(I). Here W(I) is the
subspace of HX(I) for which the Alexiewicz seminorm vanishes (see [2]).

Let I be any interval, then L!(I) C HK(I) and the Lebesgue integral coincides
with the Henstock—Kurzweil integral ([I}[4} [I0]). When necessary we will emphasize
which integral is being used.

A characterization of HIC(R) is given by the following theorem.

Theorem 2.4 (Hake’s Theorem, [1]). Let f : R — R. The following statements
are equivalent:

(1) f € HK(R) has integral A in the sense of Henstock—Kurzweil.
(2) f e HK([a,b]) for every compact interval [a,b] and

Tim /f A= / 7
a——00,b—00

where the integrals are in the sense of Henstock—Kurzweil.

Definition 2.5. Let g be a real valued function over R. It is said that g is a
bounded variation function over [a, ] iff

Var(g, [a,b]) := SlFl)pZ lg(t:) — g(ti—s)| < o0,
i=1

where the supreme is taken over all possible partitions on [a,b]. It is said that g is
a bounded variation function over R iff

Var(g,R):=  lim  Var(g,Is,?])

t—00,5——00

exists in R. We will denote the set of bounded variation functions over an interval
I as BV (I). BVp(R) will denote the bounded variation functions over R having
limits equal to zero at +oo.

We remark that the Multiplier Theorem ([I, Theorem 10.12]) states that f €
HK(I) and g € BV(I) implies fg € HK(I). See also [3].
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Definition 2.6. For given p,q > 0, we define LP(R) + L4(R) as the vector space
of functions f = f, + f4, where f, € LIY(R) and f; € LI(R). Inductively, we can
define the finite sum Y ;- , £Pi(R). Also, £L}(R) + BVy(R) is similarly defined.

Given a Lebesgue measurable function f defined on a measurable set X such
that m(R\ X) = 0, we will denote by the same symbol f the trivial extension of f
to a (measurable) function on R. That is, we extend the function as zero on R\ X.
Furthermore, for a function f € £P(R), or f € LP(R, C) we will denote by the same
symbol f the (unique) element that defines the function in LP(R) or in LP(R,C),
respectively.

In [7, [13] a decomposition of LP(R) is introduced in order to define the Fourier
transform operator on LP(R). Given f in LP(R) with 1 < p < 2, the set E = {x :
|f(z)] > 1} has finite Lebesgue measure and f = f1 + fo2, where fi(z) = fxg(x)
and fo = f — f1. It is easy to see that f; € L*(R)NLP(R) and f» € L?(R) N LP(R).
In fact, by Holder’s inequality we have

1l = / el < mE)V| £, < oo,

where % + % = 1. On the other hand, due to |f(z)| <1 for z € E°,

||f2|\%=/R|fxEc\2g/Ecmuoo.

Therefore, LP(R) = L*(R) N LP(R) + L?(R) N LP(R).
Now we can define the Fourier transform for functions in LP(R), 1 < p < 2, as
a sum of classical Fourier transforms.

Definition 2.7. The Fourier transform for functions in LP(R), 1 < p < 2, is given

as
F,: LP(R) — LY(R,C)

Fp(f) == F1(f1) + Fa(fo),
where © + 2 =1, fi € L'(R) N LP(R), fo € L*(R) N LP(R), and f = fi + fo.

Furthermore, Fi1(f1) and F2(f2) are defined by (1.1) and (1.2). F, is a linear
continuous operator from LP into L9.

(2.2)

Remark 2.8. If f € L'(R) N LP(R), we can take f; = f and fo = 0. Besides, for
f € L?>(R) N LP(R), we can take f; = 0 and fo = f. In those cases the Fourier
transform reduces to 7 and JF3, respectively. The operator F,, defines the classical
Fourier transform on LP(R), by the Stein interpolation theorem ([I4, [I7]).

Remark 2.9. With respect to the above definition, if f = f1 + fo and f = f] + f4
then fi; — fi = f5 — f2 belongs to L'(R) N L?(R). Since F; and F» are injective
linear operators on L!(R) N L?(R), we obtain

Fi(fr) + Falfo) = Fi(f7) + Fa(f2)-
Thus expression is well defined.
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If f € £%(R), then f(z)e %% is not necessarily Lebesgue integrable. However,
for f € BVj(R) the integral in equation (L.1)) is well defined as a Henstock-Kurzweil
integral for s # 0. See [111 [12].

Definition 2.10. The HK Fourier transform exists for every s # 0, and is defined
by

Fuk : LY(R) + BVo(R) = Coo(R \ {0}),
Fux (f)(s) := /Re_mjf(x) dz,

where the integral is a Henstock-Kurzweil integral.

We say “HK Fourier transform” in order to emphasize the use of the Henstock—
Kurzweil integral (see [18]). Moreover, Fuk (f) is pointwise defined and continuous
except possibly at zero, vanishing at infinity (see [12]).

There are functions f € £2(R) N BVy(R) with Fuk (f)(s) not being continuous
at zero; see Example 3(d) in [I8]. On the other hand, for f € HI(R) N BV (R) C
L2(R) N BVy(R), Fux(f)(s) exists on R and is continuous on R\ {0}. As far as we
know, continuity at zero is an open question.

3. HENSTOCK—KURZWEIL FOURIER TRANSFORM AND LP(R) SPACES

In accordance with Definitions [2.7] and there are several spaces where the
Fourier transform can be defined. Theorem [3.3]and Corollary [I] establish relations
between the operators F,, and Fpuk.

We require the following basic result (see [16]), in order to prove Theorem

Lemma 3.1. If 1 < p < o0 and (¢y) is a Cauchy sequence in LP(R), with limit
f, then () has a subsequence which converges pointwise almost everywhere to f.

The following results are new.

Lemma 3.2. For p > 1, LY(R) N LP(R) is a proper subset of LP(R) N (L1(R) +
BYp(R)).

Proof. Tt is easy to see that LP(R)NBVy(R) ¢ L1(R): take for example the function
f(z) =1/z, |x| > 1 and zero otherwise. O

Theorem 3.3. If f € L2(R) N (LY(R) + BVy(R)), then
Fuk(f) € L2(R,C) N Coo(R\ {0}).

Moreowver,

Fo(f)(s) = Fux(f)(s) a.e. (3.1)
Proof. For f € L2(R) N (L (R) + BV,(R)), and for each n € N, let us define the
sequence (py,), where @y, () = fX[—nn)(2). Then @, € L'(R) N L*(R), and

F1(#n)(5) = Frx(pn)(s) = Fa(pn)(s),
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pointwise for every s € R. By the Plancherel theorem, we get that
lim (i (pn) — Fa(Dll2 = 1 [|Falon) = Fa(Dll2 = lim [lgn — fll2 = 0.

Let f = f1 + fo, where f; € LY(R) and fo € BVy(R). Theorem 3.2 in [I1] and
Theorem [2.4] above yield

oo o0

lim Fuk(¢n)(s) = lim e_isxf1X[,n7n] (x)dz + lim e_isxf0X[,n7n] (x) dx
n—oo

n—oo J_ n—oo J_

= Fux(f)(s),

pointwise for every s # 0. An application of Lemma gives equality (3.1). Also
by Theorem 3.2 in [I1], it follows that Fax (f) € L2(R,C) N Cx (R \ {0}). O

According to our notation, the set
LP(R) N (L'(R) + BV (R))
defines a dense subspace of LP(R) which strictly contains LP(R) N L!(R).
Corollary 1. For f € LP(R) N (LY(R) + BVy(R)), 1 < p < 2, the formula

Fo(f)(s) = / %% f(2) da

holds true pointwise a.e., where the integral is a Henstock—Kurzweil integral. Also,
Fp(f)(s) is equal a.e. to a function belonging to Co (R \ {0}).

Proof. Let f € LP(R) N (LY(R) + BVy(R)). Then

f=h+Ff=f+f,
where f1, f] € LY(R), fo € L2(R) and f} € BVp(R). Thus, fo = f| — f1 + f3
belongs to £2(R) N (LY(R) + BVy(R)). So, Theorem [3.3| proves the corollary. [

This result is a generalization of Corollary 31.15 and Theorem 31.20 of [9] in the
case that X = R.

For more properties of the Fourier transform on L? the reader may see [5] [6, [8],
15], among others.

4. THE SPACES HK(R) AND LP(R) + L4(R)

It is easy to see that HIX(R) ¢ L£LY(R) + £*(R). Thus, the Fourier transform
cannot be fixed on HX(R) by means of equation (2.2)). On the other hand, £P(R) ¢
HE(R), for 1 #p >0, so LP(R) + L=°(R) ¢ HI(R). In this section we prove that
HIC(R) is not contained in a finite sum of £Pi(R), 0 < p; < co.

Let A = Y2,(=1)""'a; be a conditionally convergent series, with (a;) a de-
creasing sequence with 0 < a; < 1, for every i € N. We define

H(x) (1)t xe[2a; +2Y, i €N,
) =
0 otherwise.

Theorem 4.1. The function H belongs to (L% (R) NHL(R)) \ BV(R), but not to
LP(R) + L9(R), 0 < p,q < oo.
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Proof. First we prove that H € HK(R). For ¢ € (4,00), there exists a k € N such
that ¢ € (2%, ar + 2%) or ¢ € [ar_1 + 2871, 2F]. If ¢ € (2%, ap + 2F),

c ak,1+2k71 c
/ H(z)dx = / H(z)dx+ | H(x)dz.
0 0

2k

For ¢ € [ax_1 + 2871, 2F],

c aj—1+2871
/ H(z)dx = / H(z)dx.
0 0

Without loss of generality let us assume that ¢ € [ay_1 + 2F~1, 2¥]. Therefore,

c ak_1+2k 1 a; +2 k—1 )
/ H(x)dz = / z)dr = Z/ )l de = Z(fl)zflai < 0.
0 0 =1
Hence, H € HK([0,]) for each ¢ > 0 and
li H =1 i =AeR.
im Ydx = LIEOZ a; €

c—00 0

Therefore, Theorem [2.4] implies that H belongs to HX(R) with integral A.
Let us see that H ¢ BV(R). Take zp < z1 < -+ < x, as a finite collection with
€[24,at+2,i=1,...,k and 29 = 0.

k k
D H(w) = H(zip)| = 1+ Y [H(wi) — H(wiga))|
1=0 =1
k
-1+ 22 =1+ 2k.
=1

Therefore, Var(H, [0, a;, + 2¥]) > 1+ 2k, and H ¢ BV (R).

Suppose H = f, + f4, where f, € LP(R) and f, € L1(R). We denote Ey: = {z €
(26,20 +1] : |f,] > 1/2} and A; = [2%, a; + 2].

Observe that

/|mwm:/|ﬂ—mwm
0 0

oo

>

/ (H — f,17 dm.
0 (EZi ﬁAI)U(E;l NA;)

1=

Since f, € LP(R),

o0 oo
o> [Cipam=>" [ JH- glrdm
0 i—o JELnA;

=1
> 2 2—pm(EQi NA;).
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On the other hand,

By (@) and @3,
oo>Zm[(EciﬂA) (Eqi N Ay)] Zm Zai.
=0

i=0

This is a contradiction, since this series does not converge absolutely. Therefore,
KR) ¢ LP(R) + L1(R). O

Corollary 2. HK(R) ¢ Uy <00 (LP(R) + LI(R)).

It is well known that £1(R) is not contained in £>°(R), so neither is HX(R) in
L>(R). In fact, for ¢ = oo we have the following result.

Proposition 1. HK(R) ¢ LP(R) + L=(R), for 0 <p < 1.

Proof. Let Y2, 7 (s > 1) be a convergent series with limit A. We choose a
sequence c¢; = 0, cg = ﬁ and ¢ = cp_1 + ﬁ7 k > 2. Now let us define the
function

h(z) = (-D)*k" ifz e ['ck_l,ck), k>2,
0 otherwise.
Note that
> : 1 = kir—s
[p= i 3o,

implying that h € HIC(R) for r < s, because of Leibniz’s criterion. Moreover, h is
not in LP(R) iff ﬂ <r. In fact,

/ [hP = lim Z/ AP = lim Z Sk = 0o
_ Ch—1 n—oo

for —1 < rp — s. Note that for 0 < p < 1,

-1
1< + s

1
<s, whenl+4+p<s<-——:.
L=p

Given p > 0, we choose s € (14 p,1/(1 — p)), and then we fix r = (=1 + s)/p.

Therefore, h ¢ LP(R). For these values of r and s, we show that the function h is

not equal to f, + foo, for any f, € LP(R) and foo € L>(R). If it were, note that
hljo,1 ¢ £7([0,1]).

For = (h = fp)ljo.1] = fool[o,1]; then g € LP([0,1]), yielding Al 1) = g + fp
([ 1]), which is a contradlctlon
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Note that the function hljo1; above is not in £([0,1]) € £P([0, 1]).

Corollary 3. HK(R) ¢ > | LPi(R), for 0 <p; <oco,i=1,...,nand n € N.

Proof. Observe that £Pi(R) C L£>(R) + LP(R), where p = min(p;). For any
bounded interval I and p > 1 we have

HK(I) ¢ LP(I) + L(1) = L7(]) € L(D),

so that HIC(R) ¢ LP(R)+L>(R). For 0 < p < 1 the result follows by Proposition|[i]
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