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Remarks on Littlewood—Paley Analysis

Kwok-Pun Ho

Abstract. Littlewood—Paley analysis is generalized in this article. We show that the compactness of
the Fourier support imposed on the analyzing function can be removed. We also prove that the
Littlewood—Paley decomposition of tempered distributions converges under a topology stronger than
the weak-star topology, namely, the inductive limit topology. Finally, we construct a multiparameter
Littlewood—Paley analysis and obtain the corresponding “renormalization” for the convergence of this
multiparameter Littlewood—Paley analysis.

1 Introduction

Littlewood—Paley analysis was initially observed by Peetre [17, pp. 51-54]. It is of
fundamental importance to function theory. The formulation of Littlewood—Paley
analysis involves a function ¢ that satisfies

(1.1) @ € §(R"),
(1.2) suppp C {{:1/2 < [€] <2},
(13) > e =1, if¢#o0,

where $(R") denotes the space of Schwartz functions (rapidly decaying smooth func-
tions) and 8'(R") is its dual space, which is the space of tempered distributions
(Schwartz distributions). Let ¢ denote the Fourier transform of . We call supp ¢
the Fourier support of . Let { -, - ) be the pairing between 8'(R") and S(R").

We call ¢ the analyzing function if it satisfies (1.3).

Foranyi € Zand ¢ € 8(R"), define ;(x) = 2" (2'x). For any f € 8'(R") and
p € 8(R"), let f * ¢ denote the convolution of f and ¢.

The following proposition is the main result of Littlewood—Paley analysis. It guar-
antees that any tempered distribution f can be represented as a series of smooth
functions and, with a sequence of “floating polynomials”, the series converges to f in
the weak-star topology of 8’(R").

Proposition 1.1 If f is a tempered distribution and ¢ satisfies (1.1)—(1.3), then there
exist an integer N and a sequence Py(x) of polynomials of degrees less than or equal to
N such that

0 e}
(1.4) f:qEElOO{Z‘Pj*f—Pq}"‘Z‘PJ*f-
: e

=4
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There are many proofs for the above result. One of the essential components for
proving (1.4) is condition (1.2). For instance, Meyer proved the above proposition
by using Bernstein’s inequality [16]. Bownik and Ho [1] generalized (1.4) by replac-
ing the dilation 2I,x, (Iyx, is the identity matrix in R"”) by an “expansive matrix
dilation”. The idea behind proving the Littlewood—Paley analysis in [1] is based on
the compactness of the Fourier support of the analyzing function. Notice that in
[1,16], the authors prove the convergence of the Littlewood—Paley analysis in 8’ (IR")
(1.4) under the weak-star topology. Recall that the weak-star topology of 8'(R") is
the finest topology in 8’(R") such that all mappings f — (f,v), ¢ € S(R"), are
continuous.

In this article, we present a new proof of the “classical” Littlewood—Paley analysis,
on one hand. On the other hand, our results generalize the Littlewood—Paley analy-
sis. We show that (1.2) can be removed and (1.1) can be relaxed. Note that wavelets
provide many examples of functions satisfying (1.3), but not (1.1) and (1.2). More-
over, we prove that the expansion (1.4) converges in a topology stronger than the
weak-star topology, namely, the inductive limit topology. We recall the definition of
the inductive limit topology for 8’(R") in Section 2 and briefly discuss some proper-
ties of this topology. In Theorem 3.1 we use a sufficiently smooth analyzing function
that only satisfies (1.3) to construct a Littlewood—Paley analysis on the distribution
space S, (R")* (the definition of §,(R")* is given in Section 2), while v depends on
the smoothness of the analyzing function.

For any ¢ € S(R") satisfying (1.2), it is obvious that all moments of ¢ are zero.
More precisely,  satisfies

(1.5) / So(x)dx =0, XeN"
Rn

The vanishing moment condition is a remarkable feature satisfied by the analyzing
functions used in [1, 16]. One of the novelties in this article is that our idea of prov-
ing the convergence of the Littlewood—Paley analysis does not require any “extra”
vanishing moment condition.

We clarify the meaning of the “extra” vanishing moment condition. If ¢ is con-
tinuous at £ = 0 and ¢ satisfies (1.3), then the convergence of the series (1.3) enables
us to conclude that for any fixed & # 0, lim; . _ o, $(2'¢) = 0. The continuity of ¢ at
& = 0 forces p(0) = 0. Thus, ¢ satisfies the zeroth-order vanishing moment,

(1.6) / w(x)dx = 0.
R

Therefore, the zeroth-order vanishing moment condition (1.6) comes with the iden-
tity (1.3). Hence, the “extra” vanishing moment condition is condition (1.5) with
|A| # 0. In our main result, we do not impose any extra vanishing moment con-
ditions on our analyzing function, ¢. Theorem 3.1, and its supporting theorem,
Theorem 2.3, only rely on the zeroth-order vanishing moment condition (1.6).
Furthermore, by using our idea, we obtain the other main result of this article,
Theorem 5.4. In this theorem, we construct the Littlewood—Paley analysis under a
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multiparameter setting. That is, the Euclidean space R" is endowed with the dilations
(15 X)) = (20xy, ..., 20, (i1, ..., 1) € 2

Similar to the one parameter setting, the multiparameter Littlewood—Paley anal-
ysis provides an important tool on the study of multiparameter function spaces.
Thus, there is significant interest in a detailed investigation of the multiparameter
Littlewood—Paley analysis. One of the first studies on the multiparameter function
spaces was accomplished by Gundy and Stein [12]. They introduced and studied
the Hardy spaces on product domains. Chang and Fefferman [2-9] obtained the
atomic decomposition for the Hardy spaces on product domains and studied the
corresponding function spaces of bounded mean oscillation on product domains.

It is easy to see that the multiparameter Littlewood—Paley analysis cannot be ob-
tained by iterating the one parameter results if the analyzing function is not separable.
Here a function ¢ on R? is separable if p(x1, x3) = ©1(x1)¢2(x2). The non-separable
analyzing function arises naturally on the study of function spaces. We provide an
example of non-separable analyzing function at the end of this article. Furthermore,
a further obstacle is found in the polynomials P, in (1.4). In the multiparameter
setting, it should be replaced by a family of distributions where their Fourier sup-
ports are subsets of {(£;,...,&,) € R": H’;:l &; = 0}. Thus, the “renormalization”
is not a family of polynomials. Our method overcomes these difficulties by consid-
ering the convergence on smooth functions instead of distributions. In addition,
our method explicitly constructs the “renormalization” in Theorem 5.4. In order
to accomplish this, the analyzing function for the multiparameter Littlewood—Paley
analysis requires some extra smoothness compared to the one parameter analyzing
function. Moreover, the multiparameter Littlewood—Paley analysis also converges in
the inductive limit topology generated by the Schwartz functions.

This paper is organized as follows. We present some definitions and the support-
ing result Theorem 2.3 of Theorem 3.1 in Section 2. The statement and proof of
Theorem 3.1 is given in Section 3. In Section 4, we provide the proof for Theo-
rem 2.3. The multiparameter Littlewood—Paley analysis is presented and constructed
in Section 5.

2 Preliminary Results

Let 97, v € N" denote the y-th partial derivative of ¢.

Definition 2.1 Given a fixed € > 0, for any o > 0, we denote by C,(R") the class
of functions ¢(x) satisfying

[@llax = sup  sup |(1+ [x)"™0"p(x)| < o0,
0<y|<[a] xER"

where v € N" and [a] is the integer part of «, and

Z|)u+n+e |87<p(x) B 6’)90(}/”

H‘PH «x — SUp sup (1+|x— 4 < 0o
: [v/=la] x,yeR" |x — y|o—le]
X2y
lz|<|x—y|
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if &« > [a]. Let the norm on C,(R") be ||¢]le, = max{||®lax, [|©]laxx}- Let So(R™)
consist of functions satisfying

lellas = sup  sup [(1+ [x)*™07p(x)| < oo,
0< || <[a] xER"

where v € N" and

)a+n |87@(X) B 87@(}/”

eyt S

[¢llags = sup  sup (1 +|x—z]
[v|=la] x,yER"
x2y
2| <|x—yl

if |y| = [a]. Let the norm on 8, (R") be ||

s, = max{[¢llaz, llellas}-

The function spaces C,(R") and 8, (R") are Banach spaces. We have the continu-
ous embedding C,(R") — Cg(R") if a > S.

Let S, (R")* and C,(R")* denote the dual space of S, (R") and C,(R"), respec-
tively. It is easy to see that we have

(2.1) S8'(R") = J 8a(RM* = J Cu(R™)*.
a>0 a>0

We define the order of f € 8'(R"), w, to be the infimum of those « that satisfy
f € 84 (R")*. Thus, we have f € C,(R")* if « > w.

With the decomposition (2.1) we can endow 8’ (R") with the inductive limit topol-
ogy induced by the “inductive system” {C,(R")*},>0 because for any fixed ¢ > 0,
{Ca(R™)*} 450 are Banach spaces and they satisfy Cs(R")* — C,(R")* if « > f.
Therefore, we can define the inductive limit topology on 8’ (R") to be the finest locally
convex topology on 8’(IR") such that all inclusion mappings C,(R")* — 8’(R"),
a > 0, are continuous. More precisely, the open base of the inductive limit topology
for $’(R") consists of all convex subsets U C 8'(R") such that U N C,(R™")* is an
open set in C,(R")* for any o > 0. It is obvious that the inductive limit topology is
stronger than the weak-star topology.

Let k > 0and N > k + n. We say that  satisfies the smoothness condition of order
(k, N) if there exists a constant C > 0 independent of x and y such that

N
2.2) 17 p(x)| < C(%le) :

for |y| < [k], and

1 N
23 X —o < Clx — y|r ] —_
(2.3) 07p(x) = 0(y)| < Clx — | ‘Zél‘lﬁy‘(lﬁx—ZI)

for || = [&].
Furthermore, ¢ is said to satisty the vanishing moment condition of order r if

(2.4) / o(x)dx =0 for A€ N"and 0 < |\ < [&].
R
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Lemma 2.2 Letk > [k] > 0and N > k + n. Let @, 1 satisfy
c 1 N
olx X <

for a constant C > 0.

(i) Leti > 0. If o satisfies the vanishing moment condition of order k and 1) satisfies
the smoothness condition of order (1, N), then we have a constant C, independent
of i, such that

(2.5) (@i % ) (x)| < C27(1 + |x)~N.

(ii) Leti < 0. If @ satisfies the smoothness condition of order (k, N) and i satisfies
the vanishing moment condition of order k, then there exists a constant C > 0,
independent of i, such that

(2.6) (@i % ) (x)] < C21) (1 4 27|x[) V.

This is a straightforward result from [10, Lemma B.1]; therefore, we skip the proof.

Later, we will see that the vanishing moments satisfied by ¢ and 1) are important
in the proof of Theorem 2.3. Therefore, we would like to clarify the role of vanishing
moments in the above proof. Notice that we do not require that both functions
and ¢; satisfy the vanishing moment conditions for all i € Z. According to the proof
of [10, Lemma B.1], for (2.5), we only need the vanishing moments for ¢;; and for
(2.6), we only need the vanishing moments for ).

The following result is the main supporting result for our main theorem. On
the other hand, Theorem 2.3 has its own independent interest. It shows that the
Littlewood—Paley analysis for ) € C,(IR") converges in C3(R"), where o > 3+ € (the
€ in Definition 2.1) and [«a] = [f], if and only if the moments of 1) up to order [«]
are zero. The proof of Theorem 2.3 is given in Section 4.

Theorem 2.3 Let o, B, and € (the € in Definition 2.1) satisfy « > [a], o > [+ € and
[a] = [B]. Suppose that ¢ € C,(R") satisfies (1.3) and there exists a constant C > 0
such that

Y lpiol<c, g#o.

i=—00

Then for any ¢ € C,(R"), we have

M
v fim »:;4/(% *9)

in C3(IR") if 1 satisfies

(2.7) / Mp(x)dx =0 for A e N"and 0 < |\ < [a].
R
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Moreover, we have a constant C(«, 3,€) > 0, independent of M and M’, such that
for any 4 satisfying (2.7),

e (2(—M'+1)(a—ﬁ—e) +2(—M—1)(a—/3)).

28) |[v- S (i), <cClag, oyl
i=—M’ /

3 Main Result of One parameter Littlewood—Paley Analysis

We now present and prove the main result for this paper. It states that the smooth-
ness of the analyzing function can be relaxed and the compactness assumption of the
Fourier support of the analyzing function in the Littlewood—Paley analysis is redun-
dant.

Theorem 3.1 LetT > w > 0and ¢ € §;(R") satisfy

(o]

(3.1) > e =1 ifc#o.

i=—o00
and there exists a constant C > 0 such that
o0
(3.2) > g9l <c, g#o.
i=—o00

Then for any f € 8'(R") of order w, there exists a sequence of polynomials Pyg s of
degrees less than or equal to [w] such that

M
(3.3) f= M,I&Il’niwo{ ‘_2;4/(%’ x f) — PM.,M’}
in the inductive limit topology of 8'(R"). More specifically,
M
(3.4) Pusr () =— 3 ((f, 00— 3 (pixf, 9A>) X
0< < [w] i=—M

where 0, € S(R"), A € N" satisfies

I y=A

Proof Without loss of generality, we assume that [w] + 1 > 7. We consider the
family of function spaces C,(R") with € = (7 — w)/4. Thus, ¢ € C,(R") where
n=7T—€e>w+e Let @satisfy 3 >wandn > B +e.

For any ¢ € C,(R"), we define

P =) - > aba),

0<|A|<[w]
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where ¢, = (x*, ¢) = [i,, XM (x) dx.

It is obvious that ¢ satisfies the vanishing moment condition (2.7) in Theorem 2.3
with o = w. Since [7] = [n] = [B], by applying Theorem 2.3, we find that there is a
constant C > 0 such that

M
(3.5) H b= 3 (pix @H L < Cllwlle, (20M+D0=P=0) 4 2 (=M=1-5))
i=—M’ ?

We consider || f — Zf\i_M/(wi * f) + Py || ex, where
M
Prar@ == 3 ((£.00— Y (einfo0)x"
<A< W] i=—M

It is trivial that f — Z?ifM/(SDi * f) + Pymr € Cy(R™)* because f is of order
w, (i * f) is a bounded Lebesgue measurable function, and Py € Cpyp)(R")* —

e, (R")".
We have
M M
Hf— Z (i * f)+Pymr e = SUP <f— Z (Sﬁi*f)+PM,M’a1/)>’
i=—M’ n I¥lle,=1 i—— M’
M
= sup [(f0) = D (k) + (P, ).
”7//'”(?,,:1 j=—M’

According to the definition of Py »v (3.4) and the definition of 1, we find that

= swp [(f9) - ZMI (i ,0)].

5 Ille,=1 ¥

M
Hf_ Z (i * f) + Pumr
i=—M’

As f € Cs(R")*, we are allowed to consider (-, - ) as the pairing between Cz(R")*
and Cg(R"). We have

LS osup [|flle;
e;

¥lle,=1

M M
Hf— Z(<Pi*f)+PM,M/ P — Z(gﬁpﬂ]))”e.
i=—M’ i=—M’ g

By (3.5), we obtain

M
£ = > @i D+ Puar

i=—M’

*
c;

<C sup ||f||e’; ||1L||677(2(—M'+1)(’r/—ﬁ—6) + 2(—M—1)(’r/—ﬁ)).

[Ylle,=1
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It is obvious that [|¢)||e, < C||¢]|e, for some constant C > 0 independent of ¥.
Hence,

o (M AD0=F=0) | H(=M=1)n=F))
a8

M
Hf_,»_ZM,((pi * f) + Pymr . < C|lf]

Therefore, Z?ifM/(QOi * f) — Pymv converges to f in C,(R")*. Due to the fact
that we have the continuous embedding C,, (R")* — 8’(R") when 8’(R") is endowed
with the inductive limit topology, we obtain our desired result: Zf\i_ w (i x f) —
Py converges to f in 8/(IR") under the inductive limit topology. ]

Here are some remarks and discussions for the above results. There is a similar re-
sult in the Appendix of [11]. Frazier, Jawerth and Weiss prove the convergence of the
“continuous Calder6n reproducing formula” for tempered distributions modulo a
polynomial. In fact, by using the argument for proving Theorem 3.1, [11, Appendix,
Theorem 3] can be further generalized. For instance, we can provide an explicit for-
mula for the floating polynomials in the convergence of the continuous Calderén
reproducing formula. Moreover, we can show that the continuous Calderdén repro-
ducing formula converges under the inductive limit topology while the topology used
in [11] is the weak-star topology.

From the proof of Theorem 3.1, we observe that the degree of the floating poly-
nomials is determined by the integral part of the order of the distribution. Hence, it
is necessary to introduce the function spaces €, (R") with non-integer order. Other-
wise, we cannot obtain the best result for the degree of the floating polynomials.

The condition 7 > w is almost the best possible condition as the convolution
f * ; is not well defined if f € 8'(IR") is of an order greater than 7.

The degree of the floating polynomials Py - is also optimal. This fact can be
verified by a special case: if ¢ € S(R") satisfies 0 ¢ supp ¢ and f(x) = x7, || = [w],
then f * ¢; = 0. Therefore, we need to have Py (x) = —x7 in (3.3). Notice that
the distribution f(x) = x7, |y| = [w] is of order [w].

Our result includes some interesting examples of analyzing functions that cannot
be covered by the “classical” Littlewood—Paley analysis, Proposition 1.1. For instance,
if © is a Daubechies wavelet and b = |g27|2, then ® satisfies condition (3.1), but
it does not belong to S(R"). Therefore, Proposition 1.1 is useless when we take ®
as the analyzing function. On the other hand, we can use Daubechies wavelets to
decompose functions and distributions. Thus, it is natural to expect that we have a
Littlewood—Paley type decomposition for distributions by using ® as the analyzing
function, and Theorem 3.1 provides a positive answer.

4 Proof of Theorem 2.3

Since ¢ € C,(R"), ¢ is integrable and its Fourier transform is a continuous function.
Thus, the zeroth-order moment of ¢ is zero, that is, it satisfies (1.6). Without loss of
generality, we assume that ||1]|e, = 1.
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Given integers L > M > O and L’ > M’ > 0, for any ¢) € C,(R") satisfying the
vanishing moment condition of order « (see (2.4)), we write

L M
S i) = D (i x))

U(x) =
i=—L"' i=—M'
—M'—1 L
= > (@)@ + > (pi#)(x) = Uy(x) + Ta(x).
i=—L' i=M+1

By Lemma 2.2, for any |7y| < [(], we have a constant C > 0 such that

M -1 .
@) EvE< Y 2@ w3 s e )
e i=M+1
—_M'—1
SC( Z 2i‘7|2i(n+a*\’7|)(1+2i|x|)7‘{3,n76
i——1

L
+ Z zfi(f%*[f’f])(l + |x|)fﬁfnfs) '

i=M+1

For —L" <i < —M’ — 1, we take the partial derivative 97 on ¢, since it produces
the optimal decay, 2/"l, for the summation on i when i < 0. After that, we use
Lemma 2.2 with K = o — |y| and N = n + 8 + e. We can apply the second part
of Lemma 2.2 to conclude our result because we only need the vanishing moments
satisfied by ¢ when i < 0.

However, we take the partial derivative to the function ¢ when M +1 < i < L.
Notice that @ — [8] < 1 and the zeroth-order moment of ¢ is zero. Therefore, we
can apply the first part of Lemma 2.2 with K = o — [#] and N = n+ [ + €. Moreover,
the x we used in this case is the best possible condition since ¢ only satisfies (1.6).

We find that
|07 W) (x)|
7Ml71 . L
i 27! B+n+e ] ) /
< C( 21(n+a)(,7) + Zfz(af[d])(l + |x|)7d—n75)
_MI—I .
SC( Z pilmra)—iBente)(q 4|y |)=A-n—e 4 Z 2—i(a—[ﬁ])(1+|x|)—ﬁ_n_€)
=t =M1

as2™' >1when—L' <i<-M' —1<0.

Observe that when i < 0, we need the decay 21! generated by the partial deriva-
tive on ¢; to balance the growth 27/ (71¢) given by (1 + 2/|x|)~#="~.

Using o > (0 + ¢, we have

(4.2) (07W)(x)] < CM' D=0 4 o(=M=Dla=[B) (] y |x))=F=n=c,
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For || = [8] = [a], in order to estimate |(07¥)(x) — (0"¥)(y)|, we write
[(07W)(x) — (O"W)(p)] < (") (x) — (OTW)(p)] + [(0TW2)(x) — (O7V,)(y)|.

Moreover, we assume that [x — y| < 1. Otherwise, this is a straightforward conse-
quence of (4.2). We find that there exists a constant C > 0 such that

(4.3)
-M'—1 4
[(07W1)(x) — (O7¥)(y)| < Z 2191((07); % ) (x) — ((87); * ¥)(y)]
i=—L'
—-M'—1 /
<C Z 2i(n+a)|x_ y|(17[(f] (1 +2,‘|x|)7dfnfs
i=—L'

< CZ(—M'—l)(u—/3—6)|x _ ylﬂ—[ﬂ] (1 " |x|)—/5—71—6'

Note that in this case we represent ((07p); * ¥)(x) — ((07p); * ) (y) by

(4.4) / (OO W(x = 2) — ¥y — 2)] dz.

The second inequality in (4.3) is established by applying the second part of Lem-
ma 2.2 with the facts that 97y satisfies conditions (2.2) and (2.3) with N = n+a +e¢
and k = a — [a]. The zeroth-order moment of the function ¥)(x — -) — (y — -)
is equal to zero and

(4.5) |h(x—2z) —Y(y —2)| < Clx — y|ﬁ—[ﬁ](1 +x— gy

To prove inequality (4.5), we apply the mean value theorem to ¢ if & > 1 or use
the Lipschitz condition satisfied by ¢ if 0 < o < 1. Hence, we obtain a constant
C > 0 such that for |y| = [8] = [a] and any fixed x, y € R” satisfying |x — y| < 1,

(4.6)
[h(x—2) =y —2)| < ||¥

! 1 a+nte
R ) (e

i <x—y| N 1+ X — 2 —ul

5—18] ( 1 ) atnte
1+ |x—2] '

We have the last inequality because |u| < |x — y| < 1.
Let ] € N satisfy 2~/ < |x — y| < 271, For the estimate of 97W,, we write

<Clx—y

L
[(07W2)(x) — (0" W) (p)] < Z [(i * OV)(x)| + |(pi x D) (y)]
i=max(M+1,])
max(M+1,)—1
+ E: |(pi % @) (x) — (@i x D7) ()| = T+11.
i=M+1

https://doi.org/10.4153/CJM-2008-055-x Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2008-055-x

Remarks on Littlewood—Paley Analysis 1293

We write (¢; * 071)(x) — (i * ") (y) as
(4.7) /[%‘(x —2z) = @iy — 2)]0"(2) dz.

Notice that II vanishes when max(M + 1, 1) = M+ 1. Therefore, we have |x — y| <
21 < 2= when we deal with II. Similar to (4.6), we find that

|pi(x — 2) = pily — 2)] < C2IT D — |71 ( 1 ) o

1+ 2i|x — 2|

Since 1) € Co(R") and ¢(x — z) — @(y — z), as a function of z, satisfies the zeroth-
order vanishing moment condition, and observing that [a] = [3], we can use the
first part of Lemma 2.2 with k = a — [a], N = a + n + €. We assert that

‘{3—[‘{3]( 1 ) B+n+e
1+ |x] ’

For I, by an estimate similar to the estimate of 7 W, on (4.1), we obtain a constant
C > 0 such that

< 2(*M*1)(a<ﬁ)|x —y

L

1< Z Zfi(af[(i]) [(1 + |x|)<{37nfe + (1 + |y|)7(ffnfs}
i=max(M+1,])

L
; ‘ 1
<C Z 2*1(04*[41]) sup

< 1 2 v — N\Ftnte”
L) el <ty (1 [x = 2])

By the Cauchy—Schwartz inequality, we have

L

S el < ( 3 zfzi(afm) 1/2(22721‘(}%[@) Y

i=max(M+1,]) i=M+1 i=l

2

< sz(M+1)(a*ﬁ)|x —y B=161

Hence, for I, we obtain

[ < Ca- M=l _ 5-18 o 1 —
el <lx—y| (14 [x = 2[)mte

Therefore, by the estimates of I and II, we find that
(4.8)
2 e 2 1
(O7W,)(x) — (07T, (y)| < 2(=M=D(a=0)|, _ ,,|8=18] ¢, - -
| 2 2 )’ | | y| ‘Z‘S‘xliy‘ (1 + |x—Z|)/5+"+€

By combining (4.2), (4.3) and (4.8), we assert that

i=—L'

L M
49) || X i) = Y (irw)| | < c@Mmienizg gy,
i=—M’ ?
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and hence, Z?i_M, (i * 1) (x) is a Cauchy sequence in C3(R"). Thus, the limit

M
li i
it 2 (P )

exists in C3(R") and the limit function must be equal to the limit function in L2(R").
Hence, with condition (3.2), the limit function equals to 1 (x).
The estimate (2.8) is obtained by taking L, L’ — oo in (4.9). [ |

Remark 4.1. We see that for i < 0and i > 0, we use the representations (4.4) and
(4.7), respectively. With these representations, the smoothness requirement is trans-
ferred to the “single function” (that is, the function (97¢); in (4.4)) and the vanishing
moment is assigned to the “difference function” (the function (x — z) — ¥(y — 2)
in (4.4)). Without these representations, we need to have an extra smoothness con-
dition on .

Finally, the above proof also shows that inequality (2.8) is still valid without the
assumption [«] = [3] if o satisfies

/ Po(x)dx =0 forAeN'and0 < A < [a] =[]
R

5 Multiparameter Littlewood-Paley Analysis

Chang and Fefferman studied the Hardy spaces and the function space of bounded
mean oscillation under the multiparameter setting (the product domains) [2-9].
Littlewood—Paley analysis in the multiparameter setting (no matter whether it is the
“continuous” or the “discrete” version) is a fundamental tool for multiparameter
function spaces. Multiparameter Littlewood—Paley analysis (MP Littlewood—Paley
analysis) can be easily constructed if we use a separable analyzing function, that is,
©(x1,%) = @' (x1)p*(x2). For non-separable analyzing functions, it is clear that we
can construct the corresponding MP Littlewood—Paley analysis by using our ideas in
the previous sections. Specifically, we study the convergence of

(5.1) Y wrxf, feS®Y,

Ier

where I = (iy,...,1,) € Z" and
(5.2) Or(x1, ..., x,) = 20 (20 L 20x,).

In order to obtain the multiparameter version of Lemma 2.2, we need to introduce
the combined Lipschitz condition (see (5.5)) to the non-separable analyzing function.
The formulation and the use of this condition are presented in Definition 5.1 and
Lemma 5.2.

For simplicity, we only consider the multiparameter setting on R?. The general
case, (5.1) and (5.2), follows easily. For the multiparameter setting on R2, we have
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i j(x1,%) = 2% p(2ixy, 27%,), (i, j) € 72. Under this setting, the condition (3.1) is
replaced by

(5.3) Y e26,276) =1, ifG6 Ao

i.jez

Let 0; and 0, denote the partial derivative with respect to the first and the second
variables, respectively, and let us denote 9] 9,* by 37 when v = (1,72) € N%. The
following is the corresponding generalization of Definition 2.1 under the multipa-
rameter setting.

Definition 5.1 Given a fixed € > 0, for any o,y > 0, Gal,az(JR{Z) consists of the
function ¢(x) that satisfies, for any (x1,x,) € R% 0 < |11] < [ay] and 0 < |y,| <
[062],

(5.4) 100" @) (x1, Men,w <€, and  [[(0°0) (%) le,,w < C,

where the constant C > 0 is independent of (x1,x,) and (71, 72), and the combined
Lipschitz condition:

(55)  [07p(x1, %) — OVp(x1, y2) — Dp(y1, %) + (1, y2)|

< C|x1 _ y1|al—[a1]|x2 _ y2|uz—[az] %

1
sup
< ln -] (LH Jx1 =21 Dol + [y — zp])oatiee’
|22| <|x2— 2]

where v, = [a;] and 7, = [an].
Define the norm on C,, 4, (IR?) by the infimum of the constant C > 0 that satisfies
(5.4) and (5.5).

Similarly, we can define 8,, o, (R?) by modifying the definition of 8, (R") in Defi-
nition 2.1. Moreover, we also have

SR = () Sarex(®) and S'R) = | ) Sa.0(R)",

ay,0>0 ay,00>0

where 8,, o, (R?)* is the dual space of 8, ,(R?*). We call the order pair (o, ),
the multiparameter order (MP order) of f € 8'(R?) if f € 84,.4,(R?)*. Notice that
the MP order can be uniquely defined if we endow R* with a well order structure.
Whether or not the multiparameter is uniquely defined is not crucial for our results.
We therefore do not go into detail about the unique definition.

A Schwartz distribution f of MP order («, o) is called separable if there exist
fi, f» € 8'(R) of order a; and vy, respectively, such that f equals the tensor product
of fi and f;, thatis, f = fi ® f,. At the end of this section, we discuss the reason why
we abandon the notion of order and use the MP order.
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The formulation of the MP Littlewood—Paley analysis follows from the idea of
constructing the “ordinary” Littlewood—Paley analysis. We prove the multiparameter
versions of Lemma 2.2 and Theorem 2.3 and use them to construct our Littlewood—
Paley analysis under the multiparameter setting. We begin with the multiparameter
version of Lemma 2.2.

For a = (ay,a3), a1, > 0and ¢ € C,, o, (R?), define A, by

(Do) (uy v) = 0 o(uy, un) — 0V p(uy, v2) — 0 p(vy, uz) + 01 p(vy, 1),

where [a] = ([oy], [a2]), u = (11, u2) € R, and v = (v, v;) € R%

Lemma 5.2 Let ki, N; > 0 satisfy N; > 1+ k; and k; > [k;], fori = 1,2. Suppose
that there exists a constant C > 0 such that for any 0 < v; < [ki], i = 1,2, p(x1,x2)
and 1 (x1, x2) satisfy

1 N 1 N,
i i < .
|07 p(x1, %), [079 (1, x2) | < C( " |x1|) (1+ |x2|)

For vy = [k1], ¢ and ) satisfy

(5.6) (07" 0)(x1,x2) — (9]"@)(y1,22)], (0] ) (x1,5%2) — (0" ) (y1, %)

1 N 1 N,
<Cla =" sup ( ) 1( ) '
e[ <la—p |~ L+ [0 — 2] 1+ x|

For v, = [K,], they satisfy
(5.7)  [(972@)(x1,%2) — (07 p)(x1, y2), [(079) (1, X%2) — (037 1h)(x1, y2)]

. 3 1 N 1 N,
<Clx, — )/2|“7[“2]( ) sup (7) ,
1+ |X1| |22] <|x2—y2] 1+ |x2 - Z2|

For k = (K1, K2), they satisfy the combined Lipschitz condition,

(5.8)  [(2w)(x, 1), [(Ax)(x, )| < Claxy — |~y — yo 21

1 N 1 N,
x sup ) ( )
21| < 1 — 1| 1+|X1 —Zl| 1+|X2—Zz|

|22 <|x2—y2]

Furthermore, suppose that p and 1 satisfy the vanishing moment conditions,

(5.9) /x?‘w(xl,xz) dx; = /xf‘go(xl,xz) dx; =0, Vx; €R,
R R

(5.10) X2P(x1, %) dxy = / Xp(x1, %) dx, =0, Vx €R,
R R
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for Xi € Nand 0 < N < [kil, i = 1,2. Then there exists a constant C > 0,
independent of i and j, such that

(5.11) |1 * ¥)(x1, %) < Cmin(2/ ) 2781y min(2/152) 277%)

1 | —h x| -
(1Bl (g el
max(1,27%) max(1,27/)

Proof The proofis an “iteration” of the result in Lemma 2.2; therefore, we will not
present the details of the proof. On the other hand, there are some crucial modifi-
cations. Furthermore, our sketch of the proof will illustrate the use of the Lipschitz
conditions (5.6)—(5.8), and the use of the vanishing moment conditions (5.9) and
(5.10).

Ifi > 0and j <0, we have

|(<Pi.,j * 1/))(x1,x2)| =2

/ P — ),y — 2 ) dyd .
R

For any fixed but arbitrary y; and x;, let 3(y2) = (2 (x - ¥1), ¥2) be a function of
¥2. Similarly, forvany fixed but arbitrary y, and x,, define ¥ (y;) = ¥(y1,x2 — 27/ y5).
Let gb(’) and w(s), r,s € N, denote the ordinary derivatives of the single variable

functions ¢ and 1), respectively. We assert that

4 2 (2 .
=0 =2 [ [o00 - 3 Fr 0 2iy]

0<r<[k2]

. 7,(s)
X [1/1()/1) — Z Ld ngl)()/l —x1)s} dy dy;

0<s<[#1]

The above identity is valid because of the vanishing moment conditions (5.9) and
(5.10). For example, we find that

/ @ (27x2) (2 — 275%:) P (1) (31 — x1)*dyrdys
R?

2=2ix

= (85/ <P(2i(x1 —n),z)(y1 —x1)’ d}’l)
R

=0.

Z1=X1

x (‘%/Rw(zlaxz — 270y ) (s — ijz)rd}’z)

Let 6, = 2/,8; = 1, and

D,1={y, €R: |y, — x| < 3},
Dyr={y, €R: |y, — x| > 3] and y,| < |0,x,|/2},
D,s={y, €R: |y, —dyx,| > 3and |y,| > [0,x,]/2}.
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We have |(¢; j * 1) (x1,%2)| < D21« <3 im> Where

) »(N(27x,) )
=2 [ Jeom- Y SR, iy
Dy XDy r

0<r<[#2]

. 7o)
X ‘w(}ﬁ)— Z Ld sixl)(}ﬁ —x1)°| dy,dy,.

0<s<[1]

When y; € Dy and y, € D, , by (5.6), (5.7) and using the idea from [10, Lemma
B.1], we obtain

. . 1 N 1 N,
Iy < Cz—mlz“*“z)f( ) ( . ) :
T 1+ |x| 1+ |2ix,)|

In fact, when (x;,x;) € D x D,,, we estimate I, ; by iterating the estimate for f n
in [10, Lemma B.1]. If (x;, x;) belongs to the other domains D; ; x D, ,,, we use the
corresponding results for [,, [, and [. in [10, Lemma B.1]. Thus, when i > 0 and
0 > j, we assert that

|((p11 *1/))(X1,X2)| < CZ*i’flz(l*'ﬁz)j( 1 )Nl( 1 . )NZ.
’ - 1+ |X1| 1+ |2])C2|

Fori < 0and j <0, by (5.9), we find that

$ (9]')(2'x1, 2)

o ()’l_zixl)m}
1.

|(pi,j10) (1, 22) | = ‘/ [so(yl,yz)—
R2

0<n <[#i]

X P(x) — 27y, %0 — 27 yy) dydy,

For any fixed but arbitrary x;, let

Y1
(31 — OFI=Y @) (¢, ) dt

1
R(}’la)’z) - ([K/l] — 1)' Y

(81[N1]<P)(2ix17 y2) i\l
B TR Sl T o 1
(]! n x1)
The first term on the right-hand side of the above identity is the remainder term of
the Taylor expansion of ¢(y1, ¥») on the first variable, y,, in integral form. After the
proof, we expand why we use the integral form of the remainder instead of following
common practice, using the differential form of the remainder term.
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We have

(5.12)
72 i
el = | [ [Ronpm- 3 CE002)
R2

! (2 —ijz)w}
H!

0<12<[k2]

X (x — 27i}’1,x2 - 271‘)’2) dydy,

because of Fubini’s theorem and the vanishing moment condition (5.10).

By applying the differential form of the remainder term for the Taylor expansion
and the mean-value theorem for the integral, we find that there exist u = (uy, u,) €
R? satisfying |u; — y1| < |2'x1 — y1|, |42 — y2| < |2/x2 — y2|, and a constant C > 0
such that

O R)(y1, 2x »
(513) |Rouy— 30 LROLZRN iy
0<12<[k2] ges

<Cly; — 2ix1|[”1]|)/2 - 2jx2|[K2]|(Aﬁ90)(u17 Uy, x1,%)|,  x = (x1,%).

By using (5.8), (5.12), and (5.13), we obtain

ooy + )] < e (L YN (L)%,
" = 1+ 2i|x | 1+ 2/|x|

The estimates for the other cases, namely, i < 0, j > 0,andi > 0, j > 0, follow
similarly. ]

We use the integral form of the remainder term to define R(y1, y») instead of using
the differential form

(81[m](p)(w7 }’2) _ (31[n1](p)(2ix1,)’2)
[k1]!

R(y1,y2) = (y1 — 2]

for some |[w—y;| < |2'x; —y1], because, in general, w depends on y,. The existence of
97" R relies on the differentiability of w as a function of y,. Since w is not necessarily
a smooth function of y,, we cannot use the Taylor expansion of R(y1, ;) to establish
(5.12).

The above sketch of the proof shows us why we cannot directly quote the result
from [10]. Although the results are similar, there are some major modifications on
the multiparameter setting.

One of the main differences between the multiparameter setting and the one pa-
rameter setting is the use of the combined Lipschitz condition (5.8). On the other
hand, if ¢ is separable, that is, ©(x1, x3) = ' (x1)©*(x2), we find that

(D) (x, y) = [0 (1) — (0" (y1)] [(0" ) (02) = (") (1)]
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where x = (x1,x;) and ¥y = (y1, ¥2). Thus, the combined Lipschitz condition (5.8)
for separable analyzing functions reduces to the “ordinary” Lipschitz conditions (5.6)
and (5.7).

The reader may have the wrong impression that the assumptions in Lemma 5.2
can be simplified. For example, it seems that we can develop our MP Littlewood—
Paley analysis by imposing the same order of smoothness on the first and the second
variables in Lemma 5.2, that is, k; = k,. The proof of the following theorem shows
us why we need to have Lemma 5.2 in the most general form.

With Lemma 5.2, we can obtain the multiparameter version of Theorem 2.3. The
proof of the following theorem is similar to the proof of Theorem 2.3. For the sake
of brevity, we only provide an outline of the proof.

Theorem 5.3 Let (o, ), (81, 52), and € > 0 satisfy o > [y, (o] = [Bi], and
a; > Bi+e i =1,2. Suppose that o € S(R?) satisfies (5.3), and there exists a constant
C > 0 such that

(5.14) V&) <C, ifa& #0.

ijez
Then for any ¢ € S(R?) satisfying
(5.15) (e, x2) dy = / e, %) do =0, i=1,2,
R R

with \i €N, 0 < \; < [a], we have

M N
i=—M’ j=—N'
in 6/517/32 (Rz).
Moreover, we have a constant C(c, 3,€) > 0, independent of M, M', N, and N’,
such that for any 1 satisfying (5.15),

ay,0p

(5.17) Hw Z (go,]*z/J)H | s alvle

Ml J_
% (2(—M +1) (a1 —f1—¢€) +2(—M—1)(0ﬂ—51) +2 —N'+1)(ar—Br—¢) +2 —N— 1(042—32))
Proof Condition (5.14) guarantees the absolute convergence of (5.3) and, hence, the

absolute convergence of (5.3) enables us to conclude that for any (£, &,) € R? with
&1& # 0, we have

P0.6) = lim $(2'6,6) =0, and $(6,0) = lim_$(&,2'6) =0,
That is, ¢ satisfies

(5.18) /go(xl,xz),dxl =0, and /go(xl,xz) dx, = 0.
R R
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With these vanishing moment conditions for ¢, the proof of Theorem 5.3 is similar
to the proof of Theorem 2.3. For instance, given integers L > M, L’ > M’, K > N,
and K’ > N, if we consider the 7 = (71, 7,)-order partial derivative of

L K M N
U= Z Z (pij ) — Z Z (pij * ),
i=—L’ j=—K’ i=—M’ j=—N’
we have
L K M K
(5.192) [97¥| < (ZZ+ZZ) |(pij % 079)
i=M j=0 i=0 j=N
L 0 M —N’ '
(5.19b) + (Z o> )Z”ZI(aZzw)i,j*(@Y‘i/J)l
i=M j=—K' i=0 j=—K’
-M" K 0 K ‘
(5.19¢) +( Yo+, Z) 27(07" )i * (07°9)]|
i=—L’ j=0 i=—M’ j=N
-M’ 0 0 -N’ o
(5.19d) +( Z Z + Z Z )2’”’1+”’2|(87’<p)i,j 1))
i=—L/ j=—K' i=—M' j=—K’

The first row (5.19a) contains those ; ; with i > 0 and j > 0, and the partial
derivative is taken on ). We estimate (5.19a) by Lemma 5.2 with N; = 1+ 3 + ¢
and k; = o; — [B], i = 1,2. Expression (5.19b) includes those ; ; such thati > 0
and j < 0. We take the partial derivative of the second variable on ¢ and the partial
derivative of the first variable on 1 and apply Lemma 5.2 with N; = 1+0;+¢,i = 1,2,
Ky = ap — Y2, and k1 = a1 — [B1]. On (5.19¢) and (5.19d), the roles of ¢ and 1)
are interchanged with respect to (5.19b) and (5.19a), respectively. In view of (5.11),
we can obtain the required estimate of |07 W|. Similarly, we have the corresponding
estimates for the Lipschitz continuities of 07 W. We leave the details to the reader. W

As ¢ only satisfies the zeroth-order moment condition (5.18), we see that when
ij < 0, we need to have Lemma 5.2 with independent smoothness assumptions for
the first and the second variables.

The above conditions for ¢ can be further relaxed, we will briefly discuss the pos-
sible relaxation at the end of this section.

We can now construct the MP Littlewood—Paley analysis from our previous re-
sults.

Theorem 5.4 Suppose that p € S(R?) satisfy (5.3) and (5.14). Then for any f €
8'(R?) of MP order w = (w1, w,), there exist two sequences of distributions

FMM/NN' A SMM/NN7 2, € 8'(R)
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such that

M N
(520) flu,;)= lim 3 37 {(soi,,-* P, x2)

N’AN/I,_}OO i=—M' j=—N'
.

— Y 0 @ Pumaa () = Y SM,M’N,N’,)\Z(xl)@)x;\Z}
[Ai] <[] [X2] <[w]

in the inductive limit topology of 8'(R?), i.e., the one induced by the inductive system,
{Coyan (RH*}.

Proof We consider the family of function spaces, Cy, o, (R?), with

€= m}g([w,»] +1—w;)/4.
1=1,

Let 6 = (061, Ba) satisfy B; > wj and [w;] +1 > i +2¢,i = 1,2.
Forany A € N,let 0, »(x) € S(R?) and O (x) € S(R?) satisfy

/x}@l,,\(xl,xg)dxz =0 and /x?@l,,\(xl,xz) dx; = o,
R R
/x?’@zyk(xl,xz) dx; =0 and x302 7 (x1, %) dxy = d».
R R
Let (1,12) = (B1 + 2¢, B, + 2¢). For any 1) € S(IR?), we define

Do, x0) =P, x) = Y an ()b, G, x)

0< A | <[w1]

- Z N (xl)ez,,\z (x1,%2),

0< || <[ws]

where ¢, (2) = [y 4" (e1, x2) dx and e, (0) = [y 2901, x2) dxa.
With « replaced by w, ¥ € S(R?) satisfies the vanishing moment condition (5.15)
in Theorem 5.3. By applying Theorem 5.3, we obtain

M N
20 9= 3 Y i)

i=—M’ j=—N’
< C(B,9|v|

For f € 8'(R?) of MP order (wy,w,) and ¢ € S(R?), define the Schwartz dis-
tribution with independent variable x,, { -, - };, and the Schwartz distribution with
independent variable x;, (-, - ), by

(fioh() = (f,9(-,x2)) and  (f,¢¥)2(x1) = (f,¥(x1, -)),

1.5

(2(7M,+1)E + 2(7M71)25 + 2(7N’+1)e + 2(71\171)26) )

eTIL’IZ
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respectively. In other words, (-, - ); is the pairing of f and 1 with respect to the first
variable and (-, - ), is the pairing of f and ¢ with respect to the second variable.
Obviously, (f, 1), is of order w, and (f, 1), is of order w;.

Define
M N
(5.22) Funrnnn = =(F,0000+ D Y (eij* fr0ian
i=—M’ j=—N’

M N
(5.23) Sumr NN = —(f )2 + Z Z (ij* f,020)2-

i=—M’ j=—N’
Because of 3; > w;, we find that f € Cp, 45, (R?)* and hence,

M N
‘<(f_ Z Z (i * f)lx1,x2) + Z X?I ® FymrNN7 o, (2)

i=—M' j=—N [Ar]<[w1]

+ Z SMM/NN' ), (X1) ®x§\2) ,7/1> ‘

(2] <[w:]

M N
=Y (SDi,j*QL)H

i=—M’ j=—N’

<Ilflle;, ,,

Co1.5

Similar to the proof of Theorem 3.1, our desired result follows from the above in-
equality and (5.21). ]

We call

A A
Rymrn Ny (x1,%2) = E X' @ Fymrnye oy (x2) + E SMM/NN' N (X1) ® %57
[A]<lwi] [A2| <[w:]

the renormalization of f. The distribution Fy n/n N-.), given by (5.22) is of order ws,
and the distribution Sy n/n N7\, given by (5.23) is of order w;. Therefore, Ry n/n N
is of MP order (wy, wy).

From the above result, we see that Lemma 2.2 and the order of the Schwartz dis-
tributions defined in Section 2 are insensitive with respect to the multiparameter
setting. For instance, suppose f; € 8’(R) and f, € 8'(R) are of orders w; and w;,
respectively. Then their tensor product f = fi® f, € 8'(R?) is of order max(w;, w,).
On the other hand, f is of MP order (w;,w,). Thus, if we construct the renormal-
ization, Ry n'n,n’, by using the notion of order instead of the MP order, the highest
degree for the monomials xf‘ and x§\2 in (5.20) is [max(w,w,)] and this is definitely
not the optimal result. Furthermore, in Theorem 5.4, we obtain the best result for
the degrees of the monomials x}" and x)*. This fact can be proved by considering
the MP Littlewood—Paley analysis of the separable Schwartz distributions, xll‘l ® x’f,
ki, ko € N.
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For Theorem 5.4, there are some interesting examples that cannot be covered by
the assumption ¢ € §(R?). For instance, let ¢ be a Daubechies wavelet in IR. We are
allowed to use the function ©(x;,x,) = ®(x;)P(x;) as the analyzing function for the
MP Littlewood—Paley analysis where & = %, because it satisfies (5.3). However, it
does not belong to S(R?). Similar to the one parameter case, the condition ¢ € S(R?)
can be relaxed if we are interested in the MP Littlewood-Paley analysis for f € 8'(R?)
with MP order (w;,w;). It is sufficient to assume that ¢ € C,, ,,,(R*) withn; > w; +e
and [7;] = [w;] satisfies

oG — -, %) — oy — -, x)lle,,,, <Clx — y|

lo(xi, % — ) — @(x1,y2 — -)| Comy < Clx, — ),2|nr[nz]7

HSO((xl,xZ) - ) - SO((xluyZ) - ) - 90((}’1,362) - ) + 80(()’17)/2) — )H@m.nz
< Clay — x|y — gy L],

where the constant C > 0 is independent of x; and y;, i = 1,2. It is clear that the
above conditions also guarantee the convergence (5.16) and the inequality (5.17) in
Theorem 5.3, if a and 3 are replaced by 1 and w, respectively. Compared to the
corresponding results for the one parameter Littlewood—Paley analysis, we impose a
stronger condition on . The main obstacle for the multiparameter version is that
we cannot estimate ((97);,; * 1) (x) — ((07p); j *¥)(y) and (i j* 07)(x) — (; j *
071)(y) by using different representations as (4.4) and (4.7), respectively, in the cases
i>0,j<0andi <0, j> 0. (See Remark 4.1).

Finally, note that the non-separable analyzing function arises naturally from the
separable analyzing function. Let ©(x1, x,) define as above and B(x;, x;) be a smooth
non-separable function satisfying |B(¢;, &,)| = 1 almost everywhere. Then the func-
tion (© * B)(x1, x2) is a non-separable analyzing function.
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