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Abstract. Let ¢ : R™ x [0, c0) — [0, 00) satisfy that ¢(z, -), for any given z € R" is
an Orlicz function and ¢(-,t) is a Muckenhoupt A, weight uniformly in ¢ € (0, oo).
The (weak) Musielak-Orlicz Hardy space H?(R™) (W H¥(R™)) generalizes both of the
weighted (weak) Hardy space and the (weak) Orlicz Hardy space and hence has a wide
generality. In this paper, two boundedness criterions for both of linear operator and
positive sublinear operator from H¥¢(R™) to H?(R™) or from H¥(R"™) to WH¥(R"™)
are obtained. As applications, we establish the boundedness of Bochner-Riesz means
from H?(R™) to H¥(R"), or from H?(R™) to WH?(R"™) in the critical case. These
results are also new even when p(z, t) := ®(¢) for all (z, t) € R™ x [0, 00), where ®
is an Orlicz function.

1 Introduction

The real-variable theory of Hardy space on the n-dimensional Euclidean space R", initiated
by Stein and Weiss [35], plays an important role in the harmonic analysis and partial
differential equations. It is well known that Hardy space HP(R™) is a good substitute of
Lebesgue space LP(R™) with p € (0, 1]; for example, when p € (0, 1], the Riesz transforms
are not bounded on LP(R™), however, they are bounded on HP(R™). Moreover, when
studying the boundedness of operator in the critical case, the weak Hardy space W HP (R™)
naturally appear and prove to be a good substitute of Hardy space HP(R™) with p € (0, 1].
For example, if § € (0, 1], T is a d-Calderén-Zygmund operator and 7%(1) = 0, where T*
denotes the adjoint operator of T, it is known that T is bounded on HP(R™) for all
p € (45, 1] (see [1]), but T may be not bounded on HHLH(R”); however, Liu [19] proved

that T is bounded from HnLH(R") to WHHLH(R”)

Recently, Ky [15] introduced a new Musielak-Orlicz Hardy space H¥(R™), which gen-
eralizes both of the classical Hardy space [7], the weighted Hardy space [33], the Orlicz
Hardy space [10, 12, 13, 14] and the weighted Orlicz Hardy space, and hence has a wide
generality. Later, Liang et al. [26] further introduced a weak Musielak-Orlicz Hardy s-
pace W H¥(R™), which covers both of the weak Hardy space [6], the weighted weak Hardy
space [29], the weak Orlicz Hardy space and the weighted weak Orlicz Hardy space, as
special cases. Apart from interesting theoretical considerations, the motivation to study
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Musielak-Orlicz-type space comes from applications to elasticity, fluid dynamics, image
processing, nonlinear PDEs and the calculus of variation (see, for example, [3, 4]). More
Musielak-Orlicz-type spaces are referred to [23, 25, 24, 38, 21, 5, 39, 37]. We refer the
reader to [37] for a complete survey of the real-variable theory of Musielak-Orlicz Hardy
space.

On the other hand, observe that a distribution in Hardy space can be represented as
a (finite or infinite) linear combination of atoms (see [16, 8]). Then, the boundedness
of linear operator on Hardy space can be deduced from their behavior on atoms. More
precisely, as is well known, a linear operator 7' (which is originally defined on smooth
functions with compact support) can extend to a bounded operator from HP(R"™) with
p € (0, 1] to some quasi-Banach space B if T is bounded on L?(R") and it maps all
(p, 2)-atoms into uniformly bounded elements of B; see, for example, [18, 20, 28, 31].

Motivated by all of the above mentioned facts, it is a natural and interesting problem to
ask if T is a linear or a positive sublinear operator, what kind of additional conditions on T’
can deduce the boundedness of T' from H¥(R") to H?(R"™) or from H?(R") to WH¥(R")?
In this paper, we shall answer these problems affirmatively. As applications, we establish
the boundedness of Bochner-Riesz means from H¥?(R™) to H?(R"), or from H¥(R") to
W H¥(R™) at critical index. These results are also new even when ¢(z, t) := ®(¢t) for all
(x, t) € R™ x [0, o), where ® is an Orlicz function.

An outline of this paper is as follows.

In Section 2, we recall some notions concerning Muckenhoupt weight, growth function
and Musielak-Orlicz Hardy space H?(R™). Then we present the completeness of weak
Musielak-Orlicz Hardy space (see Theorem 2.11 below) and two boundedness criterions
for T from H?(R"™) to WH¥(R") or from H¥(R") to itself (see Theorems 2.12 and 2.13
below).

Section 3 is devoted to the proofs of Theorems 2.11, 2.12 and 2.13. Here, we point out
that, the uniformly o-quasi-subadditive property of ¢ can be used to prove the complete-
ness of H?(R™) (see [15, Proposition 5.2] for more details). However, we don’t know how to
use this method to obtain the completeness of W H¥?(R™) because of the particular form of
the norm of W H¥(R"™). Fortunately, we overcome this difficulty by borrowing some ideas
from the proof of [27, Proposition 2.8] and using Aoki-Rolewicz’s theorem (see Lemma
3.2 below). In the process of the proof of Theorem 2.13, the molecular characterization
of H?(R™) plays a key role in obtaining the boundedness criterion for 7' from H¥?(R™) to
itself. It is worth pointing out that the Musielak-Orlicz Hardy space has several different
kinds of molecular characterization. Here, we use the molecular characterization of Li et
al. [21] rather than that of Hou et al. [9].

In Section 4, we first recall the definition of Bochner-Riesz means T}%' Then, as applica-
tions of Theorems 2.12 and 2.13, the boundedness of Bochner-Riesz means from H¥?(R"™)
to WHY(R"™) (see Theorem 4.1 below) or from H¥(R") to itself (see Theorem 4.2 below)
is obtained. It is worth pointing out that this method is different from that used by Lu
[18, Chapter 3, §5], in which the kernel of TI‘; belongs to Campanato space was proved.
However, in present setting, the corresponding conclusion that the kernel of T }‘; belongs
to Musielak-Orlicz Campanato space is still unknown due to the complex structure of
Musielak-Orlicz-type space.
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Finally, we make some conventions on notation. Let Z; := {1, 2, ...} and N := {0} U
Zy. For any B:= (B1,...,B8n) € N, let |8 := B1 + -+ B, and 07 := (8%1)51 e (%)5".
Throughout this paper, the letter C' will denote a positive constant that may vary from line
to line but will remain independent of the main variables. The symbol P < @ stands for the
inequality P < CQ. If P < Q < P, we then write P ~ Q). For any sets E, ' C R", we use
EL to denote the set R™\ E, |E| its n-dimensional Lebesque measure, x g its characteristic
function and E + F the algebraic sum {x+vy: =z € E,y € F}. For any s € R, |s] denotes
the unique integer such that s —1 < |s| < s. If there are no special instructions, any
space X (R") is denoted simply by X. For instance, L?(R") is simply denoted by L?. For
any index q € [1, oo, ¢’ denotes the conjugate index of ¢, namely, 1/q+ 1/¢' = 1. For
any set E of R™, ¢t € [0, oo) and measurable function f, let p(E, t) := [, ¢(x, t)dz and
{If| >t} :={z eR™: |f(x)] >t}. As usual, for any z € R, r € (0, 00) and « € (0, o),
let B(z, r):={y e R": |z —y| <r} and aB(z, r) := B(z, ar).

2 Notions and main results

In this section, we first recall the notion concerning the Musielak-Orlicz Hardy space
via the non-tangential grand maximal function, and then present the completeness of
weak Musielak-Orlicz Hardy space and two boundedness criterions for some operators on
Musielak-Orlicz Hardy space.

Recall that a function ® : [0, co) — [0, co) is called an Orlicz function, if it is nonde-
creasing, ®(0) =0, ®(t) > 0 for any t € (0, 00), and lim;_,o P(t) = 0.

Given a function ¢ : R" x [0, co) — [0, o) such that, for any x € R", ¢(z, -) is an
Orlicz function, ¢ is said to be of uniformly lower (resp. upper) type p with p € (0, 00),
if there exists a positive constant C' := C, such that, for any x € R", ¢ € [0, co) and
s € (0, 1] (resp. s € [1, 0)),

p(a, st) < CsPi(, 1).

The critical uniformly lower type index and the critical uniformly upper type index of ¢
are, respectively, defined by

(2.1) i(p) :=sup{p € (0, 00) : ¢ is of uniformly lower type p},
and
(2.2) I(p) :=inf{p € (0, 00) : @ is of uniformly upper type p}.

Observe that i(¢) or I(y) may not be attainable, namely, ¢ may not be of uniformly lower
type i(p) or of uniformly upper type I(¢); see below for some examples.

Definition 2.1. Let ¢ € [1, c0). A function ¢(-,t) : R" — [0, co) is said to satisfy the

uniform Muckenhoupt condition, denoted by ¢ € A, if there exists a positive constant C
such that, for any ball B C R™ and ¢ € (0, o), when ¢ =1,

’;’ /BSO(SC, t)dx { esssup [p(z, £)] " } <c

reB
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and, when ¢ € (1, 00),

‘;’/Bgo(x, 0 dx{‘;’/B[go(x, = d:z:}q_l <c

Let Ay :=J A,. The critical weight index of ¢ € A is defined as follows:

q€[l, 00)
(2.3) q(p) ==1inf{g € [1, 00) : v € Ay}

Observe that, if g(¢) € (1, o), then ¢ ¢ Ay
(see, for example, [11]).

o) and there exists ¢ ¢ Aj such that ¢(p) =1

Definition 2.2. ([15, Definition 2.1]) A function ¢ : R™ x [0, c0) — [0, co) is called a
growth function if the following conditions are satisfied:

(i) ¢ is a Musielak-Orlicz function, namely,

(a) the function ¢(z, -) : [0, o) — [0, co) is an Orlicz function for all x € R,

(b) the function ¢(-,t) is a Lebesgue measurable function on R™ for all ¢ € [0, o0);
(ii) € A
(iii) ¢ is of uniformly lower type p for some p € (0, 1] and of uniformly upper type 1.

Clearly, p(x, t) := w(x)®(t) is a growth function if w € Ay, and ® is an Orlicz function
of lower type p for some p € (0, 1] and of upper type 1. It is well known that, for p € (0, 1],
if ®(t) :=tP for all ¢t € [0, o0), then ® is an Orlicz function of lower type p and of upper
p; for p € [1/2, 1], if ®(t) := t?/In(e + t) for all ¢ € [0, c0), then ® is an Orlicz function
of lower type ¢ for ¢ € (0, p) and of upper type p; for p € (0, 1/2], if ®(t) := t’ In(e + t)
for all ¢ € [0, 00), then ® is an Orlicz function of lower type p and of upper type ¢ for
q € (p, 1]. Recall that if an Orlicz function is of upper type p € (0, 1), then it is also of
upper type 1. Another typical and useful growth function is

ta
In(e + |z[)]” + [In(e + )]

o(z, t) = [

for all (z, t) € R™ x [0, 00), with any « € (0, 1], 8 € [0, c0) and 7 € [0, 2a(1 4 1n2)]; more
precisely, ¢ € Aj, ¢ is of uniformly upper type « and i(¢) = « which is not attainable
(see [15]).

Suppose that ¢ is a Musielak-Orlicz function. Recall that the Musielak-Orlicz space L¥
is defined to be the set of all measurable functions f such that, for some A € (0, c0),

[ o V) e

equipped with the Luxembourg-Nakano (quasi-)norm

I fllze == inf{)\e (0, o0) : /ﬁ”(”““’ |f(;c)|> dr < 1}.
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Similarly, the weak Musielak-Orlicz space W L¥ is defined to be the set of all measurable
functions f such that, for some A\ € (0, c0),

t
wp o ({11121, 1) <oc
te(0, 00)

equipped with the quasi-norm

. t
| fllwre :== 1nf{/\ € (0,00): sup ¢ ({\f\ > t}, A) < 1}.
te(0,00)
Remark 2.3. Let w be a classical Muckenhoupt weight and ® an Orlicz function.

(i) If p(z, t) := w(x)t? for all (z, t) € R™ x [0, co) with p € (0, o), then L¥ (resp.
WL¥#) is reduced to weighted Lebesgue space L% (resp. weighted weak Lebesgue
space WLL), and particularly, when w = 1, the corresponding unweighted spaces
are also obtained.

(ii) If o(x, t) == w(z)®(t) for all (z, t) € R"x |0, c0), then L¥ (resp. W L?) is reduced to
weighted Orlicz space L® (resp. weighted weak Orlicz space W L), and particularly,
when w = 1, the corresponding unweighted spaces are also obtained.

In what follows, we denote by S the space of all Schwartz functions and by S’ its dual
space (namely, the space of all tempered distributions). For any m € N, let

a€eN", |a|<m+1zeR™

Then, for any m € N and f € &', the non-tangential grand mazimal function f;, of f is
defined by setting, for all z € R™,

fn(2) := sup sup | fxabe(y)l;

’l/JESm |y71|<t7 te(o’ OO)

where, for any ¢ € (0, 00), ¥4(+) := t7"%(;). When

werir|r (35

we denote f¥ simply by f*, where ¢(p) and i(p) are as in (2.3) and (2.1), respectively.

Definition 2.4. ([15, Definition 2.2]) Let ¢ be a growth function as in Definition 2.2 and
m € [m(p), o) NN, where m(p) is as in (2.4). The Musielak-Orlicz Hardy space Hy, is
defined as the set of all f € S’ such that f € L? equipped with the (quasi-)norm

1 g, = [1fmll e



6 Qiu Xr1aoLrl, Lt BAoDE, Liu X1oNG AND L1 Bo

Definition 2.5. ([26, Definition 2.3]) Let ¢ be a growth function as in Definition 2.2 and
m € [m(p), co) NN, where m(p) is as in (2.4). The weak Musielak-Orlicz Hardy space
W H,y, is defined as the set of all f € S’ such that f, € W L¥ equipped with the quasi-norm

1 fllw g, == [ fmllwe

Remark 2.6. By [22, Lemma 2.13], we know that, if m € [m(y), oco) N N, then the
definition of Hy, is independent of m. Analogously, by [26, Throrem 3.5] and the same
argument as in the proof of [22, Lemma 2.13], we know that, if m € [m(y), co) NN, then
the definition of W Hy;, is also independent of m. Therefore, from now on, we denote H,;,
and W Hy,, with m € [m(y), oo) NN simply by H¥ and W H¥, respectively.

Remark 2.7. Let w be a classical Muckenhoupt weight and ® an Orlicz function.

(i) If p(z, t) == w(x)t? for all (z,t) € R™ x [0, co) with p € (0, 1], then H?¥ (resp.
W H?) is reduced to weighted Hardy space HL (resp. weighted weak Hardy space
W HY), and particularly, when w = 1, the corresponding unweighted spaces are also
obtained.

(i) If o(z, t) := w(z)®(t) for all (z, t) € R x [0, 00), then H? (resp. W H?) is reduced
to weighted Orlicz Hardy space H® (resp. weighted weak Orlicz Hardy space W HZ),
and particularly, when w = 1, the corresponding unweighted spaces are also obtained.

Definition 2.8. ([15, Definition 2.4]) Let ¢ be a growth function as in Definition 2.2.

(i) A triplet (v, g, N) is said to be admissible, if ¢ € (q(¢), oo] and N € [m(p), co) NN,
where ¢(p) and m(p) are as in (2.3) and (2.4), respectively.

(ii) For an admissible triplet (¢, ¢, V), a measurable function «a is called a (¢, ¢, N)-
atom associated with some ball B C R™ if it satisfies the following three conditions:

(a) a is supported in B;

(b) llall s < Ixslzt, where

1 / 1/q
sup |———— [ |a(z)|%(x, t) dx , q €1, 00),
| ) te(0,00) [@(B, t) /B
lal LL(B) *
lallLee, q = 00;

(¢) Jgn a(x)x*dz =0 for any o € N with |a] < N.
Definition 2.9. ([21, Definition 2.6]) Let ¢ be a growth function as in Definition 2.2.

(i) A quadruple (¢, g, N, €) is said to be admissible, if ¢ € (q(p), o], N € [m(p), co)NN
and € € (0, co0) satisfying ¢ > max{q(y)/i(¢), N/n+1}, where ¢(¢), m(¢) and i(p)
are as in (2.3), (2.4) and (2.1), respectively.
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(ii) For an admissible quadruple (¢, ¢, N, €), a measurable function M is called a
(¢, g, N, €)-molecule associated with some ball B C R”™ if it satisfies the follow-
ing three conditions:

() [1M]lLem) < lIxslze:
(b) for any j € Nand y € (277'B) \ (2/B),

[M(y)] < 27"%||xB] L2

(¢) Jgn M(z)z*dx = 0 for any o € N with |a| < N.

Definition 2.10. Let X and Y be two function spaces. An operator T: D C X — Y
is called a positive sublinear operator if, for any x € R", the following conditions are
satisfied:

(i) T(f)(x) = 0;

(ii)) T(af)(z) < |a|T(f)(x), where a € C;

(iii) T(f +9)(z) < T(f)(x) + T(g) ().

The main results of this paper are as follows, the proofs of which are given in next
section.

Theorem 2.11. Let ¢ be a growth function as in Definition 2.2. The weak Musielak-Orlicz
Hardy space W HY s complete.

Theorem 2.12. Let ¢ be a growth function as in Definition 2.2 satisfying I(¢) € (0, 1),
and m € [m(p), o0) NN, where I(¢) and m(p) are as in (2.2) and (2.4), respectively.
Suppose that a linear or a positive sublinear operator T is bounded on L?. If there exists
a positive constant C such that, for any X € (0, 00) and multiple of a (v, q, N)-atom b(-)
associated with some ball B C R",

(2.5) sup ¢ ({(T(b));‘n > al, %) < Cyp (B, H[)|L;MB)> 7

a€e(0,00)
then T extends uniquely to a bounded operator from HY to W H¥?.

Theorem 2.13. Let ¢ be a growth function as in Definition 2.2 and a(-) be a (¢, q, N)-
atom associated with some ball B C R™. Suppose that a linear or a positive sublinear
operator T is bounded on L?. If T(a) is a harmless constant multiple of a (p, q, N, €)-
molecule, then T extends uniquely to a bounded operator from H¥ to H?.

Remark 2.14. Let w be a classical Muckenhoupt weight and ® an Orlicz function. When
o(x, t) == w(z)®(t) for all (z, t) € R" x [0, 00), we have H? = H?. In this case, Theorems
2.11, 2.12 and 2.13 hold true for weighted Orlicz Hardy space. Even when w = 1, the above
results are also new.
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3 Proofs of Theorems 2.11, 2.12 and 2.13

To prove Theorems 2.11, 2.12 and 2.13, we need some auxiliary lemmas. The proof of the
following lemma is identical to that of [15, Proposition 5.1], the details being omitted.

Lemma 3.1. Let @ be a growth function as in Definition 2.2. Then WH? C S’ and the
inclusion is continuous.

Recall that a quasi-normed linear space B is a linear space endowed with a quasi-
norm || - [|g which is nonnegative, non-degenerate (i.e., ||f||g = 0 if and only if f = 0),
homogeneous, and obeys the quasi-triangle inequality, i.e., there exists a constant K no
less than 1 such that, for any f,g € B, || f +glls < K (||fllz+ l|l9llB)-

Lemma 3.2. ([30, Aoki-Rolewicz’s theorem|) Let B be a quasi-normed linear space and
K a constant associated with B as above. Then, for any { fi}icz, C B,

Zfz < Z 1£ill5:

where v := [logy(2K)] !

Proof of Theorem 2.11. We show this theorem by borrowing some ideas from the proof of
[27, Proposition 2.8]. To prove that W H? is complete, we divide our proof in three steps.
Firstly, without loss of generality, we take a sequence {f;}jez,. C WH¥ such that, for

any j € Zy, || fillwre <277
The next thing to do in the proof is to find some f in WH?¥. Since {Z§:1 fitrez,

is a Cauchy sequence in WH?¥, from Lemma 3.1, it follows that {Z§=1 fitrez, is also a
Cauchy sequence in &', which, together with the completeness of &, implies that there
exists some f € 8’ such that Z§:1 fj converges to f as k — oo in §’. Thus, for any ¢ € S,

the series Z?:l fj*1 converges to f 1 pointwisely as k — co. Therefore, for any x € R,

we have
@) <> () (@)

JELy
By this and Lemma 3.2, we know that there exists some v € (0, 1] associated with W L¥
such that

o

W lvme = 15 e < | G| < 10 g < 30 2797 < o

JELy W L¥ JELy JELy

Finally, we still to show that Z§:1 fi = fask — oo in WH¥. Applying Lemma 3.2
again, we know that there exists some 7 € (0, 1] associated with W H? such that

1A
k ) [eS) l

=34 =1y 5 < 3 15l

S e S | j=k+1
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- /5
<| > 277 ~27F 5 0as k— oo.
j=k+1
This finishes the proof of Theorem 2.11. O

Lemma 3.3. Let X and Y be two linear spaces. Suppose T : D C X — Y is a positive
sublinear operator as in Definition 2.10. Then, for any f,g € D,

T(f) =TI <T(f —9)
Proof. Applying Definition 2.10(ii), we obtain that
T(=f)<|=-UT)=T) <|-UT(=f)=T(-f),
therefore, T(—f) = T(f). By Definition 2.10(iii), we know that
T(f)=T(9) =T(f —g+9) —T(9) <T(f —g)+T(g9) —T(g9) =T(f — 9)-

Similarly,

T(g)=T(f) <T(g— 1)

From the above two inequalities and T(—f) = T(f), we deduce that |T(f) —T(g)| <
T(f — g). This finishes the proof of Lemma 3.3. O

The following lemma gives the superposition principle of weak type estimates.

Lemma 3.4. ([2, Lemma 7.13]) Let ¢ be a growth function as in Definition 2.2 satisfying
I(p) € (0, 1), where I(yp) is as in (2.2). Assume that {f;}jcz+ is a sequence of measurable
functions such that, for some X € (0, 00),

> s o ({lfl>a) ) <o

jez+ a€(0,00)

Then there exists a positive constant C, depending only on ¢, such that, for anyn € (0, 00),

® Z|fj|>77 ,g SC'Z sup @({\fj!>a},%).

jett jez+2€(0:%)

By an argument similar to that used in the proof of [15, Lemma 4.3], we easily obtain
the following lemma, the details being omitted.

Lemma 3.5. Let ¢ be a growth function as in Definition 2.2. For a given positive constant
C, there exists a positive constant C' such that, for any X € (0, co),

swp o ({1f]>a}, 5

) < C implies that || f|lwre < CA.
a€e(0,00)
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Definition 3.6. ([15, Definition 2.4]) For an admissible triplet (¢, ¢, N), the Musielak-
Orlicz atomic Hardy space HS "™ is defined as the set of all f € S’ which can be repre-
sented as a linear combination of (¢, ¢, N)-atoms, that is, f = Zj b;j in &', where b; for
each j is a multiple of some (¢, ¢, N)-atom supported in some ball B;, with the property

S e (Bys Iosllias,y) < oo
J

Define

b; _
J
and
11l gy = inf {Aq({b537)}

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

Lemma 3.7. ([22, Lemma 2.13]) Let (¢, g, N) be an admissible triplet as in Definition
2.9. If m € Im(yp), 00) NN, where m(p) is as in (2.4), then

H’;’% — Hasi) q, N
with equivalent (quasi-)norms.

Lemma 3.8. ([37, Remark 4.1.4]) Let ¢ be a growth function as in Definition 2.2. Then
HY N L? is dense in H¥.

Lemma 3.9. Let B be a quasi-normed linear space equipped with the quasi-norm | - ||3.
For any {fr}rez, C B and f € B, if klim | fr — fllg =0, then
—00

li = .
Jim || fills = 111l
Proof. By Lemma 3.2, we obtain that, for any k € Z,

Il =G = I1fx = F+ FIE =I5 < IIfx = flI%,
where v is a harmless constant as in Lemma 3.2. Similarly, we have
11l = 1fells < I = fells
which, together with the above inequality, implies that

el = NI < 1fx — FII5 — 0 as & — oo

This finishes the proof of Lemma 3.9. O
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Proof of Theorem 2.12. We first assume that f € H¥ N L?. By the well known Calderén
reproducing formula (see also [22, Theorem 2.14]), we know that there exist complex
numbers {\;}jez, and (p, ¢, N)-atoms {a;}jcz, associated with balls {B;};ez, such
that

(3.1) = lim Z)\ a; = hm fr in &’ and also in L%

k—o0

From Lemma 3.3, the assumption that the linear or positive sublinear operator T" is bound-
ed on L?, and (3.1), it follows that

Jin [[7(7) =T ()l 2 < Jim |17 (F = fo)ll e S Jim 1S = fll o =0,

which implies that

k 0
(3.2) T(f) = leH;OT(fk) < kILH;OZT()‘jaj) = ZT()\jaj) almost everywhere.
=1 j=1

By this, Lemma 3.4 and (2.5) with taking A = Ag({\ja;}), we obtain that, for any
m € [m(p), 00) NN and a € (0, 00),

o (100> ) s ) <0 [ L 2T ey, >0 s
q Ve B NI j=1 q Ve B NI
5%&3&)@(“ > o) Sy
< JZ_}D <BJ’ Aq({Ajaj}j)> o

which, together with Lemma 3.5, further implies that

T ))mllwee S Ag({Aja55)-

Taking infimum for all admissible decompositions of f as above and using Lemma 3.7, we
obtain that, for any f € H¥ N L?,

(3.3) 1T e = (T lwre S 1 F e ow ~ 1 f [z

Generally, suppose f € H¥. By Lemma 3.8, we know that there exists a sequence
{fi}jez, C H® N L? such that f; — f as j — oo in H¥. Therefore, {f;};ez, is a Cauchy
sequence in H¥. From this, Lemma 3.3 and (3.3), we conclude that, for any j, k € Z,

||T(f]) - T(fk)HWHeo < HT(fJ - fk)HWHeo 5 Hfj - fk“]—[so'
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Thus, {T'(f;j)}jez, is also a Cauchy sequence in WH¥. According to Theorem 2.11, we
conclude that there exists some g € WH?Y such that T'(f;) — g as j — oo in WH?.
Consequently, define T'(f) := g. Below, we claim that T'(f) is well defined. Indeed, for
any other sequence {f}}jez, C H?N L? satisfying fi — fasj— ocoin H?, by Lemma
3.3 and (3.3), we have
HT(f]I) - T(f)HWHSO S HT(f;) - T(f])HW}pp + HT(fJ) - gHWHLP
< Hf], - fjHHw + HT(f]) - gHWHso
S Hf], - fHH(p + Hf - fjHHsﬁ + HT(fJ) _gHWHso — 0 as j — oo,

which is wished. From this, Lemma 3.9 and (3.3), it follows that
1T wrae = llglwae = lin [T(f;)[wae < Y ([fillze ~ |[f]l e
Jj—0o0 Jj—00

This completes the proof of Theorem 2.12. O
We now recall the Musielak-Orlicz molecular Hardy space [21, Definition 2.8] as follows.

Definition 3.10. For an admissible quadruple (¢, g, N, €), the Musielak-Orlicz molecular
Hardy space HO 1 N:€ i defined as the set of all f € & which can be represented as a linear
combination of (¢, ¢, N, €)-molecules, that is, f = Zj M; in S, where M; for each j is a
multiple of some (¢, ¢, N, €)-molecule associated with some ball B;, with the property

Z‘P (Bj, ”MjHLZ,(Bj)) < 00.
J

Define

A, - 1M 12 (8;)

Aq ({M;}5) = inf ¢ A € (0, 00) : ijcp (Bj ) <
and N

£l zrg, g5 = inf {Aq ({Mj}j)},

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

Lemma 3.11. ([21, Theorem 2.10]) Let (¢, q, N, €) be an admissible quadruple as in
Definition 2.9. Then

HY = HE g
with equivalent (quasi-)norms.
Proof of Theorem 2.13. Since the proof of Theorem 2.13 is similar to that of Theorem
2.12, we use the same notation as in the proof of Theorem 2.12. Here we just point out
the necessary modifications.

We first assume that f € H% N L?. By Lemma 3.11, (3.2) and the assumption that
T'(aj) for each j is a harmless constant multiple of a (¢, ¢, N, €)-molecule, we obtain that

T e ~ IT (g
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Smax ¢ || (AT (ay) DS AT (ay)
i=1 e I

< max { &, (10T ()}, ), & (T (a)},) b

~ max {Aq ({|Ajlaj};) . Ag ({Ajaj}s)}

~ Aq ({Aja5}5) -

By taking the infimum over all admissible decompositions of f as above on the both sides
of the above inequality and using Lemma 3.7, we conclude that, for any f € H¥ N L?,

1T e Sl ggeyaw ~ 1l

g¥ o N«
mol

Noticing that H? is a complete (quasi-)normed linear space (see [15, Proposition 5.2]),
then the remainder of the argument is analogous to that in the proof of Theorem 2.12 and
is left to the reader. This finishes the proof of Theorem 2.13. O

4 Applications

In this section, as applications of our main results, we obtain the boundedness of Bochner-
Riesz means from H¥ to W H¥ or from H¥ to itself.

We first recall the notion of Bochner-Riesz means. Let 6 € (0, o). The Bochner-Riesz
means of order ¢ is defined initially for Schwartz functions f on R™ by setting, for any
x € R",

@) = [ flo(1-5) et re 0.,
" +

where f denotes the Fourier transform of f. The Bochner-Riesz means can be also ex-
pressed as a convolution operator

TR()(x) = (f * dryr) (),

where, for any 2 € R™ and ¢ € (0, 0), ¢(z) := {(1 —|-*)%} (z) and ¢.(z) := e "¢p(x/e).
The corresponding mazimal Bochner-Riesz means of order § is defined by setting, for any
x € R",

THf)@) = s TH(f)(@).

Re(0,00)

The main results of this section are following two theorems.

Theorem 4.1. Let ¢ be a growth function as in Definition 2.2 with p € (0, 1), I(¢) €
(0,1) as in (2.2), and 6 :==n/p—(n+1)/2. If o € Ay and n(1/p — 1) ¢ N, then there
exists a positive constant C independent of f such that

||, < cliflae

WHy —
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Theorem 4.2. Let ¢ be a growth function as in Definition 2.2 and § > max{N + (n —
1)/2,n/p— (n+1)/2}, where N := |n(1/p—1)]. If ¢ € Ay, then there exists a positive
constant C independent of f such that

Imacn|),,, < sl

Remark 4.3. Let w be a classical Muckenhoupt weight and ® an Orlicz function.

(i) When ¢(z, t) := w(z)t? for all (z,t) € R™ x [0, oc0), we have H¥ = HE. In this
case, Theorems 4.1 and 4.2 are reduced to [36, Theorem 1.4] and [17, Theorem 2],
respectively.

(ii) When ¢(x, t) := w(x)®(t) for all (z, t) € R" x [0, o), we have H? = HZ2. In this
case, Theorems 4.1 and 4.2 hold true for weighted Orlicz Hardy space. Even when
w =1, the above results are also new.

To prove Theorems 4.1 and 4.2, we need the following several lemmas.

Lemma 4.4. ([15, Lemma 4.5]) Let ¢ € A, with q € [1, 00). Then there exists a positive
constant C such that, for any ball B C R™, A € (1, o0) and t € (0, 00),

©(AB, t) < CA\"p(B, t).

Lemma 4.5. ([32]) Let p1 € (0, 1), § :=n/p1 — (n+1)/2 and oo € N". Then there exists
a positive constant C := C'y, p, o such that the kernel ¢ of Bochner-Riesz means of order
0 satisfies the inequality

sup (1 + |z[)"/P1|9%¢(z)| < C.

rER™
Lemma 4.6. Let ¢ be a growth function as in Definition 2.2 with p € (0, 1), and § :=
n/p—(n+1)/2. Suppose b(-) is a multiple of a (¢, 0o, [n(q(p)/p — 1)])-atom associated
with some ball B(xg, r), where q(¢) is as in (2.3). Then there exists a positive constant
C independent of b such that, for any x € R",

r n/p
(4.1) T3 (b)) < bz~ (,) .

r+ |z —x0

Proof. We show this lemma by borrowing some ideas from the proof of [17, Lemma 2].
It suffices to show (4.1) holds for zp = 0 and r = 1. Indeed, for any multiple of a
(p, 00, [n(q(¢)/p —1)])-atom b associated with some ball B(xq, r), it is easy to see that

b1(+) = |Ixa, 7 1Bl 7 b(wo + 1)

is a (¢, 00, |n(q(p)/p —1)])-atom associated with the ball B(0,1). For any x € R", we
have

(o da)la) == [
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_ o r—w _y\, (v
— el lees™ [ b (5550 -2 o () ay

r — X
— bz s e (51 * 62s0) ( 0) ,

r

which implies that

T0)) < Pl T2 00) (250,

If we assume (4.1) holds for g = 0 and r = 1, then, for any x € R",

1 n/p r n/p
T2 (b S 0|l pee billLe | — == Sollpee | ——— .
20)(@) 5 ol s, o112 (H‘xrxq) Sl (=)

It remains to prove (4.1) holds for zp = 0 and r = 1. Let b be a multiple of a
(p, 00, [n(q(p)/p — 1)])-atom associated with the ball B(0,1). From Lemma 4.5 and
p € (0, 1), we deduce that, for any x € B(0,2),

TI0@) = s b+ 6)(@)] < (bl [ o)y

1/e€(0, o0)

1 1 n/p< 1 n/p
<Wllzw [ e dy ~ bl (s Ul \T531)
<l [ b o~ e (15) S o= (1)

which is wished.

By repeating the estimate of (2) in the proof of [17, Lemma 2], we know that, for any
z € [B(0,2)]° and £ € (0, c0),

|(b% ¢e) (@)] S (1Bl oo 7.

From this and the inequality |z| ~ |z + 1 with z € [B(0,2)]%, it follows that, for any
z € [B(0,2)]",

1 n/p
To(b)(x) = sup bxoe)(z) S b oo( ) ;
(0) () 1/86(0700)|( (@) < bl T

which is also wished. This finishes the proof of Lemma 4.6. O

Lemma 4.7. Let ¢ be a growth function as in Definition 2.2 with p € (0, 1), and § :=
n/p—(n+1)/2. Suppose b(+) is a multiple of a (¢, 0o, N)-atom associated with some ball
B := B(zg, r) C R", where N := |n(1/p —1)] satisfying n(1/p —1) ¢ N. If p € A} and
integer m > N satisfying (m+2)(n+1) > n+ N + 1. then there exists a positive constant
C independent of b such that, for any x € (4B)E,

42 (i) @ <o ()"
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Proof. To prove Lemma 4.7, we borrow some ideas from the proof of [36, Lemma 4.3]. We
claim that, for any z € (4B)C,

5 r n/p
4.3 T5(b ‘ <ol [ ——)
(4.3 v THO@)] < o ()
where ¢ € S, and t € (0,00). Assuming the claim for the moment, it’s easy to obtain

that (4.2) holds true by using (4.3). So, to end the proof, it remains to verify (4.3).
Firstly, by [36, (4.6)], we know that, for any v € N with |y| < N,

(1.4) [ Ty =o.

By this, we know that, for any x € (4B)C and v € N with |y| < N,

_ ) (E=20 — g\ 7
e+ Th(D) ()| = /nt" w(x - y) —;N 1/’(7! ) (“"”Ot y) TH(5)(y)dy
Y=
_ - Y (I_xo) o —Y 7 )
< o (1) - = () i )| dy
/|ymo|<r t MZS:N ! ¢ ‘ R ‘
+t" et = 4+ I + 1.
/7"S|y900|§|93960|/2 /|y$0|>|93$0|/2 ' L

For Iy, noticing that z € (4B)F and |y — 20| < r, we have
(4.5) |z —x0 — 0(y — x0)| > |z — x0|/2.

From Taylor’s theorem, T%(b) < T2(b), ¥ € Sy, with integer m > N, (m + 2)(n + 1) >
n+ N +1, (4.5), Lemma 4.6 and N +1 > n(1/p — 1), we deduce that, for any z € (4B)C,

e[y [

—n—N-—1

THb)(y)| dy
ly—zo|<r ly|=N+1

N+1
r
<
~ Zgn—i—N—i—l
ly—xo|<r
S/ TN+1/ |QZ’ _ $0|—n—N—1
ly—zo|<r

PN+1 r n/p
S————7 16| o< <) dy
|CU - 370’”+N+1 /Iy—ro<r T+ ‘?J - 170|

TN—i-l
< \bHLmMW/B dy

r n+N-+1 r n/p
St () Sl (550)

xr —x0— 0(y — x0)
t

T (b)) | dy

TI(6)(v)| dy
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which is wished.

For Iy, by Taylor’s theorem, T9(b) < T2(b), 1 € S, with integer m > N, (m + 2)(n +
1) >n+ N + 1, Lemma 4.6, the spherical coordinates transform and —1 <n+ N —n/p,
we know that, for any z € (4B)F,

I, <" /
r<|y—zo|<|z—x0|/2

< 4n /
~Y
r<|y—zo|<|z—w0l/2

sen |
r<|y—=zo|<|z—z0|/2

n/p

N+1

MY (ﬂﬁ—xo—?(y—xo)) Y — 20
7! ' t

20)(w)| dy
[v|=N+1

—n—N-1 N+1

x —xz0— 0(y — )
t
—n—N-—1

R T e)w)|

N+1 r n/p
bllpoe | ———— d
o (=)

T — X0
t

Yy—=xo
t

r
T |y — o
|7 — @[T /7"§y:voS|wIO|/2

.y R E—
g Hb”Loo’x_xOW/Sn_l/o p +1 Tl/ppn ldpdo,(y/)

n/p B r n/p
wo|N T n/p NS <‘x _x0|> ,

< ’b||L°° N+1fn/pdy

~ |

r
’fL’ — .%'0’”+N+1 ’x o

< bl

~ ’

which is also wished.
For I3, noticing that n/p —n > N, we see that, for any j € [0, N]NN,

(4.6) n/p—n—j>0.

From T$(b) < T2(b), ¥ € S, with integer m > N, (m +2)(n+ 1) > n+ N + 1, Lemma
4.6, the spherical coordinates transform and (4.6), it follows that, for any x € (4B)B,

n a'w (2=20) | |y — 2o |
e HESES »p p il {ERQ ERETRIRS
ly—zol>la—aol/2 pr ot
S x—ao| " y—xoj
< | Pela—y)+ 3| =2 750 dy
ly—zo|>|z—20]/2 =0
r n/p
< ol [ wt<x—y>|( ) dy
ly—zo|>|e—zo| /2 ly — o
N
n/p
T
+lblo | _ ay
ly—zo|>|z—x0]/2 ]go "’L‘*.To| +i |y—$0|n/17 J
n/p N n/p 1
T r
Sttt () + bl s N
|z — x| jZ:% |z — z0 I ly—zo|>|z—z0/2 ’y_xoln/p_]

n/p N n/p o0 1
r r
~ ||b]| oo <> + ||| e / / " Ldpdo(y')
Ibllze { =g )+ 1 ;x—m"ﬂ Y R =

0
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r n/p N rn/p 1
Ml () e

=0 |:E—x0| _1‘0‘
r n/p
|x — 20|

Finally, combining the estimates of Iy, Is and I3, we obtain that (4.3) holds true. This
finishes the proof of Lemma 4.7. O

Lemma 4.8. Let ¢ be a growth function as in Definition 2.2 with p € (0, 1), and 6 :=
n/p—(n+1)/2. Suppose b(-) is a multiple of a (¢, 0o, N)-atom associated with some ball
B := B(zo, ) C R", where N := |n(1/p—1)]. If o € Ay and n(1/p — 1) ¢ N, then there
exists a positive constant C' independent of b such that, for any X\ € (0, c0),

o e ({(mw), =} 3) <00 (815,

Proof. We show this lemma by borrowing some ideas from the proof of [26, Theorem 5.2].
Write

*

sup @ ({(Tg(b)); > a} , %) < sup @ ({x € 4B : (Tg(b))m () > a} , %)

a€(0, 00) a€(0,00)
C s o
+ sup @ (qxedB)": (Tr(b T)>ap, —
2w e({eeanfs (o) @>a}.5)
=1 +1
To estimate I;, we claim that
(4.7) (Th®)) <M (M),

where M denotes the Hardy-Littlewood maximal operator as usual. Indeed, since 0 < p <
land 6 =n/p— (n+1)/2, then § > (n — 1)/2. In this case, it is well known that

T2(b) < M(b) (see also [34]).

In addition, it is well known that, for any g € L? with ¢ € [1, 00), gi, < M(g). Conse-
quently, we infer that

(T2®) <M 1)),

m

which, together with T%(b) < T?(b), implies that (4.7) holds. By the uniformly upper type
1 property of ¢, (4.7), the boundedness on L?(R", ¢ (-,t)), uniformly in ¢ € (0, c0), of the
Hardy-Littlewood maximal operator M, and Lemma 4.4 with ¢ € A, we know that

I; = sup / %) (:J:, %) dx
a€(0,00) J{z€4B: (T4 (b))5 (z)>a}
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(T30, @)’ 1B 1~
SAB <1+R||b||Loo> 90(% )\L> dzx

. o )
'@¢@M%>“+M@AJ@%MﬁﬂWQ“%>W

A

<o (1 =) ||b||Loo [M(M(b))(xn%(x, =) o
<o (im M) |me [ e (52
oo ) [ o (o )

Hb||L°o
<[ p. 1olL=
~ SO< ) )\ 9

which is wished.
For Iy, from Lemma 4.7, Lemma 4.4 with ¢ € A, and the uniformly lower type p
property of ¢, we deduce that, for any A € (0, o0),

n/p
LS sw xe<4B>U:ubHLoo< r ) sab @
a€e(0,00) |ﬂ? — [L‘Q| by
bl \P/™
< sup o xeR”:r§|x—x0’<(HHL> r 79
a€g(0,00) « A
bl \P/"
< sup (0 <{$€R": |z — 20| < (H Iz ) r}, a>
a€(0, [[bll oo ) a A
bl 1P/
~  sup @ “ Iz ] B °
a€(0, [[bll oo ) o A
\bHLoo>” o
S sup ( pl|B, —
ag(0, [bllpee) \ & ( A)
IbIILoo>”< o >p ( ||b||L°°)
S sup ( ¢ | B,
ag(0, b ree) \ & 10| Lo A
[0l 2o
B
o (5 a2,

which is also wished.

Combining the estimates of I; and Is, we obtain the desired inequality. This finishes
the proof of Lemma 4.8. O

Proof of Theorem 4.1. It is well known that T}‘% is a linear operator and is bounded on L?
(see [8, p.354]). By Lemma 4.8, applying Theorem 2.12 with ¢ = co and N = |[n(1/p—1)],
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we know that, Tg extends uniquely to a bounded operator from H¥ to W H¥. This finishes
the proof of Theorem 4.1. O

Lemma 4.9. Let ¢ be a growth function as in Definition 2.2 with additional assumption
that ¢ € Ay, and 6 > max{N + (n—1)/2, n/p— (n+1)/2}, where N := [n(1/p—1)]. If
a(+) is a (¢, 0o, N)-atom associated with some ball B := B(xg, r) C R", then T%(a) is a
harmless constant multiple of a (¢, 0o, N, €)-molecule.

Proof. First, we need to verify the size condition of 7% (a). Let p1 := 2n/(n + 1+ 25) < p.
For any (z, t) € R™ x (0, o), set ¢1(z, t) := @(x, t)tPr~P. Then ¢ is a Musieelak-Orlicz
function of uniformly lower type p; and of uniformly upper type 1+ p; — p. It is easy to
see that

a1 := |[xslza lallz~a

is a (¢1, 0o, N)-atom associated with the ball B. By T%(a) < T?(a) and Lemma 4.6, we
know that, for any = € R",

Thia)(@)| <

Tf(a)(x)( =T (llallz=lIx5 ] L7 a1) (2)

r n/p1
< llallpee <r+|x—a:0|> < llallpee,

which, together with (b) of Definition 2.8(ii), implies that
(4.8) | @ < Isliz:

The next thing is to check the pointwise estimates of T9(a). Let E; := (27+1B)\ (27 B)
with j € Nand € := 1/p;. By 6 > max{N +(n—1)/2, n/p—(n+1)/2}, it is easy to check
that (o, oo, N, ) is an admissible quadruple. From T%(a) < T%(a), the size condition of
a and Lemma 4.6, it follows that, for any x € E; with j € N,

5 r n/p1 1 1 n/p1 o .
49 [th@@| S ol () Sl (57) ~ 2l

Finally, by (4.8), (4.9) and the cancellation moment condition of T%(a) (which is guar-
anteed by (4.4)), we know that T9(a) is a harmless constant multiple of a (¢, oo, N, ¢€)-
molecule. This finishes the proof of Lemma 4.9. O

Proof of Theorem 4.2. Tt is well known that Tg is a linear operator and bounded on L?
(see [8, p.354]). By Lemma 4.9, applying Theorem 2.13 with ¢ = oo, we know that
T]‘; extends uniquely to a bounded operator from HY¥ to H¥. This finishes the proof of
Theorem 4.2. O
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5 Conclusions

What we have seen from the above are the completeness of weak Musielak-Orlicz Hardy
space and two boundedness criterions for some operators from H¥ to W H? or from H¥
to H?. As applications, we establish the boundedness of Bochner-Riesz means from HY
to WHY¥ or from H¥ to H¥, which generalizes the corresponding results under the setting
of both of the weighted Hardy space (see, for example, [33]) and the Orlicz Hardy space
(see, for example, [10, 12]), and hence has a wide generality.
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