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Maximal operators on variable Lebesgue and Hardy spaces and
applications in Fourier analysis

Ferenc Weisz“

Abstract

We summarize some results about the variable Lebesgue, Hardy and Hardy-Lorentz spaces L (X),
Hpy(X) and Hp()4(X), where X =T or X =R or X =[0, 1). Besides the usual Hardy-Littlewood and
Doob maximal functions, we introduce new dyadic maximal functions and show that they are bounded
on L,y(X) provided that 1 < p_ < co. We present the atomic decompositions of the spaces Hp(.)(X)
and Hp.) 4(X). As application in Fourier analysis, we consider the Fejér, Cesaro and Riesz summability
of trigonometric and Walsh-Fourier series and Fourier transforms. Under some conditions, we prove
that the maximal operators of the corresponding means are bounded from H, p(.)(X) to Lp(.)(X) and from
Hp(,4(X) to Ly ¢(X). This implies some norm and almost everywhere convergence results of the Fejér,
Cesaro and Riesz means.

1 Introduction

In this survey paper we summarize some results about variable Lebesgue, Hardy and Hardy-Lorentz spaces and about the
summability of trigonometric and Walsh-Fourier series and Fourier transforms. Let p(-) : R — (0, 00] be a measurable function
satisfying the globally log-Holder condition. We will consider the variable Lebesgue space L,,(X) with X =[0,1), X=T or X =R.
It generalizes the classical Lebesgue space: when p(-) = p is a constant, then L,,(X) = L,(X). Interest in the variable Lebesgue
spaces has increased since the 1990s because of their use in a variety of applications, such as in fluid dynamics, image processing,
partial differential equations, variational calculus and harmonic analysis (see e.g. [1, 2, 6, 9, 13, 29, 31, 43, 57, 73, 90]).

We also introduce the variable martingale or (tempered) distribution Hardy and Hardy-Lorentz spaces H,,(X) and H,, ,(X).
These spaces are investigated very intensively in the literature nowadays (see e.g. Cruz-Uribe and Fiorenza [10], Diening at al.
[12], Kempka and VybAral [37], Kokilashvili et al. [38, 39], Nakai and Sawano [49, 58], Jiao at al. [32, 36], Yan at al. [89] and
Liu at al. [45, 44]).

We introduce the usual Hardy-Littlewood maximal operator and its dyadic version, the Doob’s maximal operator. It is known
that under the log-Holder continuity of the variable exponent p(-), these operators are bounded on L,,(X) if 1 < p_ < 0o, where
p_ denotes the infimum of p(-) while p, the supremum of p(-) and X =R, or X =T or X = [0, 1). We generalize the dyadic

maximal Operator by
[

n m ) m o 1
M. = 2(—n)y 2(—1s
CIOEE DI DI

m=0 j=0

where I is a dyadic interval with length 27", v,s are positive constants and
Pti=14[0,27)4277L

Here + denotes the dyadic addition. M,  contains the Doob’s maximal operator as special case. We prove that this maximal
operator is also bounded on L,,[0, 1) under the sufficient and necessary condition

1<p_<p, <00, i—i<}f+s.
p— P+
Weak type inequalities are also given for p_ = 1. The aim of these new maximal operators is to be able to prove the summability
results in the last section.
We study the Hardy and Hardy-Lorentz spaces H,,[0, 1) and H,,,[0, 1) containing martingales, the H,,(T) and H,. ,(T)
spaces containing distributions as well as the H,(,(R) and H,,,, ,(R) spaces containing tempered distributions. We present the
atomic decomposition of these spaces which is used several times in the proofs of the results of the last two sections. Some
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equivalent characterizations of these spaces are given. Amongst others, we obtain that the operator M, ; generates equivalent
norms on H,,[0,1) and H,,,[0, 1).

In the last two sections, we study some applications in Fourier analysis. We investigate the convergence of partial sums and
some summability means of trigonometric and Walsh-Fourier series and Fourier transforms. It is known (see Lebesgue [42] and

also Fejér [16]) that the Fejér means
n k R
o)=Y} (1- ) fgerse

k=—n n
of the trigonometric Fourier series converge almost everywhere to f, whenever f € L,(T) for some 1 < p < 0o. The corresponding
result holds for the Fourier transforms, too (see e.g. Stein, Taibleson and Weiss [70]). Fine [17] proved the analogous almost
everywhere convergence of the Fejér means for Walsh-Fourier series. Later Schipp [59] obtained the same result by proving
the weak type inequality of the maximal operator o, of the Fejér means. Next Fujii [ 18] showed that o, is bounded from the
dyadic Hardy space H,[0,1) to L;[0, 1) (see also Schipp and Simon [61]). Moreover, the maximal operator o, of the Fejér means
is bounded from the Hardy space H,(R) to L,(R) and from H,(T) to L,(T) if 1/2 < p < oo (see Grafakos [27] and Lu [46]
or Weisz [81, 87]). Later the author ([77, 79]) proved that o, is bounded from H,[0,1) to L,[0,1) for 1/2 < p < co. Similar
summability results for Vilenkin and Walsh-Kaczmarz systems were proved in Gat [19, 20, 21, 22, 24, 23], Goginava [25, 26],
Persson and Tephnadze [52, 53, 54, 55] and Simon [64, 65, 66, 67].
In this paper, we will generalize these results to variable Hardy and Hardy-Lorentz spaces. We consider two generalizations
of the Fejér summability, the Cesaro and the Riesz means,

n

ol f(x):= ) A Flio)ermkx
and .
o f )= k:z_:n(ny — kI F)e ™,
where

A% =

n

(neN).

n+a) (a+1)(a+2)---(a+n)
( n ) - n!

We state that the maximal operator 0% (0 < a < 1) of the Cesaro or Riesz means of the trigonometric Fourier series or Fourier
transforms is bounded from H,,(X) to L,,(X) and from H,, ,(X) to L, ,(X), where X =T or X =R and

<p_< < OQ.
ot P P+

It is a very surprising result, that this result do not hold for Walsh-Fourier series, though the results are usually very similar for
the trigonometric and Walsh-Fourier series. However, if we suppose in addition that

1 1

- <1,
pP- P+

then the corresponding theorem already holds for Walsh-Fourier series, i.e., o is bounded from H,,[0,1) to L,,[0,1) and from

H,(y,[0,1) to L, ,[0,1). Both conditions are sufficient and necessary. These results imply some norm and almost everywhere

convergence results of the Cesaro and Riesz means. This paper contains the results of my talk given at the conference Functional

Analysis, Approximation Theory and Numerical Analysis, Matera, Italy, 2022.

2 Variable Lebesgue spaces

In this section, we recall some basic notations on variable Lebesgue spaces and give some elementary and necessary facts about
these spaces. Our main references are the books Cruz-Uribe and Fiorenza [10] and Diening et al. [12].

In this paper we consider the measure space (X, 1), where X =R or X =T or X =[0, 1) and A is the Lebesgue measure. For
a constant p, the L,(X) space is equipped with the quasi-norm

1/p
1f 1l 0 = (f FGOP dx) (0<p <o),

with the usual modification for p = oo.
We generalize these spaces as follows. A measurable function p(-) : X — (0, oo] is called a variable exponent. For a
measurable set A C X, we denote

p_(A) :=essinfp(x), p,(A):=esssupp(x)
x€A X€A

and for convenience
p_:=p_(X), py:=p.(X).

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘Q\,\ Weisz 120

Denote by P(X) the collection of all variable exponents p(-) such that
0<p_<p,< oo

To introduce the variable Lebesgue spaces let
px(f) :=J I COPOdox +[1f Iy 0,5
x\%,

where Q% = {x € X: p(x) = co}. The variable Lebesgue space L,(X) is the collection of all measurable functions f for which
there exists v > 0 such that

px (f/v) < oo.
The space L,,(X) is equipped with the quasi-norm

1 11,0 == inf(v> 02 px(f /) < 1},

It is easy to see that if p(-) = p is a constant, then we get back the definition of the usual L,(X) spaces. For any f € L,,(X), we
have py(f) <1 if and only if ||f||Lp(_)(X) < 1. It is known that ||vf||Lp(_)(X) = |v|||f||Lp(_)(X) and

1 Pll00 = 17, ooy
where p(-) € P(X), s €(0,00), ve€ Cand f € L,)(X). Details can be found in the monographs Cruz-Uribe and Fiorenza [10]
and Diening et al. [12]. The variable exponent p’(-) is defined pointwise by
L1
p(x)  p'(x)
The next result is well known, see Cruz-Uribe and Fiorenza [10] or Diening et al. [12].

Theorem 2.1. Let p(-) € P(X) with 1 <p_<p, < 00. Forall f € L,,(X) and g € L,,(X),

1, xeX

f £ 81dA S I1f Il 0 g s 0
X

Jfgdl‘,

In this paper the constants C are absolute constants and the constants C,., are depending only on p(-) and may denote
different constants in different contexts. For two positive numbers A and B, we use also the notation A < B, which means that
there exists a constant C or Cp, such that A< C,,B.

Usually, the proofs of the generalizations for the variable Lebesgue spaces are much more complicated than those of the
original theorems. However, not all theorems can be generalized. For example, the translation operator T, f(-) := f(-—x)
is trivially bounded on the L,(X) spaces, but not on L,,(X). More exactly, T, is bounded on L,.,(X) if and only if p(-) = p
almost everywhere. Moreover, the well known theorem about the boundedness of the Hardy-Littlewood maximal operator on
L,(X) (1 < p < 00) (see Theorem 3.1) cannot be generalized to variable Lebesgue spaces without additional conditions (see e.g.
Cruz-Uribe and Fiorenza [10]). To be able to generalize this theorem, we introduce the following condition.

Moreover;

IIf ”Lp(_)(X) ~ sup
\IgllLP,(,)(x)Sl

where ~ denotes the equivalence of the numbers.

We denote by C'°¢(X) the set of all variable exponents p(-) satisfying the so-called globally log-Holder continuous condition,
namely, there exist two positive constants C,,(p) and Co,, and p, € R such that, for any x,y € X,

Clog(p)
[p)—py)I < Togle + 1/lx—yD) @
and
|P(x)—Poo|Sm~ 2)

The globally log-Hélder continuous condition is a commonly used condition in the literature. Of course, for X =T and X = [0, 1),
we can omit (2). There are a lot of functions satisfying the globally log-Holder continuous condition. For example, it is easy to
see that a Lipschitz function of order a (0 < a < 1) satisfies (1).

Under the condition 0 < p_ < p, < 00, we know that p(-) € C°¢(X) if and only if 1/p(-) € C'°¢(X). Usually, it is not easy
to compute the variable Lebesgue norm of a function, even for characteristic functions. The following theorem was proved in
Cruze-Uribe and Fiorenza [10] and Diening et al. [12, Corollary 4.5.9] (see also Hao and Jiao [28]).
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Theorem 2.2. Let 1/p(-) € C°¥(X), I C X be an arbitrary interval and x € I. Then there exists a constant 0 < 3 < 1 such that

A(I)l/PJrU)—l/P—U) < l 3

B
Moreover,
AP if A1) < 2;
oz x "~ 1/poo
P0) A ifAI) =1,
where y, denotes the characteristic function of I.

For probability spaces, there is no topology usually. So for general martingale Hardy spaces, we assume that every o -algebra is
generated by finitely many atoms. Moreover, instead of the log-Hélder continuity condition, we supposed in [28, 32, 35, 72, 86]
the slightly more general condition (3) for all atoms of the o -algebras.

The variable Lorentz spaces were introduced and investigated by Kempka and VybAral [37]. L
space of all measurable functions f such that

%) dp 1/q
q : .
(j p? HX{xe[o,l); \f(x)|>p)”Lp(_)(X) ?) , if0<g<oo;
0

SUP P || X (xefo,1): , ifg=o0
pe(0,00) || {xel )If(X)\>p}”LP(,)(x)

»(9,¢(X) is defined to be the

IIf ”LP(,)’q(X) =

is finite. If p(-) is a constant, we get back the classical Lorentz spaces (see Bergh and Lofstrom [4]).

3 Maximal operators

In this section, we will investigate the usual Hardy-Littlewood maximal functions for X =R or X = T and a generalization of the
dyadic maximal function for X = [0, 1) and prove their boundedness on variable Lebesgue spaces.

3.1 Hardy-Littlewood maximal functions

Let X =R or X = T. One of the most important operators of harmonic analysis is the Hardy-Littlewood maximal operator M.
Given a locally integrable function f, M is defined by

M(f)(x) = sup ﬁ

Jf(y)dy‘ (x €X),

where the supremum is taken over all intervals I of X containing x. It is well known that M is bounded on L,(X) if 1 <p < 00
and is of weak type (1,1) (see e.g. Stein [69]).

Theorem 3.1. Let X=Ror X=T. If f € L,(X) with 1 < p < 00, then

M), 60 S 1F 1L, o @

If1<p < oo, then
sup p A({x €X: M(F)(x)> pNYP S Uf Iz, 0o (5)

p<(0,00)
The expression of the left hand side of (5) is called the weak L,(X)-norm. Obviously, the weak L,(X)-norm is smaller than
the L,(X)-norm, so (5) follows from (4) if 1 < p < oco.
For the next theorem, the globally log-Holder continuity condition is sufficient, not necessary, but in some sense it is the best
possible condition (see e.g. Cruz-Uribe and Fiorenza [10] and Diening et al. [12]).

Theorem 3.2. Suppose that X=Ror X=T, 1/p(-) € C*¥(X) and f € L,X). If 1 <p_ < o0, then
MO ) S 1l 0 ©

If p_=1, then
<
p:(l;,go)P Hx{xeX:M(f)(x)>p}”Lp(_)(x) S M 0- @

If p(-) is a constant, (6) and (7) give back (4) and (5), respectively. Another result which cannot be generalized to variable
spaces even if we suppose the globally log-Holder continuity condition, is the following modular inequality which is similar to (6)
(see e.g. Cruz-Uribe and Fiorenza [10]):

f M(f)(x)P™ dx SJ If ()P dx
X X

holds if and only if p(-) = p almost everywhere and 1 < p < oco.
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3.2 Dyadic maximal functions

Let X = [0,1). By a dyadic interval we mean one of the form [k27", (k + 1)27") for some k,n € N, 0 < k < 2". For a fixed
x €[0,1) and n € N, let us denote the unique dyadic interval [k27", (k + 1)27") which contains x by I,,(x). We will define the
dyadic maximal operator not only for integrable functions but also for martingales.
Let F,, be the o-algebra
F,=0cf{[k27",(k+1)27") :0< k< 2"},

where o () denotes the o-algebra generated by an arbitrary set system . The conditional expectation operators relative to F,
are denoted by E,,. It is easy to see that for an integrable function f,
E,(f)(x)= fda

In(x)

(x €[0,1)).

N
AT, (x))

A sequence of integrable functions f = (f,),ey is called a martingale with respect to (F;,),ey if
@i f, is F, measurable
(i) E,(fy41) = f, for every n € N.

Martingales with respect to (F, ),y are called dyadic martingales.
For a dyadic martingale f = (f,,) ey, the Doob maximal function is defined by

M(f):= sup | fal -

The maximal operator can also be written in the form

M(f)(x) :=sup (x €[0,1)).

1
G|,

In(x)

If f € L,[0,1), then we can replace f,, by f in the integral. Then Theorems 3.1 and 3.2 hold for the dyadic maximal operator M,
too. For general martingales, Theorem 3.2 was proved in Jiao et al. [34, 32] for 1 < p_ < oo and in [86] for 1 < p_ < co.
In [85], we generalized the dyadic maximal operator as follows. Every point x € [0, 1) can be written in the following way:

oo
X = Xk
- 2k+1
k=0

(0<x, <2, x, €N).

If there are two different forms, choose the one for which lim,_, ., x, = 0. The so called dyadic addition is defined by

oo
. b4
x+y=kZ:2kil, where g, := x; + y, mod 2, (k € N).
=0
For a dyadic interval I with length 27", i, j,n € N, let us use the notation
Pt=140,27)4277"

Parallel, we denote I,,(x )" := (I,(x))"". Let y and s be two positive constants. For a martingale f = (f,), let

f fadA
L)

Of course, if f € L,[0,1), then we can write in the definition f instead of f,. Let us define I, , := [k27",(k + 1)27"), where
0 <k < 2", n €N. The definition of M, ;(f) can be rewritten to
J fadA
W

In the first special case, if j =i =n =m, then I, (x)™" =I,(x) (n € N) and so we get back the dyadic maximal operator:

J fadA
Iy

fndA

In(x)

m

- N j—n j—i)s 1
M, (f)(x) = T;NPZZZU )YZZ(J )W

m=0 j=0 i=j

2"—1 n

N j—n N j—1)s 1
M, (f)= igg ; X ZZZ(J )YZZ(J ) m

m=0 j=0 i=j

>

where [ ,i; =(I k’n)”. Now we point out four special cases of this operator.

& o 1
M, (f)(x) = sup e

_ 1
TSP (0)
= M(f)(x).
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If j =i =m, we have

(z) — (m—n) —1
M2(f)(x) == ilgngZ Y)L(In(x)m’m)

J fadA
I (x)mm

£,dA].

(m—n)
- S‘”’Zz $ronesy

nEN

I (x)

Here I,(x)™™ = I,(x)+[0,27™)4+27™" = x+[0,27™) = I,,(x). It is easy to see that
M(f) =MD (f) < ME(f) < CM(f)

and so Theorem 3.2 holds also for these two operators.
If m=nand i = n, we get that

1

MO(F)(x) := sup > | 20-1+) _
Of)x) NpZO ACD)

J f,dAl.
LGy

Note that I,(x)"" =1 (x)+[0,27)+277 = (x)+277L.
If m = n, we obtain the last special case,

M (f)(x) = supZ 2U-mr Z oli=)s

i=j

J fdAl.
I ()it

The maximal operators MSS)( f) and Mﬁi) (f) as well as M, (f) cannot be estimated by M(f) from above pointwise. In [32], we

investigated the operators M;‘? and Mﬁ‘?. Their boundedness on L,,[0, 1) was the key point in the proof of boundedness and
convergence results for the Fejér means of the Walsh-Fourier series.

_r
AL, (V)

It is easy to see that

M <MIH <M, () (G=1,....4.
In [85], we generalized (6) and proved the next theorem.

Theorem 3.3. Suppose that 1/p(-) € C'*¥[0,1), 0 < y,s < 00, f € L,,[0,1) and
1 1
— — = <7y+s. ®)

If1<p_<p, <009, then
13, oy S 1F iy t0.0-

If p_=1, then
<
p:(ggo o ”X{xe[o DI MR IF 11z, 0y00,0)-
Inequality (8) and Theorem 3.3 hold if p_ > max(1/(y +s),1). If p_ < 1/(y +s), then (8) is equivalent to
D_
<——.
Pr=7T (r +s)p_

In special cases, we proved in [32, 85] that condition (8) is important, the results are not true without this condition.

4 Variable Hardy and Hardy-Lorentz spaces

In this section, we introduce three types of Hardy spaces with variable exponents, the martingale Hardy space H,,[0, 1), the
space H,,(T) containing distributions and the space H,.)(R) containing tempered distributions.

4.1 Hardy and Hardy-Lorentz spaces H,,[0,1) and H,.) ,[0, 1)

These spaces contain the following dyadic martingales. For p(-) € P[0,1) and 0 < g < oo, we define the variable martingale
Hardy and Hardy-Lorentz spaces by

Hyl0,1) = {f = e 1 iy o) = M (O oy < 00

and

p()q[o 1) = {f = (fidnen : If Ml [0,1) ‘= ”M(f)”Lp(.),q[O,l) < OO},

p()q
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respectively. Let us denote by #,, - [0, 1) the closure of the dyadic step functions in H,.) o,[0, 1). These spaces can also be
defined via equivalent norms. For a martingale f = (f,)ns0, let

dnf:fn_fnfl (TIZO)

denote the martingale differences, where f_; := 0. The square function and the conditional square function of f are defined by

) 1/2 ()
S(f)=(2|dnf|2) , S(f)=(Idof|2+ZEnldn+1f|2)

We have shown the following theorem in [32].

Theorem 4.1. Let p(-) € C'*¥[0,1), 0 < p_ < p, < 00 and 0 < q < co. Then f € H,,[0,1) if and only if S(f) € L,,[0,1)
or s(f) € L,,[0,1). Moreover, f € H,,,[0,1) if and only if S(f) € L,y4[0,1) or s(f) € L,4[0,1). We have the following
equivalences of norms:

1/2

||f||1-1p(,)[0,1) ~ ”S(f)”Lp(_)[o,l) ~ ||5(f)||Lp(_)[0,1)
and

”f”Hp(_),q[O,l) ~ ||S(f)||Lp(_),q[o,1) ~ ||S(f)||Lp(_),q[o,1)~

If in addition 1 < p_ < p, < o0, then the Hardy spaces are equivalent to the Lebesgue spaces and the Hardy-Lorentz
spaces to the Lorentz spaces (see Theorem 4.4). The next result shows that the maximal functions M, ;(f) generate equivalent
characterizations for the variable Hardy and Hardy-Lorentz spaces.

Theorem 4.2. Let p(+) € C'°%[0,1), 0< 7,5 <00, 0 < p_ < p, < 00 and 0 < q < 00. If (8) holds, then

1l o) < UM G o S 1f oy (F € Hyo[0,1))

and
UF Ml oy < UMy tomy S If o (F € Hygy[0,1)).

4.2 Hardy and Hardy-Lorentz spaces H,,(T) and H,, ,(T)
Denote by S(R?) the set of all Schwartz functions, by S’(R) the set of all tempered distributions and by D(T) the set of all
distributions. For a distribution f € D(T), the nth Fourier coefficient is defined by

f(n) = f(e,), where e, (x) := e72mx ()]

and n€Z,x € T,1 = v—1. In special case, if f € L,(T), then

fn)= f F()e 2™ dx  (nez).
T

For f € D(T), R
f=> F(me, inD(T)

neN

and f(n) = 0(|n|*), where k € N is the order of f (see Edwards [14, p. 68]). Conversely, if ¢, = O(|n|), then

f=Y.ce, inD(T).

neN

We define the convolution of f € D(T) and v € L;(R) by

frpi= Y fn)ylne,  inD(T),

neN

where l//}\ denotes the Fourier transform of ¢ € L;(R),

Px) = f P(e 2™ dt  (x €R).
R

The Fourier transform can be extended to all tempered distributions in the usual way. For t € (0,00) and £ € T, let
1. (¢
(=79 (3)-
For f € D(T) and v € L,(R), we have
fxpe= D Flylen)e,  in D(T). (10)

neN
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The convergence in (10) does exist because ﬂ)\ € Lo (R). Moreover, if ¢ € S(R), then (10) converges absolutely in each point as
well. It is easy to see that

f*wt(X)Zf fx—u)p(u)du an

for f € L1(T) and ¢ € L;(R).
Fix ¢ € S(R) such that fR YP(x)dx # 0. We define the radial maximal function and the non-tangential maximal function of
the distribution f € D(R") associated to vy by

Yi(f)x) = SE})lp )If * ()] 12)

and

Yo ()= sup |f =9, (¥)l, (13)

te(0,00),|y—x|<t
respectively. For N € N, let
Fn(R) := {1/; €S(R): sup (L+[xPV*0Fyp(x)| < 1},
x€R,|[|Bll1 <N
where ||B|l; = B, + -+ B4. For any N € N, the radial grand maximal function and the non-tangential grand maximal function of
f € D(R) are defined by
fi(x):= sup sup )If #1 (¥l 14

YeFy(R) te(0,00
and

fo(x):= sup sup |f x4 (¥l (15)

YPeFy(R) te(0,00),ly—x|<t
respectively. Let p(-) € P(X) and 0 < g < 00. We introduce the number d,,., :=|d(1/p_ —1)] and fix a positive integer N > d,,.),
where | x | denotes the integer part of x € R. The variable Hardy and Hardy-Lorentz spaces H,.,(T) and H,,) ,(T) are defined to
be the sets of all f € D(R) such that f> € L,,(T) and f € L, ,(T) equipped with the quasi-norms

— * . *
”f”Hp(,)(T) = ||fv ||LP(')(T) and ”f”Hp(,)’q('JI) = ”fv ”LP(,M(T)’

respectively. Let us denote by H, - (T) the closure of the step functions in H,) o, (T). We will see in Theorem 4.3 that the
Hardy spaces are independent of N, more exactly, different integers N give the same space with equivalent norms.

4.3 Hardy and Hardy-Lorentz spaces H,,(R) and H, . ,(R)

Note that the convolution of f € L,(R) and v € L;(R) (1 < p < 00) can be defined similarly to (11). This definition can be
extended to all tempered distributions f € S’(R) and vy € S(R) by

(f=)():=f (Y =h)  (heSR)),

where 'LL(X) :=1(—x) (x € R). The convolution is well defined because 'LL +h € S(R). Indeed, we know that 1[) xh= ;p:f € S(R).
This means that the formulas in (12), (13), (14) and (15) are well defined for tempered distributions, too. A tempered distribution

f is in the spaces H,,(R) and H,,,(R) if

”f”Hp(,)(]R) = va*”Lp(_)(R) and ”fHHp(_)’q(]R) = ||fv*||Lp(_)’q(R)7
respectively. We denote again by (., - (R) the closure of the step functions in H, o (R). As we mentioned above, for different
N’s, we get the same space with equivalent norms.
Theorem 4.3. Let X =T or X =R and p(-) € C'*%¢(X), 0 < p_ < p, < 00 and 0 < q < 0o. Fix ) € S(R) such that wa(x)dx #0
and fix a positive integer N > d,,. Then f € H,(y(X) if and only if f € L,,(X) or ¥ (f) € L,,(X) or Y (f) € L,,(X). Moreover,
f €Hpy (X)ifand only if £ € Ly o(X) or Y3 (f) € Ly o(X) or Y2 (f) € Ly 4(X). We have the following equivalences of norms:

1 ey ~ 1 T ~ 0% CF M 0 ~ 15 ()l 0

and

”f”Hp(A))q(X) ~ ||fj||Lp(,)’q(x) ~ ”w:(f)”LP(A))q(X) ~ ||¢§(f)||LP(,))q(x)~

If 1 < p_ < 00, then the Hardy and Hardy-Lorentz spaces are equivalent to the Lebesgue and Lorentz spaces, respectively.

Theorem 4.4. Let X=Tor X=Ror X=[0,1). If 1/p(-) € C*8(X), 1 < p_ < 00 and 0 < q < 00, then
Hyy(X) ~ Lpy(X),  Hpq(X) ~ Ly o(X).

If p(-) is a constant, then we get back the classical Hardy spaces H,[0, 1) and H,(R) investigated in Fefferman, Stein and
Weiss [15, 71, 69], Lu [46], Uchiyama [75] and Weisz [76, 81]. For variable martingale and distribution Hardy spaces see the
references Nakai and Sawano [49, 58], Yan et al. [89], Liu et al. [45, 44] and Jiao et al. [36, 32].
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5 Atomic decomposition of the Hardy spaces H,(X)

From what follows let X =T or X =R or X = [0, 1). The atomic decomposition is a useful characterization of the Hardy spaces
by the help of which some boundedness results, duality theorems, inequalities and interpolation results can be proved. The
atomic decomposition of Hardy spaces with constant p was proved e.g. in Latter [41], Lu [46], Stein [69] and Weisz [81]. In this
section we suppose that p is a constant.

Definition 5.1. A measurable function a is called a H,(X)-atom if there exists an interval I C X such that

(i) suppacl,
() Nlally,,e < A7,
(iii) a(x)x*dx =0 for all integer a with0 < a <1/p—1.

X
If X =[0, 1), then by an interval we mean a dyadic interval and we may suppose in (iii) that a = 0.

Every function from the Hardy space H,(X) (0 < p < 1) can be decomposed into the sum of H,(X)-atoms.

Theorem 5.1. Let 0<p <1land X=Tor X=Ror X=[0,1). Then f is in H,(X) if and only if there exist a sequence {a}sex of
H,(X)-atoms and a sequence {A; }xey of positive numbers such that

f=2 ay. (16)
keN
Moreover,
1/p
”f”HP(X) ~ inf(z Ai) s a7
keN

where the infimum is taken over all decompositions of f as above.

In (16), we mean the convergence in the sense of distributions, or tempered distributions or martingales if X =T or X =R
or X =[0, 1), respectively. Note that the Hardy space H,(T) contains distributions, H,(R) contains tempered distributions and
H,[0,1) contains martingales.

The theorem is not true for 1 < p < oo and it cannot be extended to variable Hardy spaces in the present form. However,
using the following ideas, we will be able to extend the atomic decomposition to all 0 < p < oo and to variable Hardy spaces as
well as to Hardy-Lorentz spaces in the next section. First of all, observe that (ii) of Definition 5.1 is the same as

lall,co <A™ =zl

1/
e ||X1k||LP(x)

where I} is the support of the p-atom a;.. Writing L,,(X) instead of L,(X), we can generalize this form of the atomic decomposition
to variable Hardy spaces.

Secondly, for 0 < p <1, (17) can be written as

1/p
||f||Hp(X)~inf(Z/vk’) = inf

keN

> (18)

1,(0)

6 Atomic decomposition of the variable Hardy and Hardy-Lorentz spaces
The atomic decomposition of variable Hardy and Hardy-Lorentz spaces were studied in Nakai and Sawano [49, 58], Yan et al.
[89], Liu et al. [45, 44], Jiao et al. [36, 32] and Weisz [84].
Definition 6.1. A measurable function a is called a H,.,(X)-atom if there exists an interval I C X such that
(i) suppacl,
() Ml oo < Nl o

(iif) f a(x)x*dx =0 for all integer a with0 < a < 1/p_—1.
X

If X =[0,1), then I is a dyadic interval and we suppose in (iii) that @ = 0.
Theorem 6.1. Let X="T or X=R or X=[0,1) and p(-) € C'*¥(X), 0 < p_ < p, < 0. Then f is in H,,(X) if and only if there
exist a sequence {ay }ren of Hp(y(X)-atoms with support {I; }xen and a sequence {A; }rey of positive numbers such that

F=2 ay. 19

keN

1/
P ||X1k ”Lp(_)(X)

where the infimum is taken over all decompositions of f as above.

Moreover,

>

Lp(y ()

IIf ”Hp(,)(X) ~ inf
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Here we use the notation p = min{p_, 1}. If p(-) = p is a constant and 0 < p < 1, then p = p and we get back (18).
The atomic decomposition of variable Hardy-Lorentz spaces have a slightly different form.

Theorem 6.2. Let X=T or X=Ror X=[0,1) and p(-) € C"¥(X), 0 < p_ <p, <00 and 0 < q < 00. Then f is in Hy(,,(X) if
and only if there exist a sequence {a; ;}iez, jen Of Hy)(X)-atoms with support {I; ;};ez je such that

f =ZZAi,jai,j: (20)

I€Z jeN

where ZjEN )(Iij(x) <Aforallx eXandi€Zand A;; := C2i||xlij ||Lp(_)(X) (i € Z,j € N) with A and C being positive constants.

Moreover;
PN\ VP
=)
= ”XIL]‘”LP(_)(X)

where the infimum is taken over all decompositions of f as above and with the usual modification for q = co.

q

1 gy 0 ~ inf | D

i€Z

Lp(y ()

Note that for ¢ = 0o, we have the £, -norm on the right hand side, i.e.,

pN\1/p
= ||X1i,j ”LP(_)(X)
In (19) and (20), the convergences are understood again in the sense of distributions, or tempered distributions or martingales
if X=Tor X=R or X=[0, 1), respectively.
In the dyadic case, i.e., if X =[0,1), we [32, 33] have proved Theorem 6.2 under the condition that the intervals I; ; are

disjoint for every fixed i € Z. Taking a closer look at the proofs in those papers, we can prove the present form of Theorem 6.2 in
the same way for X =[0, 1). These two theorems will be applied in the next sections.

“f”Hp(_)oo(X) ~ inf| sup
: i€Z

Lp(y(3)

7 Fourier series and Fourier transforms

Now we turn to some applications in Fourier analysis. For X = T, we will consider the trigonometric Fourier series, for X = [0, 1),
the Walsh Fourier series and for X = R, the inverse Fourier transform of the Fourier transform.

7.1 Trigonometric and Walsh-Fourier series
For X =T, we introduce the trigonometric system in the usual way by
wo(x) 1= e,(x) = 2™ (xeT,nez).
For X =[0, 1), we introduce the Walsh system as follows. The Rademacher functions are defined by
r.(x):=r(2"x) (x€[0,1),neN),
where _ )
o= by el

It is clear that, for any n € N, r,, is F,,; measurable. The product system generated by the Rademacher functions is the Walsh

system:

oo

w, = e (neN),

k=0

where -
n=an2k, (ng =0,1).
k=0

Let

w,=0 if neZ\N.

Thus for X =T, (w,),ey denotes the trigonometric system and for X = [0, 1), the Walsh system.
If f € L;(X) and n € N, the number

f(n) = J fw,dA
X
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is called the nth trigonometric-Fourier (resp. Walsh-Fourier) coefficient of f. If X =T and f is a distribution, j?(n) was defined in
(9). If X =[0, 1), we can extend this definition to martingales as follows. If f := (f})iey iS @ martingale, then let

1
f) = lim f fiw,dA  (neN).
— 00 0
Denote by s,,f the nth partial sum of the trigonometric- or Walsh-Fourier series of a martingale f, namely,

sof == > flw,  (neN),

k=—n
where w,, denotes the trigonometric or Walsh system.
It is easy to see that, for any martingale f = (f,,),

sZ”f =En(f)=fn (HGN).
Hence, by the martingale convergence theorem, we know that, for 1 < p < oo and f € L,[0, 1),
lim sonf = f in the L,[0, 1)-norm.
n—oo
This result was generalized in Zygmund [91], Paley [50] and Schipp et al. [62, Theorem 4.1].
Theorem 7.1. Let X="T or X=[0,1). If f € L,(X) for some 1 < p < oo, then

<
supllsuf I, co S If I, co

and
nllglo sof =1 in the L,(X)-norm.

Using the conjugate functions, the theorem was verified e.g. in Zygmund [91] or Grafakos [27] for trigonometric Fourier
series. For Walsh-Fourier series, we can prove that s, f is a martingale transform of fw, and the theorem follows from the
boundedness of the martingale transform on L,[0, 1) and from Theorem 4.1 (see Schipp et al. [62], Persson et al. [55] or Weisz
[88D.

One of the deepest results in harmonic analysis is Carleson’s result (see Carleson [8] and Hunt [30] for Fourier series and
Billard [5] and Sj6lin [68] for Walsh-Fourier series). More detailed proof for Fourier series can also be found in Arias de Reyna
[3], Grafakos [27], Muscalu and Schlag [48], Lacey [40] or Demeter [11]. Using the theory of tree martingales, Schipp [60] gave
a nice proof for Walsh-Fourier series (see also [63, 76] and Persson et al. [51, 55]).

Theorem 7.2. Let X=T or X=[0,1). If f € L,(X) for some 1 < p < 00, then

s ”f“LP(X)

sup [s, f |
neN Ly(X)

and
lim s, f (x) = f(x) forae xeX.
7.2 Fourier transforms

Recall that the Fourier transform was defined in Subsection 4.2. If f € L,(R) for some 1 < p < 2, then
fx)= f f®)e™de  (xeR)
R
holds if f € L,(R). This motivates the definition of the Dirichlet integrals,

sTf(x):zf f(He™ dt  (x €R).

The analogues of Theorems 7.1 and 7.2 reads as follows (see Grafakos [27] or Weisz [81]).
Theorem 7.3. If f € L,(R) for some 1 < p < 00, then

<
STlilgHSTf”L},(m) ~ ”f”LP(]R)

and
Tlim sef=f in the L,(R)-norm.
Theorem 7.4. If f € L,(R) for some 1 < p < 00, then

supsy f

S AN
T>0 Lp(®)

1,(R)
and
lim spf = f forae x €R.
T—o00
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8 Summability of Fourier series and Fourier transforms

Though Theorems 7.1-7.4 are not true for p = 1 and p = oo, with the help of some summability methods they can be generalized
for these endpoint cases, too. Obviously, summability means have better convergence properties than the original Fourier series.
Summability is intensively studied in the literature, see e.g. the books Stein and Weiss [71], Butzer and Nessel [7], Trigub and
Belinsky [74], Grafakos [27] and Weisz [79, 80, 81, 87, 55] and the references therein.

8.1 Summability of trigonometric and Walsh-Fourier series

Fejér [16] investigated the arithmetic means of the partial sums of the trigonometric Fourier series, the so-called Fejér means, and
proved that if the left and right limits f (x—0) and f (x+0) exist at a point x, then the Fejér means converge to (f (x—0)+f (x+0))/2.
One year later Lebesgue [42] extended this theorem and obtained that every integrable function is Fejér summable almost
everywhere.

Recall that the Fejér means are defined by

o f)= (1- 5 Fmit

k=—n

for any n € N and x € X, where X =T or X =[0, 1) and (w,) denotes either the trigonometric system or the Walsh system. It is
easy to see that the Fejér means can also be written in the form

n—1

1
ouf ()=~ > sif ().
j=0
Now we generalize these means and introduce the Cesaro and Riesz means. For a #—1,—2,..., let A%, :=0 and
Az::(n+a):(a+1)(a+2')--~(a+n) (nen).
n n!

Obviously, A2 =1 andif a =0, then A’ =1, ifa =1, thenA! =n+1 (n€N).
For n € N and a > 0, the nth Cesaro mean o f of the trigonometric or Walsh-Fourier series of f is introduced by

n

AZ—1_|k|f(k)Wk(X).

onf(x):= T

n—1 k=—n

We can easily check that a = 0 gives back the partial sums and a = 1 the Fejér means. Using the equalities

n
+B+1 B
AP =S A
k=0
and

n n— n

n
A;L — ZAZ_17 A% — A% . :Aa—l
k=0

(a,B #—1,-2,...,n € N), we can show that

n—1

0L (X) = o > AT s (o)

j=0

For an intensive study of the Cesaro summability see Weisz [87].
For 0 < a < 00,1 <y < 00, we define the Riesz means of f by

1 < -
oL f(x) = — > (' —[k[)* Flwi(x)  (1<neN).
" nev k=—n
If a = y =1, these means give back also the Fejér means. We will always suppose that 0 < a < 1, since 1 < a < oo can be traced
back to the case 0 < a < 1 for both the Cesaro and Riesz means.
The following theorem follows from Theorem 7.1.

Theorem 8.1. Let X=Tor X=[0,1)and0<a <1<y. If f € L(X) for some 1 < p < 00, then
sup loaflly, co S 1flle,co

and
lim o7f = f in the L,(X)-norm.

n—.oo

The same results hold for the Riesz means o' f .
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To obtain almost everywhere convergence for the summability means, we introduce the maximal operators
o'f ==suplotfl,  o%f i=suplotTfl.
neN neN
The following result is due to the author of [77, 79, 80, 87].
Theorem 8.2. Let X=TorX=[0,1)and0<a<1<y. If

a1 <p< o0 2n
and f € H,(X), then
1o 1L, o 15 o @2
If f € L,(X) with 1 < p < o0, then
nlirgo onf(x)=f(x) forae xe€X (23)

The same results hold for the Riesz means o' f .

The almost everywhere convergence (23) follows from inequality (22) and from a density argument due to Marcinkiewicz
and Zygmund [47]. For trigonometric Fourier series, (23) was first proved by Fejér [16] and Lebesgue [42] with a = 1, by Riesz
[56] for other a’s and, for Walsh-Fourier series, by Fine [17], Schipp [59] and Weisz [78].

For variable Hardy and Hardy-Lorentz spaces, we replace the condition 1/(a+ 1) <p < oo by 1/(a+1) < p_ < 0o and we
need an additional condition, too. The proof of the next theorem is very complicated and it is based on the atomic decomposition
Theorems 6.1 and 6.2 and on the boundedness of the Hardy-Littlewood and Doob’s maximal operator, namely, on Theorems 3.2,
3.3 and 4.2 (see [32, 72, 83, 84].

Theorem 8.3. Suppose that 0 < a <1<y, p(-) € C'%¥(X), 0 < q < oo and

<p_<p,<oo. 24
a+1 P-=p. @4

Let X =T. Then
”O':Lf”LP(,)(X) N ||f||Hp(_)(x) (f € Hyy(X))
and
”G:Lf”Lp(_),q(x) S ”f”Hp(.),q(X) (fe HP('),Q(X))'
If f € L,)(X) (resp. f € Ly 4(X)) with p_ > 1, then
nllrgo orf(x)=f(x) forae xeX

as well as in the L,y(X)-norm (resp. in the L, ,(X)-norm). The almost everywhere convergence holds also if p_ = 1. The theorem
holds for ¢ = oo as well if we change HP(A),OO(Xd) by Hp(~),oo(Xd ). The same results hold for the Riesz means o&'f.
The same results hold also for Walsh-Fourier series, i.e., for X = [0, 1), if we suppose in addition that

1 1
—— =<1 (25)

pP- P+
This theorem obviously generalizes Theorem 8.2 as well as the famous Lebesgue theorem about the almost everywhere
convergence of the Fejér means to the original integrable function which was mentioned in the beginning of Section 8.
Now we give some special cases for (25) to hold. If 1 < p_ < oo, then (25) holds obviously for all p,. Moreover, if p_ < 1,
then

1 _
<p_. &= —< P < 00
a+1 a 1—p_
and 1 1
———<1< p, < P- .
P- Py 1-p_
Thus if
< < < —
a+1 p——p+ 1_p7>

then (25) holds.

The conditions (24) and (25) are both necessary. If one of the conditions does not hold, then the corresponding theorem is
not true (see [32]). Condition (25) is a very surprising condition because we need it for the Walsh-Fourier series but we do not
need it for the trigonometric Fourier series or for the Fourier transforms (see also the next subsection). Usually the theorems are
very similar for Walsh-Fourier series and for trigonometric Fourier series, there are only a few cases when there are differences in
the corresponding theorems. Though the theorems are similar for the two function systems, the proofs are entirely different
usually.
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8.2 Summability of Fourier transforms
For T > 0, we define the Fejér means of Fourier transforms by

orf(x) :=J (1—§)f(t)e2"”“dt= %f s f(x)dt.

We can generalize these means again by the Riesz means

o f(x) = f (1- (%)Y)af“(t)em d,

where 0 < a < 00,1 < y < 00, while the Cesaro means cannot be defined. The maximal Riesz operator is given by
o f :==sup|oyTf].
>0
The corresponding theorems of the preceding subsection read as follows.
Theorem 8.4. Let0<a <1<y. If f € L,(R) for some 1 < p < 00, then
a,y <
sup [ f |, ey S 1F 1,0
and
lim o' f =f  inthe L,(R)-norm.
T—oo
The following result was proved in Weisz [79, 81].

Theorem 8.5. Let 0 < a <1<y. If (21) holds and f € H,(R), then
1o 1, % 1 o

If f € L,(R) with 1 < p < oo, then
Tlim o f(x)=f(x) forae x€R.
— 00
The following result generalizes Theorems 8.4 and 8.5 to variable Hardy and Hardy-Lorentz spaces (see [44, 45, 82]). We

point out that we do not need condition (25) in the next theorem. In the proof, we use again the atomic of decomposition
Theorem 6.2 and the boundedness of Theorem 3.2.

Theorem 8.6. If0 < a <1<y, p(-) € C'%(R), 0 < q < 00 and (24) holds, then
”Uf’YfHLP(_)(R) S ey (f €H,,(R))

and
o fll, e S W e (F € Hyppg(R)).

If f € L,)(R) (resp. f € L, ,4(R)) with p_> 1, then
Tlim o' f(x)=f(x) forae x€R

as well as in the L,.y(R)-norm (resp. in the L, ,(R)-norm). The almost everywhere convergence holds also if p_ = 1. The theorem
holds for g = 00 as well if we change H,) oo (R?) by H,,( 00 (R?).
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