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Abstract Let X be a ball quasi-Banach function space on R”. In this article, assuming
that the powered Hardy—Littlewood maximal operator satisfies some Fefferman—Stein vector-
valued maximal inequality on X and is bounded on the associated space, the authors establish
various Littlewood—Paley function characterizations of the Hardy space Hx(R") associated
with X, under some weak assumptions on the Littlewood—Paley functions. To this end, the
authors also establish a useful estimate on the change of angles in tent spaces associated with
X. All these results have wide applications. Particularly, when X := M (R") (the Morrey
space), X := L7 (R™) (the mixed-norm Lebesgue space), X := LPO(R") (the variable Lebesgue
space), X := LI(R") (the weighted Lebesgue space) and X := (Eg):(R") (the Orlicz-slice
space), the Littlewood—Paley function characterizations of Hx(R") obtained in this article
improve the existing results via weakening the assumptions on the Littlewood—Paley func-
tions and widening the range of A in the Littlewood—Paley g-function characterization of
Hx(R").

1 Introduction

The real-variable theory of the classical Hardy space H”(R") with p € (0, 1] was originally
initiated by Stein and Weiss [63] and further developed by Fefferman and Stein [24]. It is well
known that the classical Hardy space H”(R") with p € (0, 1] plays a key role in harmonic analysis,
partial differential equations and other analysis subjects. In particular, when p € (0, 1], H?(R")
is a good substitute of the Lebesgue space L”(R") in the study on the boundedness of Calderén—
Zygmund operators. In recent decades, in order to meet the requirements arising in the study
on the boundedness of operators, partial differential equations and some other analysis subjects,
various variants of Hardy spaces have been introduced and their real-variable theories have been
well developed; these variants of Hardy spaces were built on some elementary function spaces
such as weighted Lebesgue spaces (see [61]), (weighted) Herz spaces (see, for instance, [15, 27,
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28, 47, 48]), (weighted) Morrey spaces (see, for instance [39, 58, 32]), Orlicz spaces (see, for
instance, [38, 62, 67, 52, 73]), Lorentz spaces (see, for instance, [1]), Musielak—Orlicz spaces
(see, for instance, [41, 71]) and variable function spaces (see, for instance, [21, 51, 74]). Observe
that these aforementioned elementary function spaces are all included in a generalized framework
called ball quasi-Banach function spaces which were introduced, very recently, by Sawano et al.
[59]. Moreover, Sawano et al. [59], Wang et al. [68] and Zhang et al [69, 77] established a unified
real-variable theory for Hardy spaces and weak Hardy spaces associated with ball quasi-Banach
function spaces on R" and gave some applications of these Hardy-type spaces to the boundedness
of Calderén—Zygmund operators and pseudo-differential operators. More function spaces based
on ball quasi-Banach function spaces can be found in Sawano [57].

Recall that the original work of the Littlewood-Paley theory should be owned to Littlewood
and Paley [44]. Moreover, the Littlewood—Paley theory of Hardy spaces was further developed
by Calderén [13] and Fefferman and Stein [24]. In recent decades, the Littlewood—Paley theory
of various variants of Hardy spaces has been well developed; see, for instances, [25, 34, 35, 42,
43,45, 69, 70, 76, 78] and the related references. Particularly, Folland and Stein [25] obtained the
Littlewood—Paley function characterizations of Hardy spaces on homogeneous groups. Observe
that, in the case of HP(R") with p € (0, o), the best known range of the parameter A in the g7-
function characterization of Hardy spaces in [25] is (max{1, 2/p}, c0) and the function ¢ appearing
in the definitions of the Littlewood—Paley functions in [25] only need to satisfy zero order vanish-
ing moment. However, compared with the results in [25] on the Littlewood-Paley function charac-
terizations in the case of H”(R") with p € (0, ), the range of A in the g’-function characterization
appearing in [35, 76, 68] does not coincide with the range in [25], namely, A € (max{1,2/p}, ),
and, in [34, 35, 42, 43, 45, 70], the function ¢ € S(R") appearing in the definitions of Littlewood—
Paley functions is supposed to be supported in the unit ball and have at least vanishing moments
up to order Ln(% —1)], which is much stronger than the corresponding assumptions on ¢ appearing
in the definitions of Littlewood—Paley functions in [25]. Here and thereafter, the symbol |s] for
any s € R denotes the largest integer not greater than s.

Let X be a ball quasi-Banach function space on R” introduced in [59]. Assuming that the pow-
ered Hardy—Littlewood maximal operator satisfies some Fefferman—Stein vector-valued maximal
inequality on X as well as it is bounded on the associated space, Sawano et al. [59] established
the Lusin area function characterization of Hyx(R"). Recently, Wang et al. [68] obtained the
Littlewood—-Paley g function and the Littlewood-Paley g-function characterizations of Hy(R").
We should point out that, to characterize Hx(R"), Sawano et al. [59] and Wang et al. [68] required
that the function ¢ € S(R") appearing in the definitions of Littlewood—Paley functions satisfies
13(@,4)\3@,2) <y < 13(6,,,8)\3(6,,,1)‘ Although, when p € (0,1] and X := LP(R"), the range of
A in the Littlewood—Paley g’-function characterization of Hy(R") obtained by Wang et al. [68]
coincides with the best known one in [25], namely, 4 € (2/p, o), the range of A in [68] is not
optimal even when p € (1,00) and X := L”(R"). This point motivates us to optimize the range
of the parameter A appearing in the Littlewood—Paley g’ -function characterization of Hx(R") in
[68]. Recently, when studying the Littlewood—Paley function characterizations of weak Hardy
type spaces associated with ball quasi-Banach function spaces, Wang et al. [69] found that it suf-
fices to require that the function ¢ € S(R") satisfies that ZE(():,) = 0 and, for any x € R"\ {6,,}, there
exists a ¢ € (0, 00) such that @(zx) # 0. This motivates us to improve the existing results of the
Littlewood—Paley function characterizations of Hx(R") in [59, 68] by weakening the assumption
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on . In this article, we re-establish various Littlewood—Paley function characterizations of Hyx(R")
via weakening the assumptions on the Littlewood—Paley functions and widening the range of A in
the Littlewood-Paley g’-function characterization of Hx(R"). To this end, we also establish a use-
ful estimate on the change of angles in tent spaces associated with X (see Theorem 3.3 below).
Particularly, the assumptions on the Littlewood—Paley functions in this article are much weaker
than the corresponding assumptions in [34, 35, 42, 43, 45, 68, 59, 70] (see Remark 4.3 below).
Besides, under these weaker assumptions on ¢ in the definition of Littlewood—Paley functions,
the g’-function characterization of Hy(R") obtained in this article improves the existing results
via widening the range of A in [68] (see Theorem 4.11 below). We point out that the ¢ appear-
ing in the definition of the Littlewood—Paley functions only need to satisfy a zero order vanishing
moment, which coincides with the corresponding assumptions in [25] and, when X := LP(R")
with p € (0, o), the range of A in the Littlewood-Paley g’-function characterization of Hx(R")
in Theorem 4.11 below coincides with the best known one in [25], namely, (max{1,2/p}, o). In
[68], the estimate on the change of angles in tent spaces associated with X plays a key role in the
proof of the Littlewood-Paley g’,-function characterization of Hx(R"). However, to optimize the
range of A in the Littlewood-Paley g, function characterization of Hx(R") in [68], the estimate on
the change of angles in tent spaces associated with X in [68] is no longer feasible. To establish a
more precise estimate on the change of angles (see Theorem 3.3 below), instead of applying the
atomic characterization of the tent space which was used in [68], we employ a method different
from [68], namely, we now use an extrapolation theorem over ball Banach function spaces (see
Lemma 2.12 below) which was proved in [77, Lemma 7.34], and then establish a more refined
estimate on the change of angles (see Theorem 3.3 below). The assumptions in this estimate on
the ball quasi-Banach function space X are much weaker than the corresponding assumptions in
[68, Lemma 2.20]. All of these results have wide applications. When X := M?(R") (the Morrey
space), X := Lﬁ(R”) (the mixed-norm Lebesgue space), X := LPO(R") (the variable Lebesgue
space), X := L’ (R") (the weighted Lebesgue space) and X := (Eg):(R") (the Orlicz-slice space),
the Littlewood—Paley function characterizations of Hy(R") obtained in this article improve the
existing results in [35, 59, 68, 70, 76] via weakening the assumptions on the Littlewood—Paley
functions and widening the range of 4 in the Littlewood-Paley g’-function characterization.

To be precise, this article is organized as follows.

In Section 2, we recall some notions concerning the ball (quasi)-Banach function space X.
Then we state the assumptions of the Fefferman—Stein vector-valued maximal inequality on X
(see Assumption 2.6 below) and the boundedness on the r-convexification of its associated space
for the Hardy-Littlewood maximal operator (see Assumption 2.7 below). Finally, we recall the
extrapolation theorem over ball quasi-Banach function spaces proved in [77] and some notions
about the Hardy space Hx(R") introduced in [59].

In Section 3, via [49, Proposition 3.2] (see Lemma 3.2 below) and the extrapolation theorem
(see Lemma 2.12 below) which was proved in [77, Lemma 7.34], we establish an estimate on
the change of angles in tent spaces associated with a ball quasi-Banach function space X (see
Theorem 3.3 below), which plays a key role in the proof of the Littlewood-Paley g’-function
characterization of Hx(R") (see Theorem 4.11 below).

Section 4 contains some square function characterizations of Hyx(R"), including its character-
izations via the Lusin area function, the Littlewood-Paley g-function and the Littlewood—Paley
gj‘l—function, respectively, in Theorems 4.9, 4.11 and 4.13 below. We first prove Theorem 4.9, the
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Lusin area function characterization of Hx(R"). To this end, via borrowing some ideas from [69],
we use the atomic characterization of the tent space associated to X (see Lemma 4.5 below) to
decompose a distribution f into a sequence of molecules; then, applying some ideas used in the
proof of [69, Theorem 3.7], we prove Theorem 4.9 under some even weaker assumptions on the
Lusin area function. After we obtain the Lusin area function characterization of Hy(R"), using
the estimate on the change of angles (see Theorem 3.3 below), we establish the Littlewood-Paley
g, -function characterization of Hx(R"), namely, we prove Theorem 4.11. Finally, applying an es-
timate initiated by Ullrich [66] and further improved by Wang et al. [69] (see Lemma 4.14 below),
we obtain the Littlewood—Paley g-function characterization of Hy(R"), namely, we show Theorem
4.13.

In Section 5, we apply the above results, respectively, to the Morrey space, the mixed-norm
Lebesgue space, the variable Lebesgue space, the weighted Lebesgue space and the Orlicz-slice
space. Recall that, in these five examples, only variable Lebesgue spaces are quasi-Banach func-
tion spaces and the others are only ball quasi-Banach function spaces.

Finally, we make some conventions on notation. Let N := {1,2,...}, Z, := N U {0} and
Zl = (Z4)'. We always denote by C a positive constant which is independent of the main
depending on the indicated parameters @, p,.... The symbol f < g means that f < Cg. If f < g
and g < f, we then write f ~ g. We also use the following convention: If f < Cgand g = h or
g < h,wethen write f < g ~hor f < g<h, rather than f < g =hor f < g < h. The symbol | s]
for any s € R denotes the largest integer not greater than s. We use 0, to denote the origin of R"
and let R’fl :=R" X% (0, 00). If E is a subset of R", we denote by 1 its characteristic function and
by EC the set R” \ E. Forany 0 := (6y,...,6,) € Z1,let 0] := 6; + - - - + 6,. Furthermore, for any
ball BinR" and j € Z, let S (B) := (2/*'B)\ (2/B) with j € N and S((B) := 2B. Finally, for any
q € [1, o0], we denote by ¢’ its conjugate exponent, namely, 1/q + 1/¢" = 1.

2 Preliminaries

In this section, we first present some preliminary known facts on the ball quasi-Banach function
space X in §2.1. Then we state the assumptions of the Fefferman—Stein vector-valued maximal
inequality on X and the boundedness on the s-convexification of X for the Hardy—Littlewood
maximal operator in §2.2. In §2.3, we recall the extrapolation theorem associated with the ball
quasi-Banach function space X. Finally, the notion of the Hardy type space Hx(R") associated
with X was recalled in §2.4.

2.1 Ball quasi-Banach function spaces

In this subsection, we recall some preliminary known facts on ball quasi-Banach function
spaces introduced in [59].

Denote by the symbol .Z (R") the set of all measurable functions on R”. For any x € R"” and
r € (0,00), let B(x,7) :={yeR": |x—y| <r}and

2.1 B:={B(x,r): xeR" and re(0,0)}.
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Definition 2.1. A quasi-Banach space X ¢ .#Z (R") is called a ball quasi-Banach function space if
it satisfies

1) |lIfllx = O implies that f = 0 almost everywhere;

(i1) |g| < |f] almost everywhere implies that ||g|[x < ||f]lx;
@iii) 0 < f,, T f almost everywhere implies that || f,,|lx T Ilfllx;
(iv) B € B implies that 15 € X, where B is as in (2.1).

Moreover, a ball quasi-Banach function space X is called a ball Banach function space if the
norm of X satisfies the triangle inequality: for any f, g € X,

2.2 If + gllx < [1f1lx + llgllx

and, for any B € B, there exists a positive constant C ), depending on B, such that, for any f € X,

2.3) fB FIldx < Conlflix.

For any ball Banach function space X, the associate space (also called the Kdthe dual) X’ is defined
by setting

(2.4) X' :={f e d®": Iflx = sup{Ilfellpn : g€X llgllx =1} < oo},

where || - ||x- is called the associate norm of || - ||x (see, for instance, [10, Chapter 1, Definitions 2.1
and 2.3]).

Remark 2.2. (i) By [59, Proposition 2.3], we know that, if X is a ball Banach function space,
then its associate space X’ is also a ball Banach function space.

(ii) Recall that a quasi-Banach space X c .Z(R") is called a quasi-Banach function space if
it is a ball quasi-Banach function space and it satisfies Definition 2.1(iv) with ball replaced
by any measurable set of finite measure (see, for instance, [10, Chapter 1, Definitions 1.1
and 1.3]). It is easy to see that every quasi-Banach function space is a ball quasi-Banach
function space. As was mentioned in [59, p. 9] and [69, Section 5], the family of ball Banach
function spaces includes Morrey spaces, mixed-norm Lebesgue spaces, variable Lebesgue
spaces, weighted Lebesgue spaces and Orlicz-slice space, which are not necessary to be
Banach function spaces.

The following lemma is just [77, Lemma 2.6].

Lemma 2.3. Every ball Banach function space X coincides with its second associate space X" .
In other words, a function f belongs to X if and only if it belongs to X" and, in that case,

Ifllx = [1f1lx

We still need to recall the notion of the convexity of ball quasi-Banach spaces, which is a part
of [59, Definition 2.6].
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Definition 2.4. Let X be a ball quasi-Banach function space and p € (0, o0). The p-convexification

X? of X is defined by setting X” := {f € .#ZR") : |f|P € X} equipped with the quasi-norm
1/p

Al == [ILF1P1x

Lemma 2.5. Let X be a ball Banach function space and p € [1,0). Then X? is a ball Banach
function space.

Proof. Let p € [1,0). From the fact that X is a ball Banach function space and the definition of
XP_ it easily follows that X7 is a ball quasi-Banach function space. Thus, to prove that X? is a ball
Banach function space, it suffices to show that, for any f, g € X7,

(2.5) I+ gllxr < I fllxe + llgllxe
and, for any B € B, there exists a positive constant C(p), depending on B, such that, for any f € X,
6) | tax < cai

B

We first prove (2.5). By Definition 2.4, Lemma 2.3, (2.4) and the Minkowski inequality, we
conclude that

1+ gllye = IF + &7 = I +g”]l5”

= [ 1+l 2 e = 1))
= sup ([ + 07|

< sup{”fh%

ey X Wil = 1}

-+ % Che X, Iy = 1}

LP(R" LP(R™)

1
< [sup (AP A oy = € X7, Ml = 1]
1
+ [sup {[lIg1” ] oy = 1€ X7, Mhllxe = 1]
1
= [l lls + |llel”

which implies that (2.5) holds true.
Now we show (2.6). From the Holder inequality and (2.3), we deduce that, for any B € B and
feXP,

1
x = IIfllxe + llgllxr,

1/p
_ 1
fB |f(0)ldx < [ fB If(x)l”dx] 1BI'7 < oy 1171l = Cay 1l

where the positive constant C(p) is independent of f but depending on B. Thus, (2.6) holds true,
which, combined with (2.5), then completes the proof of Lemma 2.5. O

2.2 Assumptions on the Hardy-Littlewood maximal operator

Denote by the symbol Lioc (R™) the set of all locally integrable functions on R". The Hardy—
Littlewood maximal operator M is defined by setting, for any f € L! (R") and x € R”,

loc

1
27 M) = sup — f ) dy.
Bl Jg

B>x
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where the supremum is taken over all balls B € B containing x.
For any 6 € (0, ), the powered Hardy—Littlewood maximal operator M is defined by setting,
forany f € L! (R") and x € R",

loc

1/6

(2.8) MOy = M) 0}

The approach used in this article heavily depends on the following assumptions on the bound-
edness of the Hardy—Littlewood maximal function on X, which is just [59, (2.8)].

Assumption 2.6. Let X be a ball quasi-Banach function space. For some 0, s € (0,1] and 0 < s,
there exists a positive constant C such that, for any { fj}‘;‘; e M (R™),

(2.9) {Z [M(w(fj)]“} <C {Z |f,~|5}
J=1 ¥ J=1

Assumption 2.7. Let X be a ball quasi-Banach function space. Assume that there exist s € (0, 00)
and q € (s, ] such that X'/* is a ball Banach function space and, for any f € (X'/5Y,

s

X

(2.10) IMCD| s < CMfllrisy
where the positive constant C is independent of f.

Lemma 2.8. Let X be a ball Banach function space and p € [1,00). If M is bounded on X, then
M is also bounded on XP.

Proof. By the Holder inequality, we know that, for any p € [1,00) and any locally integrable
function f, [M(f)]” < M(|f|?). From this and the fact that M is bounded on X, we deduce that

(2.11) IMPlixr = [[IMOIP||Z < IMAAP|Z < (IAP]E ~ 11Fllxe-

This finishes the proof of Lemma 2.8. O

Lemma 2.9. Let X be a ball quasi-Banach function space. Assume that there exists a 6 € (1, o)
such that, for any f € .#(R"),

MO, < Cliflly .

where the positive constant C is independent of f. Then M is bounded on X, namely, there exists
a positive constant C such that, for any f € X, IM(Nllx < CIIfllx.

Proof. From Definition 2.4, (2.8) and (2.10), it follows that, for any f € .#Z (R"),
0 0
Mo = [T = MO < Ifle
which, together with Lemma 2.8 and 6 € (1, c0), further implies

IMNllx < Clifllx -

This finishes the proof of Lemma 2.9. O
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2.3 Extrapolation theorem on ball Banach function spaces
Now, we recall the notions of Muckenhoupt weights A ,(R") (see, for instance, [30]).

Definition 2.10. An A,(R")-weight w, with p € [1, ), is a locally integrable and nonnegative
function on R” satisfying that, when p € (1, ),

1 1 1 p-l
g5 [ g oo o] <

1 _
Zlég ﬁ Ba)(x) dx[”w 1||L°°(B)] < o0,

where B is as in (2.1). Define Aw(R") := U pe[1,00) Ap(R™).

Definition 2.11. Let p € (0, 00) and w € A (R"). The weighted Lebesgue space L. (R") is defined
to be the set of all measurable functions f such that

and, when p =1,

1
P

Hf”Lf,(R”) = [fRn If(x)lpa)(x) dx] < 00,

The following extrapolation theorem is just [77, Lemma 7.34], which is a slight variant of a
special case of [20, Theorem 4.6] via replacing Banach function spaces by ball Banach function
spaces.

Lemma 2.12. Let X be a ball Banach function space and pg € (0, 00). Let F be the set of all pairs
of nonnegative measurable functions (F, G) such that, for any given w € Aj(R"),

5 [F()I w(x) dx < Cipy[wly, e fR [G()]" w(x) dx,

where Cp [w),, @n)) IS @ positive constant independent of (F,G), but depends on po and [w]a, ).

Assume that there exists a qo € [po, %) such that X'/% is a Banach function space and M is
bounded on (X'/10). Then there exists a positive constant C such that, for any (F,G) € T,

IFllx < ClIGllx.

2.4 Hardy type spaces

Now we recall the notion of Hardy type spaces associated with ball quasi-Banach function
spaces introduced in [59].

Definition 2.13. Let X be a ball quasi-Banach function space. Let ¢y € S(R") satisty fR" Y(x)dx #
0 and b € (0, co) sufficiently large. Then the Hardy space Hx(R") associated with X is defined by
setting

Hx®") := {f € S®") : Ifllyen = [|M; (£ 0] < oo},

where M,*(f, ) is defined by setting, for any x € R",

) e % Fx —y)
2.12 My (J; . R
2.12) o D= SR T b
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Definition 2.14. Let X be a ball quasi-Banach function space, € € (0, ), g € [1,0] and d € Z,.
A measurable function m is called an (X, ¢, d, €)-molecule associated with some ball B ¢ R" if

(i) for any j € N, |ImllLos ) < 2_jE|Sj(B)|$||13||)‘{1, where Sy := B and, for any j € N,
Si(B) := 2/B)\ (2/"'B);

(i1) ﬂv m(x)x* dx = 0 for any B := (By,...,B,) € Z" with |8| := B + --- + B, < d, here and
thereafter, for any x := (xi,..., x,) € R", X := xfl xﬁ"

We also need the following molecular characterization of Hx(R"), which is just [59, Theorem
3.9].

Lemma 2.15. Assume that X is a ball quasi-Banach function space satisfying Assumption 2.6 with
0 < 6 < s <1 and Assumption 2.7 with some g € (1, 00] and the same s as in Assumption 2.6. Let
deZywithd > |n(1/0—-1)] and € € (0, o) satisfy € > n(1/6 —1/q). Then f € Hx(R") if and only
if there exist a sequence {m j}‘;.‘;1 of (X, q, d, €)- molecules associated, respectively, with the balls
{Bj}‘j’.‘;1 C B, and {ﬂj};';l C [0, o) satisfying

o s 1/s
Z( /lj ) 13. < o0
S\glix/

X

such that Z;’; | Ajmj converges in S'(R"). Moreover,

1/s
o) /lj Ky
Wl ~ {Z(Hlﬂllx) 13’} ’
J

-
/ X

where the positive equivalence constants are independent of f.

3 Change of angles in X-tent spaces

In this section, we establish an estimate on the change of angles in X-tent spaces. Now we
recall the notion of tent spaces associated with X.

Definition 3.1. For any a € (0, o0) and x € R”", let [',(x) := {(y,?) € R’fl : |x —y| < at}, which is
called the cone of aperture @ with vertex x € R".

Let @ € (0, ). For any measurable function F : Rﬁ“ = R" X (0,00) —» C and x € R", define

1
2

) dydt

tn+1

2

3.1) A F)x) = [ f F(y. 1)
Iy (x)

where ', (x) is as in Definition 3.1. A measurable function F is said to belong to the fent space
TV R, with p € (0, 00), if Fllppe ety = I AD(F)||Lp@ny < 0. Recall that Coifman et al.

[18] introduced the tent space T; “C(R™1) for any p € (0, 0) and a := 1. For any given ball quasi-
Banach function space X, the X-tent space T§(Rﬁ+1), with aperture a, is defined to be the set of
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all measurable functions F such that A (F) € X and naturally equipped with the quasi-norm
1Pl ety 2= AP

To prove Theorem 3.3, we need the following inequality on the change of angles in weighted
Lebesgue spaces, which is a part of [49, Proposition 3.2].

Lemma 3.2. Let a, B € (0,00) witha < B and g € [1,00). If w € Ay(R") and p € (0,24], then, for
any measurable function F on R’fl,

B

f AP0 o dx < ()" f AP E)Y)| W) dx,
Rn 04 Rn

where the positive constant C is independent of a, 8 and F.

Using Lemma 3.2 and Theorem 2.12, we have the following estimate on the change of angles
in X-tent spaces, which plays a key role in the proof of Theorem 4.11 below.

Theorem 3.3. Let X be a ball quasi-Banach function space. Assume that there exists an s € (0, 00)
such that X% is a ball Banach function space and M is bounded on (X'/*). Then there exists a

positive constant C such that, for any a € [1, ) and any measurable function F on R"*!,

(3.2) [ A@EF), < Ca™ 5

A E)

Remark 3.4. Assume that X is a ball quasi-Banach function space satisfying Assumption 2.6 with
0 <6 < s <1 and Assumption 2.7 with some ¢g € (1, o] and the same s as in Assumption 2.6. In
this case, Wang et al. [68, Lemma 2.20] proved that there exists a positive constant C such that,
for any @ € [1, o) and any measurable function F on R™*!,

”ﬂ(Q)(F)HX < Ca™™53-5*5:5)

ADEN] -

Compared with the assumptions and the conclusions of [68, Lemma 2.20], the assumptions in
Theorem 3.3 are much weaker and the conclusions in Theorem 3.3 are more refined. We should
also point out that, in the case of X := LP(R") with p € (0, c0), Theorem 3.3 coincides with the
classical conclusions in [6, Theorem 1.1].

Proof of Theorem 3.3. Let X be a ball quasi-Banach function space and s € (0, o). Assume that
X3 is a ball Banach function space and M is bounded on (X 175y’ To show (3.2), we consider the
following two cases on s.

If s € (0,2], let

F = {(ﬂ(a)(F),a%y{(l)(F)) ca€[l,o), Fe '//(R:l—ﬂ)}.

Then, by Lemma 3.2, we know that, for any given w € A;(R") and for any (AD(F), cx%ﬂ(l)(F )) €
T?

f |AD )0 w(x)dx < o f |ADEF) x| w(x) dx ~ f o AVFY )| w(x) dx,
R R" R
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which, together with the assumptions that X'/% is a ball Banach function space and M is bounded
on (X'/5), and Lemma 2.12, further implies that, for any @ € [1, o) and F € .# (R™!),

(3.3) | ADE)|,, <t

AVE), -

This is the desired estimate.
If s € (2, ), let

F = {((ADF), et AVF)) : @€ (1,00, Fe.#®RT).
Since s/2 > 1, by the definition of A,(R") weights, we know that, for any w € A|(R"), w €

Ag2(R") holds true. From this and Lemma 3.2, we easily deduce that, for any given w € A;(R")
and for any (A (F), a2 AV(F)) € F,

f A F) )| W dx s a* f |ADFY)|” w(x)dx ~ f ot AVE) | w(x)dx,
Ry R” R”

which, combined with the assumptions that X'/ is a ball Banach function space and M is bounded
on (X'/%y, and Lemma 2.12, further implies that, for any @ € [1, ) and F € . (R"*),

(3.4) [ ADE)|,, < a?

AVE, -
By (3.3) and (3.4), we conclude that, for any a € [1,00) and F' € //l(RTl),

[P 5 @m

AVE)

which is also the desired estimate and hence then completes the proof of Theorem 3.3. O

4 Littlewood-Paley function characterizations

In this section, we establish various Littlewood—Paley function characterizations of Hx(R"),
including its characterizations via the Lusin area function, the Littlewood—Paley g-function and
the Littlewood—Paley g’,-function, respectively, in §4.1, §4.2 and §4.3 below.

In what follows, the symbol 6,, denotes the origin of R" and, for any ¢ € S(R"), adenotes its
Fourier transform which is defined by setting, for any & € R”,

¥ = fR () dix.

For any f € S'(R"), }"\is defined by setting, for any ¢ € S(R"), (f, @) = {f,p); also, for any
f € S(R™) [resp., S’(R”)L fV denotes its inverse Fourier transform which is defined by setting,

forany & € R", fY(§) := f(=£) [resp., for any ¢ € SR"), (f", ¢) = (f,¢")].

Definition 4.1. Let ¢ € S(R") satisfy '@(6,1) = (0 and assume that, for any & € R"\ {6,1}, there exists
art € (0,00) such that p(z£) # 0. For any distribution f € S'(R"), the Lusin-area function S (f)
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and the Littlewood-Paley g’,-function g'(f) with any given A € (0, o0) are defined, respectively, by
setting, for any x € R",

tn+1

dydt)?
@.1) S = { fr s SO ) t}

and

0o An %
. . t . 5, dydt
@2 G = { [ (=) s tm} ,

where, for any x € R", I'(x) is as in Definition 3.1 and, for any ¢ € (0,0) and x € R", ¢;(x) :=
7" p(x/t).

Definition 4.2. Let ¢ € S(R") satisfy ?,5(6,,) = (0 and assume that, for any x € R"\ {6n}, there exists
a j € Z such that ¢(2/x) # 0. For any f € S'(R"), the Littlewood—Paley g-function g(f) is defined
by setting, for any x € R",

00 dt 1/2
43) e(H) = [ fo f * P 7] .

Remark 4.3. (i) The way to define the Littlewood—Paley functions in Definitions 4.1 and 4.2 is
the same as in [69, (3.2), (3.3) and (3.4)]. Observe that, in Definitions 4.1 and 4.2, we did not
assume that ¢ is radial and has compact support and hence, compared with the assumptions
required in [34, 35, 43, 51, 78, 76], the assumptions here in both cases are quite weaker.

(ii) In all these Littlewood—Paley function characterizations of Hx(R"), we only need 7,0\((_)),,) =
0, namely, ¢ has a zero order vanishing moment. Compared with all the known results
on the Littlewood—Paley function characterizations on function spaces (see, for instance,
[34, 35, 43, 51, 78, 76]), this assumption on the vanishing moment of ¢ is also minimal.

4.1 Characterization by the Lusin area function

In this subsection, borrowing some ideas from the proof of [69, Theorem 3.12], we characterize
the Hardy type space Hx(R") by the Lusin-area function.
Let @ € (0, o). For any ball B(x,r) Cc R"” with x € R" and r € (0, 00), let

To(B) = {(y,t)eRTl: 0<r<’, |y—x|<r—a/t}.
a

When a = 1, we denote T, (B) simply by T'(B).

Definition 4.4. Let X be a ball quasi-Banach function space, p € (1,00) and @ € (0,00). A
measurable function a : Rﬁ” — Cis called a (Tx, p)-atom, supported in T'(B), if there exists a
ball B ¢ R” such that

() supp(a) := {(x,t) € R™ : a(x,t) # 0} c T(B),
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(i) llallyp g, < 1817/ Lllx.
Moreover, if a is a (Tx, p)-atom for any p € (1, o), then a is called a (T'x, co)-atom.

To establish the Lusin area function characterization of Hx(R"), we need the following lemma
which is just [59, Proposition 4.9].

Lemma 4.5. Let F : R™! — C be a measurable function. Assume that X is a ball quasi-Banach
function space satisfying Assumptions 2.6 and 2.7 with the same s € (0,1]. Then f € T}((R’El)
if and only if there exist a sequence {A j};'; | C [0,00) and a sequence {A j};il of (T)l{, 00)-atoms
supported, respectively, in {T (B j)};il such that, for almost every (x,t) € R"!,

F(x,f) = Z LAj(x, 1) and |F(x,0)| = Z 1A (x, 1)

J=1 J=1

1/s
ek
. < 00,
g,llx)
X

1 llp ey ~ A ({44} je)

where the positive equivalence constants are independent of f, but depend on s.

pointwisely, and

5

J=1

Moreover,

Combining Calderén [12, Lemma 4.1] and Folland and Stein [25, Theorem 1.64] (see also
[70, Lemma 4.6]), the following Calderén reproducing formula was obtained in [77, Lemma 4.4].
Recall that f € S’(R") is said to vanish weakly at infinity if, for any ¢ € SR"), f * ¢; — 0 in
S'(R™) as t — oo (see, for instance, [25, p. 50]), here and thereafter, for any 7 € (0, c0) and function
¢ on R", we always let ¢,(-) := 1" ¢(-/). In what follows, the symbol € — 0* means that € € (0, c0)
and € — 0, and the symbol C;°(R") denotes the set of all infinitely differentiable functions with
compact supports.

Lemma 4.6. Let ¢ be a Schwartz function and assume that, for any x € R" \ {6n}, there exists
at € (0,00) such that ¢(tx) # 0. Then there exists a y € S(R") such that ¢ € CXR") with its
support away from 0,, ¢y > 0 and, for any x € R" \ {0,},

C~ ~ dt
f (X)W (tx) — = 1.
0 t
Moreover, for any f € S8'(R"), if f vanishes weakly at infinity, then
© dr . -
f:f f*¢t*l//t7 in S'(RY),
0

namely,

. di
f=lim | frooru T in SE.
2% e
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To obtain the Lusin area function characterization of Hyx(R"), we also need the following tech-
nical lemma.

Lemma 4.7. Let X be a ball quasi-Banach function space. Assume that there exists an s € (0, 00)
such that X''* is a ball Banach function space and M is bounded on (X'/*Y. Then there exists an
€ € (0, 1) such that X continuously embeds into L} (R") with w := [M(1 B, 1))]6.

Proof. By [59, Lemma 2.15(ii)] and the fact that M is bounded on (X 175y’ we know that there
exists an 77 € (1, o) such that M is bounded on (XYY . Lete e (1/n,1) and w := (M1
To show this lemma, it suffices to prove that, for any f € X,

3(6,,,1))]6'

4.4) Az ey < N fllx-

Indeed, from [30, (2.1.6)], we deduce that, for any x € R", M(13(6 1))(x) ~ (Ix] + D™, which
implies that, for any x € B(6,,, 2),

4.5) wx) = [M(1,5 @] <1
and, for any k € N and x € B(0,,, 251\ B(0,,, 2%),
(4.6) wx) = [M(1,5 )] s 27

Combining (4.5), (4.6), the Holder inequality and the fact that X!/% is a ball Banach function space,
we conclude that, for any f € X,

flf(x)lsw(x)dx:fﬁ |f(x)|sw(x)dx+2f
Rn B(©,,2) = JB

< |||f|‘&‘”X1/s ||IB(6n»2)||(X1/S)/ + Z‘L |f(x)|x2—5kn dx
k=1

(0,25 H\B(0},,2%)

(0,2 )\ B(T,,2%)

< U1l Lpg,00)

(o9
13(6,1,2)”@1“)' i ; 2 e |<X1/~v>/ :

which, together with 1 < 2k M@ (1 @ ) for any k € N and the fact that M is bounded

B(0,,2%) 0y, 1)

on (X'/*Y, further implies that

O 0 dx < ; 2 Al |2 MO g, )

Xl/s)/

< 2l
k=1

S
146, 1y % 191

which implies that (4.4) holds true and hence completes the proof of Lemma 4.7. O

Now we recall the notion of atoms associated with X, which is just [59, Definition 3.5].
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Definition 4.8. Let X be a ball quasi-Banach function space, ¢ € (1,0] and d € Z,. Then a
measurable function a on R" is called an (X, g, d)-atom if there exists a ball B € B such that

(1) suppa:={xeR": a(x) # 0} C B;

1/q
< B,
Mallx

(1) llallzacrny
(iii) [, a(x)x* dx = 0 for any @ € Z'! with |a| < d.

In what follows, for any ¢ € (0, 00), the symbol e’ f denotes the heat extension of f € S’'(R"),

namely, for any x € R",
etAf(X) = (r 1 ox _|x S
TN\ 2 TP\ )

Theorem 4.9. Assume that X is a ball quasi-Banach function space satisfying Assumptions 2.6
and 2.7 with the same s € (0, 1]. Then f € Hx(R") if and only if f € S'(R"), f vanishes weakly at
infinity and ||S (f)|lx < oo. Moreover, for any f € Hx(R"),

1Ay rry ~ IS ()l

where the positive equivalence constants are independent of f.

Remark 4.10. If ¢ appearing in the definition of S (f) as in (4.1) satisfies that 1 B@,.4\80,2) < <
1 B(@,.8)\B(@,.1)’ then, in this case, Theorem 4.9 coincides with [59, Theorem 3.21]. We point out
that there exists a gap in lines 1-17 of [59, p. 52] which appears in the proof of [59, Theorem 3.21]
when Sawano et al. proved that f vanishes weakly at infinity. We seal this gap in the below proof
of Theorem 4.9 by using Lemma 4.7.

Proof of Theorem 4.9. Let 6 and s be as in Assumption 2.6.

We first prove the necessity. To this end, let f € Hx(R") and we need to show that f van-
ishes weakly at infinity, which seals the gap mentioned in Remark 4.10. From Lemma 4.7,
we deduce that there exists an € € (0, 1) such that X continuously embeds into L} (R") with
w =M1 3(6,1,1))]6’ which implies that f € H] (R"), where H; (R") is the weighted Hardy space as
in Definition 2.13 with X replaced by L] (R"). By [30, Theorem 7.2.7], we know that w € A (R"),
which, combined with [68, Remark 2.4(b) and Remark 2.6(b)], implies that L] (R") satisfies all
the assumptions of [59, Theorems 3.7]. Let d > |n(1/6 — 1)]. Then, using [59, Theorem 3.7] and
the fact that f € H; (R"), we conclude that there exist a sequence {a;}jen of (L},(R"), 0o, d)-atoms
supported, respectively, in balls {B;} jeiy and a sequence {4} jex C [0, 00) such that

4.7) f=) Aa; in HL®")

JjeN

and

Adg.  7° :
4.8) {Z [’—B] } S 1 lsgen < o,

St LBl e ,
L, (R™)
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where an (L] (R"), oo, d)-atom is as in Definition 4.8 with X replaced by L} (R"). Take ¢, ¢ €
S(R™). Then, by the fact that f = 3’ jei 4;a; in H;,(R"), we find that, for any 7 € (0, c0) and finite
set §F C N,

(4.9) f Yo fOOp()dx = A f Yo a(Dp(dx+ )
JES JEN\F

Notice that, forany j € N, a; € L*(R"), which implies that a; vanishes weakly at infinity. Thus, for
any given € € (0, o0) and finite set § C N, there exists 7. 5 € (0, o) such that, for any ¢ € (¢, 5, ©0),

>4 f W % a(x)@(x) dx

JEF

(4.10) <e.

Moreover, for any j € N, using the fact that a; is an (L (R"), oo, d)-atom, similarly to the proof of
[59, (4.16)], we conclude that, for any ¢, #; € (0, c0) and x € R”,

e 2y a;(x)| < —M“’)(IB )(x),
g1l @)

which, together with [59, Corollary 3.2], s € (0, 1] and Assumption 2.6, implies that

f Y+ aj(x)p(x) dx

JGN\a
P ﬂjwt*aj}*[go(—-)](on) <[> A,
JEN\F JEN\E HE®RY)
~ Z A; sup |e n4y, *aj| Z MO, )
j 11€(0,00) Mg, Il ) B; ||LS ®")
JEN\F Li(R") JEN\F Lo R
1/s 1/s
/1 /1 Ky
< Z [—M(G)(lB )] < Z (—1) 13, ‘
jEN\F 1 ||L3)(R" I HIBJ'HLZ)(R”)
' L@y Y LoRm)

From this, the fact that

1

St )
——L | 1, < o0,

S\l @)

L, (R™)
and the dominated convergence theorem, we deduce that, for € € (0, 00) as in (4.10), there exists a
finite set § C N such that, for any 7 € (0, o),

> f Ui+ a;(Dp(x) dx

JEN\F

<ég,

which, combined with (4.9) and (4.10), further implies that f vanishes weakly at infinity.
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Then, by an argument similar to that used in the proof of [59, Theorem 3.21], we obtain the
necessity of this theorem and we omit the details.

Now we prove the sufficiency. To this end, let f € S’(R") vanish weakly at infinity and satisfy
that S (f) € X. By this and Lemma 4.6, we conclude that there exists a ¢y € S(R”") such that

(4.11) supp(i) C B(0,,,b) \ B(0,, a),

where b, a € (0, 00) and b > a, and
* dar . P
(4.12) f= f*‘pt*l//tT in S'(R")
0

with ¢ as in Definition 4.1. It remains to prove that f € Hx(R"). For any (x,7) € Rﬁ”, let
F(x,1) := f = ¢(x). Then, by the fact that [|S (f)llx < co, we know that F € T}(R?*'). From this
and Lemma 4.5, it follows that there exist a sequence {Aj};’;1 of (T}, co)-atoms and {Aj};’;l C [0, 00)

1
such that, for almost every (x,7) € R",

(4.13) F(r,0= > GAi06n) and [FOonl = > A1A;(x 1)
jeN jeN

pointwisely on R”*! and, for some s € (0, 1],

1/s
&) /1 S
(4.14) Z(lll J” ) 15, < IIFIIT;((RTI) ~ IS (Hlly -
=1 I llx
X
For any j € N and x € R”, let
0 dy dt
(4.15) Aj(x) = f f Ay, OW(x = y) yT
0 R»

Similarly to the proof of [34, Lemma 4.8], we conclude that, up to a harmless constant multiple,
{A j}j'il is a sequence of (X, ¢, d, €)- molecules associated, respectively, with balls {B j};'il’ where ¢,
d and € are as in Lemma 2.15. Repeating the argument used in [69, (3.27)], we find that Z‘j’il AjA;

converges in S’(R"). Using this, (4.14) and Lemma 2.15, we then obtain Z;’.‘;l AjA; € Hx(R") and

1/s
[ /lj Ky
< 1p, < IS .
) s {Z(ng,ux) B’} < I3l

—
J b%

(o)

Z AjA;

J=1

(4.16)

Let g := Z;’; 1 AjAjin S'(R"). Then g € Hx(R"). From this and the necessity of this theorem, it
follows that g vanishes weakly at infinity. Using this and repeating the proof of [69, (3.30)] , we
find that

4.17) f=g in S®"

holds true. By (4.17) and (4.16), we conclude that f € Hx(R") and || fllway®) < IS (Hllwx, which
completes the proof of the sufficiency and hence of Theorem 4.9. O



18 DER-CHEN CHANG, SONGBAT WANG, DACHUN YANG AND YANGYANG ZHANG

4.2 Characterization by the Littlewood—Paley g’-Function

In this subsection, we establish the Littlewood—Paley g’,-function characterization of Hy(R").
Let X be a ball quasi-Banach function space and

(4.18) ry = sup{s € (0,00) : X satisfies Assumption 2.7 for this s and some g € (s, )} .

Theorem 4.11. Assume that X is a ball quasi-Banach function space satisfying Assumptions 2.6
and 2.7 with the same s € (0,1]. Let ry be as in (4.18) and A € (max{l1,2/r,},o). Then f €
Hx(R") if and only if f € S'(R"), f vanishes weakly at infinity and ||g3(f)llx < co. Moreover, for
any f € Hx(R"),

1 ey ~ I (DIIx,

where the positive equivalence constants are independent of f.

Remark 4.12. Assume that X is a ball quasi-Banach function space satisfying Assumption 2.6
with 0 < 6 < s < 1 and Assumption 2.7 with some g € (1, co] and the same s as in Assumption 2.6.
Let ry be as in (4.18). We point out that the g’,-function characterization in Theorem 4.11 widens
the range of A € (max{2/6,2/60+1—2/g}, o) in [68, Theorem 2.10(ii)] into A € (max{1,2/r,}, c0).
In the case of X := LP(R") with p € (0, c0), the range of A in Theorem 4.11 coincides with the best
known one, namely, (max{1, 2/p}, co) in [25].

Proof of Theorem 4.11. By Theorem 4.9 and the fact that, for any f € S'(R"), S(f) < g,(f), we
easily obtain the sufficiency of this theorem and still need to show its necessity.

To this end, let f € Hx(R"). By Theorem 4.9, we know that f vanishes weakly at infinity.
Moreover, for any x € R, we have

An
. « t , dydt
g,(Hx) < {fo jb:_qu (m) ler = fDI pors
+
Z f jZ""t<|x—)|<2W‘+1t }

A" (F) (x),

where F(x,1) := ¢; * f(x) for any x € R" and 7 € (0, o).

For any given A € (max{1,2/r,}, o), there exists an r € (0, r,] such that X satisfies Assumption
2.7 for this r and some ¢ € (r, ), and A € (max{l,2/r}, ). Let v € (0, min{1, r}]. Then, by the
assumption that X 1/ is a ball Banach function space, and Lemma 2.5, we know that X /v is also a
ball Banach function space. Since X satisfies Assumption 2.7, from Lemma 2.9 and the fact that
(g/r) € (1,0), we deduce that M is bounded on (X 1/rywhich, combined with the fact that X'/"
is a ball Banach function space, and Theorem 3.3, implies that, for any m € N,

||ﬂ(2m+l)(F)|| <max{2’2 2nm} |ﬂ(l)(F)|‘X.
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By this, the fact that X 17 is a ball Banach function space, A € (max{%, 1}, o), and Theorem 4.9,
we conclude that

[ﬂ(Z"’”) (F)]V

cfler

&l = |lzn]

)
—Anmy
%S
Xl/v Xl/v
m=0

s AV )y + i 278 max (2% 2"}

m=0

SISOy ~ 11 ey

X/

A (P

where, in the penultimate step, we used the fact that AV (F) = S(f). This finishes the proof of
the necessity and hence of Theorem 4.11. O

4.3 Characterization by the Littlewood—Paley g-function
We have the following Littlewood—Paley g-function characterization of Hy(R").

Theorem 4.13. Assume that X is a ball quasi-Banach function space satisfying Assumption 2.6
with 0 < 6 < s < 1 and Assumption 2.7 with the same s as in Assumption 2.6. Assume that there
exists a positive constant C such that, for any { fj}j'; | C A R"),

(4.19) {Z[w)(fj)]s} <C {Zmr} .
Xs/2 J=1 Xs/2

J=1

Then f € Hx(R") if and only if f € S'(R"), f vanishes weakly at infinity and ||g(f)llx < oo.
Moreover, for any f € Hx(R"),

I ey ~ lg(HIlx

where the positive equivalence constants are independent of f.

The following pointwise estimate is a slight variant of [66, (2.66)], which is just [69, Lemma
3.21].

Lemma 4.14. Let ¢ be a Schwartz function and assume that, for any x € R" \ {6,,}, there exists
a j € Z such that $(2jx) # 0. Then, for any given Ny € N and y € (0, 00), there exists a positive
constant C(y, y.¢), depending only on n, Ny, y and ¢, such that, for any s € [1,2], a € (0, Ny,
leZ, fe S(R") and x € R",

(@-wn)s * FOIN

[(65.1,), @] < Cavry P, 27 N72440" wr (142 — )@

k=0

Proof of Theorem 4.13. By an argument similar to that used in the proof of [68, Theorem 2.10(i)],
we obtain the necessity of this theorem.

Conversely, repeating the proof of [68, Theorem 2.10(i)] via replacing [68, Lemma 2.14] used
therein by Lemma 4.14 here, we complete the proof of the sufficiency and hence of Theorem
4.13. O
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S Applications

In this section, we apply Theorems 4.9, 4.11 and 4.13, respectively, to five concrete exam-
ples of ball quasi-Banach function spaces, namely, Morrey spaces (see §5.1 below), mixed-norm
Lebesgue spaces (see §5.2 below), variable Lebesgue spaces (see §5.3 below), weighted Lebesgue
spaces (see §5.4 below) and Orlicz-slice spaces (see §5.5 below). Observe that, among these five
examples, only variable Lebesgue spaces are quasi-Banach function spaces as in Remark 2.2(ii),
while the other four examples are ball quasi-Banach function spaces, which are not necessary to
be quasi-Banach function spaces.

5.1 Morrey spaces

Recall that, due to the applications in elliptic partial differential equations, the Morrey space
MP(R™ with 0 < r < p < oo was introduced by Morrey [50] in 1938. In recent decades, there
exists an increasing interest in applications of Morrey spaces to various areas of analysis such as
partial differential equations, potential theory and harmonic analysis (see, for instance, [3, 4, 16,
39, 75)).

Definition 5.1. Let 0 < r < p < oo. The Morrey space MY (R") is defined to be the set of all
measurable functions f such that

1z ey = sup IBIP~7 | fllags) < oo,
BeB

where B is as in (2.1) (the set of all balls of R").

Remark 5.2. Observe that, as was pointed out in [59, p. 86], M?(R") may not be a quasi-Banach
function space, but it is a ball quasi-Banach function space as in Definition 2.1.

Let 0 < r < p < co. From [60, Theorem 2.4] and [65, Lemma 2.5], it follows that M”(R")
satisfies Assumption 2.6 for any 6, s € (0, min{1, r}) with 8 < s (see also [16, 33]). Applying [33,
Lemma 5.7] and [61, Theorem 4.1], we can easily show that Assumption 2.7 holds true for any
given s € (0,7) and ¢ € (r,0], and X := MP(R"). Thus, all the assumptions of main theorems
in Section 4 are satisfied. Using Theorems 4.9, 4.13 and 4.11, we obtain the following character-
izations of Morrey—Hardy space HM?(R"), respectively, in terms of the Lusin area function, the
Littlewood-Paley g-function and the Littlewood—Paley g7 -function.

Theorem 5.3. Let p, r € (0,00) with r < p. Then f € HMYR") if and only if either of the
following two items holds true:

() fe SR, fvanishes weakly at infinity and S (f) € MY (R"), where S (f) is as in (4.1).
(i) f e S'(R"), f vanishes weakly at infinity and g(f) € MY(R™), where g(f) is as in (4.3).
Moreover, for any f € HMP(R™),
1 Leraze ey ~ S gz oy ~ g U Mlage ey

where the positive equivalence constants are independent of f.
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Remark 5.4. If ¢ appearing in the definitions of S (f) and g(f) as in (4.1) and (4.3) satisfies that
1 B@, 4)\B(@, 2) <p<l1 then, in this case, Theorem 5.24 was obtained by Sawano et al.
[59, Theorem 3.21].

B(0,,8\B(0,,1)’

Theorem 5.5. Let p, r € (0,00) with r < p, and A € (max{1,2/r}, ). Then f € HM’R") if
and only if f € S'(R"), f vanishes weakly at infinity and ||g3(f)llyp@n < 0. Moreover, for any
f e HM{(R"),

||f||HM5’(Rn) ~ ||8:k1(f)||M5’(Rn),

where the positive equivalence constants are independent of f.

Remark 5.6. If p € (0, 1], r € (0, p] and ¢ appearing in the definition of g’,(f) as in (4.2) satisfies
that 1 B(@,.4\B(@,.2) <p<l1 B(@G,.8)\BG,.1) then, in this case, Wang et al. [68, Corollary 2.22(v)] also
obtained the same result as in Theorem 5.5. When p € (1,0) and r € (0, p], to the best of our
knowledge, the result of Theorem 5.5 is new.

5.2 Mixed-norm Lebesgue spaces

The mixed-norm Lebesgue space Lﬁ(R") was studied by Benedek and Panzone [9] in 1961,
which can be traced back to Hormander [31]. Later on, in 1970, Lizorkin [46] further developed
both the theory of multipliers of Fourier integrals and estimates of convolutions in the mixed-norm
Lebesgue spaces. Particularly, in order to meet the requirements arising in the study of the bound-
edness of operators, partial differential equations and some other analysis fields, the real-variable
theory of mixed-norm function spaces, including mixed-norm Morrey spaces, mixed-norm Hardy
spaces, mixed-norm Besov spaces and mixed-norm Triebel-Lizorkin spaces, has rapidly been de-
veloped in recent years (see, for instance, [17, 29, 55, 37, 35, 36]).

Definition 5.7. Let 7 := (p1,...,p,) € (0,00]". The mixed-norm Lebesgue space LP(R") is
defined to be the set of all measurable functions f such that

P P

1 lsceny = { fR [ fR TSI dxl]'” ---dxn} < oo

with the usual modifications made when p; = oo for some i € {1,...,n}.

In this subsection, for any g := (p1, ..., pn) € (0, )", we always let p_ := min{p, ..., p,} and
p+ = max{pr,....pa}.

Let j € (0, 00)". Then LP(R") satisfies Assumption 2.6 for any 6, s € (0, min{1, p_}) with 0 < s
(see [35, Lemma 3.7]). Applying [35, Lemma 3.5] and [9, Theorem 1.a], we can easily show that
Assumption 2.7 holds true for any given s € (0, p_) and g € (p4+, 0], and X := Lﬁ(R”). Thus, all
the assumptions of main theorems in Sections 3 and 4 are satisfied. Using Theorems 4.9, 4.13 and
4.11, we obtain the following characterizations of the mixed Hardy space HP(R"), respectively,
in terms of the Lusin area function, the Littlewood—Paley g-function and the Littlewood—Paley
g,-function.

Theorem 5.8. Let 7 := (pi,...,pn) € (0,00)". Then f € HP(R™) if and only if either of the
following two items holds true:
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(1) f e S (R", f vanishes weakly at infinity and S (f) € LP(R™), where S(f) isasin (4.1).
(i) f € S'(R"), f vanishes weakly at infinity and g(f) € LP(R™), where g(f) is as in (4.3).

Moreover, for any f € HP(R"),

||f||H13(Rn) ~ ||S (f)HLﬁ(Rn) ~ “g(f)HLﬁ(Rn),
where the positive equivalence constants are independent of f.

Remark 5.9. Let 7 := (p1,..., pn) € (0,00)". If ¢ appearing in the definitions of S (f) and g(f) as
in (4.1) and (4.3) satisfies that ¢ € S(R") is a radial function such that, for any multi-index o € Z}
with |o] < [n(gammg = D fo ¥@(0) dx = 0 and, for any & € R \ {0,), Yiez P2FO = 1,

then, in this case, l’fﬁeorem 5.8 was obtained by Huang et al. [35, Theorems 4.1 and 4.2] as a

special case.

Theorem 5.10. Let g := (p1,...,pn) € (0,00)". Let A € (max{l ,00). Then f €
HP(R™) if and only if f € S'(R"), f vanishes weakly at infinity and g, (s gny < 00. Moreover,
for any f € HP(RY),

||f||H13(Rn) ~ ||gfl(f)”Lp‘(Rn),

where the positive equivalence constants are independent of f.

Remark 5.11. Let g := (p1,..., pn) € (0, c0)". If ¢ appearing in the definition of g,(f) asin (4.2)
is as in Remark 5.9, then, in this case, Theorem 5.10 widens the range of A € (1 + 2

min{2,p1,....pn}
in [35, Theorem 4.3] into A € (max{1, _min{plz,.,p }}’ ©0).

’m)

5.3 Variable Lebesgue spaces

Let p(-) : R" — [0, o0) be a measurable function. Then the variable Lebesgue space LPO(R™)
is defined to be the set of all measurable functions f on R" such that

1A lr0 oy 2= inf {A € (0,00) | [f)I/APY dx < 1} < co,

RV!
We refer the reader to [53, 54, 40, 19, 22] for more details on variable Lebesgue spaces.
For any measurable function p(-) : R" — (0, o0), in this subsection, we let

p- :=essinf p(x) and py :=esssup p(x).
xeR” xeRn

If 0 < p_ < p; < oo, then, similarly to the proof of [23, Theorem 3.2.13], we know that LPORM)
is a quasi-Banach function space and hence a ball quasi-Banach function space.

A measurable function p(-) : R" — (0, c0) is said to be globally log-Hdlder continuous if there
exists a po, € R such that, for any x, y € R",

lp(x) = pO)l < log(e + 1/|x =)
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and

[P(x) = peol < Toge + 1)’
where the positive equivalence constants are independent of x and y.

Let p(-) : R" — (0, ) be a globally log-Hélder continuous function satisfying 0 < p_ < p, <
co. Adamowicz et al. [2] obtained the boundedness of the Hardy-Littlewood maximal operator
on variable Lebesgue spaces. Using this and [5, Theorem 3.1], we can readily prove that, for any
0, s € (0,min{l, p_}) with § < s, Assumption 2.6 is satisfied (see also [19, 21]). Furthermore,
from [19, Lemma 2.16], we deduce that Assumption 2.7 holds true for any given s € (0, p-)
and ¢ € (py, 0], and X := LPO(R"). Thus, all the assumptions of main theorems in Section 4
are satisfied. Using Theorems 4.9, 4.13 and 4.11, we obtain the following characterizations of
variable Hardy space H")(R"), respectively, in terms of the Lusin area function, the Littlewood—
Paley g-function and the Littlewood-Paley g’,-function.

Theorem 5.12. Let p(-) : R" — (0,00) be a globally log-Hdlder continuous function satisfying
0 <p_ <P, <oo. Then f € HP(R") if and only if either of the following two items holds true:

() f e SR, fvanishes weakly at infinity and S (f) € LP)(R™), where S (f) is as in (4.1).
(i) f e S'(R"), f vanishes weakly at infinity and g(f) € LPO(R™), where g(f) is as in (4.3).

Moreover;, for any f € HPO(R"),

L/ 11 o @y ~ IS UM rormy ~ N8 Lre ey
where the positive equivalence constants are independent of f.

Remark 5.13. If ¢ appearing in the definitions of S (f) and g(f) as in (4.1) and (4.3) satisfies that
13(@,4)\3@,2) <p< 13(6’1,8)\3(6’1,1), then, in this case, Theorem 5.12 was obtained by [59, Theorem
3.21] and [68, Corollary 2.22(vi)].

Theorem 5.14. Let p(-) : R" — (0,00) be a globally log-Hdlder continuous function satisfying
0 <p_ <p, < oo Let A € (max{l, 1%},00). Then f € HPO®R") if and only if f € S'(R"), f
vanishes weakly at infinity and ||’ (f)|lro®ny < 00. Moreover, for any f € HPO®R?),

I lzro@ny ~ 183N Lo gy
where the positive equivalence constants are independent of f.

Remark 5.15. Let p(:) : R" — (0,00) be a globally log-Holder continuous function satisfying
0 < p. <py < oo Let A € (max{l, ;’%}’ o). If ¢ appearing in the definition of g’(f) as in

(4.2) satisfies that 1 B@, 4)\B(@G,.2) <p<1 B@, 8\B@,.1)’ then, in this case, Theorem 5.26 widens
the range of 1 € (max{

N = 5T + i) ©) in [68, Corollary 2.22(vi)] into A €

max({1,p;} min{1,p_

min{1,p_}
(max{l, 1%}, ).
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5.4 Weighted Lebesgue spaces

If X is a weighted Lebesgue space L (R") with p € (0, o) and w € Ao, (R"), then Hx(R") is just
the weighted Hardy space HZ(R”), which was studied in [11, 26, 43, 14, 64, 72, 71].

It is worth pointing out that a weighted Lebesgue space with an A, (R")-weight may not be a
Banach function space; see [59, Section 7.1]. From [23, Theorem 2.7.4], we deduce that, when
p € (1,00) and w € AR, [LE(RM) = Lf: /1-,;/ (R™), where [LP(R™)]’ is the associated space of
LI(R™) as in (2.4) with X := LI (R™). For any given w € A, (R"), let

(5.1 qo =inf{g € [1,00): w € AJR"}.

Let p € (0,00) and w € Ao (R"). Obviously, w € A,/4(R") holds true for any 6 € (0, p/q.).
From this and [5, Theorem 3.1(b)], we deduce that L (R") satisfies Assumption 2.6 for any 6, s €
(0, min{l1, p/q,}) with 8 < s. Moreover, by [30, Proposition 7.1.5(4)], we know that, for any
s€(0,p/qu), W'~ ¢ A(p/sy (R") holds true. By this and [30, Corollary 7.2.6], we conclude that
there exists a ¢ € (0, o) such that w!~?/9" ¢ Apssy jqrsy R™). Then, from [30, Theorem 7.1.9(b)]

and the fact that Lffl/_ 2}/5 E,q/ Y (R = [L‘(fl/_ 2:/5), RV we deduce that M@/9" is bounded on
(p/sy
L

C=plsy (R™), which shows that, for any given s € (0, p/q.,), there exists a ¢ € (0, ) such that
Assumption 2.7 holds true. Thus, all the assumptions of main theorems in Section 4 are satisfied.
Using Theorems 4.9, 4.13 and 4.11, we immediately obtain the following characterizations of
H’(R") by means of the Lusin area function, the Littlewood—Paley g-function and the Littlewood—
Paley g’ -function.

Theorem 5.16. Let p € (0,00) and w € Ao(R"). Then f € HL(R™) if and only if either of the
following two items holds true:

() fe€ SR, fvanishes weakly at infinity and S (f) € LL(R™), where S (f) is as in (4.1).

(i) f € S'(R"), f vanishes weakly at infinity and g(f) € LY (R™), where g(f) is as in (4.3).
Moreover, for any f € HY(R™),

”f”HZ(R") ~ IS (f)”L{")(Rn) ~ ||g(f)||L£(Rn),
where the positive equivalence constants are independent of f.

Remark 5.17. Let p € (0,1] and w € A (R"). Assume that ¢ € S(R") appearing in the defini-
tions of S (f) and g(f) as in (4.1) and (4.3) is a radial function supported in the unit ball B(6,,, 1)
satisfying that, for any multi-index « € Z!} with |a| < [n(gn/p — 1)], ﬁ&n x*p(x)dx = 0 and, for

any £ € R\ {6,,}, fooo [p(t&)? % = 1. In this case, Thereom 5.16 was obtained by Liang et al. [34,
Theorem 4.13] as a special case.

Theorem 5.18. Let p € (0,0), w € Ax(R") and A € (max{l, 2¢q,,/p}, o), where q,, is as in (5.1).
Then f € HY(R™) if and only if f € S'(R"), f vanishes weakly at infinity and g, (N gy < 0.
Moreover; for any f € H)(R™),

||f||H5(Rn) ~ ||8;(f)||LZ(Rn),
where the positive equivalence constants are independent of f.

Remark 5.19. Let p € (0, 1] and ¢ appearing in the definition of g’(f) in (4.2) be as in Remark
5.17. In this case, Thereom 5.18 was obtained by Liang et al. [43, Theorem 4.8] as a special case.
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5.5 Orlicz-slice spaces
First, we recall the notions of both Orlicz functions and Orlicz spaces (see, for instance, [56]).

Definition 5.20. A function ® : [0,c0) — [0,00) is called an Orlicz function if it is non-
decreasing and satisfies ®(0) = 0, ®(¢) > 0 whenever ¢ € (0, c0), and lim;_,c, O(f) = co.

An Orlicz function ® as in Definition 5.20 is said to be of lower (resp., upper) type p with
p € (—o0, 00) if there exists a positive constant C(,), depending on p, such that, for any ¢ € [0, co)
and s € (0, 1) [resp., s € [1, 00)],
D(st) < Cp)sPD(2).

A function @ : [0,00) — [0, c0) is said to be of positive lower (resp., upper) type if it is of lower
(resp., upper) type p for some p € (0, o).

Definition 5.21. Let @ be an Orlicz function with positive lower type py, and positive upper type
pg- The Orlicz space L®(R") is defined to be the set of all measurable functions f such that

£l o) = inf {/l € (0,00) : f q)(lf(ﬂx”) dx < 1} < o,

Now we recall the notion of Orlicz-slice spaces.

Definition 5.22. Let 7, r € (0, 00) and ® be an Orlicz function with positive lower type pg and
positive upper type pg,. The Orlicz-slice space (Ey,)(R") is defined to be the set of all measurable

functions f such that
1
I 1BenllLo@n | r
1l ey = { f [— dxp < oo,
re | IBepllemn

Remark 5.23. By [76, Lemma 2.28], we know that the Orlicz-slice space (Eg)(R") is a ball
quasi-Banach function space, but it may not be a quasi-Banach function space (see, for instance,
[77, Remark 7.41(1)])

The Orlicz-slice space was introduced by Zhang et al. [76], which is a generalization of the
slice spaces proposed by Auscher and Mourgoglou [7] and Auscher and Prisuelos-Arribas [8]. Let
t, r € (0,00) and ® be an Orlicz function with positive lower type pg and positive upper type
p&,. Then (Eg),(R") satisfies Assumption 2.6 for any 6, s € (0,min{l,r, py}) with 6 < s (see
[76, Lemma 4.3]). Furthermore, from [76, Lemmas 4.4], we deduce that Assumption 2.7 holds
true for any given s € (0, min{r, pg}) and g € (max{r, p:i)}, o), and X := (Eg)(R"). Thus, all the
assumptions of main theorems in Sections 3 and 4 are satisfied. Using Theorems 4.9, 4.13 and
4.11, we immediately obtain the following characterizations of (HE),(R") in terms of the Lusin
area function, the Littlewood-Paley g-function and the Littlewood-Paley g’ -function.

Theorem 5.24. Lett € (0, ), 1, py, pg € (0,00) and ® be an Orlicz function with positive lower
type pg, and positive upper type py. Then f € (HEp)(R") if and only if either of the following
two items holds true:

(i) feS'R"), fvanishes weakly at infinity and S (f) € (Eg,)(R"), where S (f) is as in (4.1).
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(i) f € S'(R™), f vanishes weakly at infinity and g(f) € (Ep)(R"), where g(f) is as in (4.3).

Moreover, for any f € (HE?I)),(R"),

WA lleer ey ~ IS (Ol ~ 118U ER ) Ry
where the positive equivalence constants are independent of f.

Remark 5.25. Let ¢ appearing in the definitions of S (f) and g(f) as in (4.1) and (4.3) satisfy that
1 B, 40\B@,2) = p<1 In this case, Theorem 5.24 was obtained by Zhang et al. [76,
Theorem 3.17].

B(0,,,8)\B(0,,1)"

Theorem 5.26. Lett € (0,), 1, py, pg € (0,00) and ® be an Orlicz function with positive lower
type pg, and positive upper type py. Let A € (max{l, m}, o). Then f € (HEy)(R") if and
only if f € S'(R"), f vanishes weakly at infinity and ||g"( f)”(E&))t(Rn) < oo, where g\(f) is as in
(4.2). Moreover, for any f € (HE%),(R"),

I ez ey ~ N1gACU M) s
where the positive equivalence constants are independent of f.

Remark 5.27. Let r, pg, pg € (0,0) and @ be an Orlicz function with positive lower type pg,
and positive upper type pg,. Let ¢ appearing in the definition of g’(f) as in (4.2) satisfy that

136, 40806, = % = 15, 8)\86,.1)°
. . 2 2 2
In this case, Theorem 5.26 widens the range; of 1 € (max{min{l’p&r}, 1- CrRINA] + T 7] }, 00)
in [76, Theorem 3.19] into A € (max{l, m}, 00).
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