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Abstract. This is a contribution to the theory of Lizorkin-Triebel spaces having
mixed Lebesgue norms and quasi-homogeneous smoothness. We discuss their char-
acterisation in terms of general quasi-norms based on convolutions. In particular,
this covers the case of local means, in Triebel’s terminology. The main step is an
extension of some crucial inequalities due to Rychkov to the case with mixed norms.
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1. Introduction

This paper is devoted to a study of anisotropic Lizorkin-Triebel spaces F;y’f(R”)
with mixed norms, which has grown out of work of the first and third author,
cf. [12,13].

First Sobolev embeddings and completeness of the scale prv’j(R”) were Cov-
ered in [12]. As the foundation for this, the Nikol’skii-Plancherel-Polya inequal-
ity for sequences of functions in the mixed-norm space Lz(R™) was established
in [12] with fairly elementary proofs. Then a detailed trace theory for hyper-
planes in R" was worked out in [13], e.g. with the novelty that the well-known
borderline s = 217 has to be shifted upwards in some cases, because of the mixed
norms.
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_In the present paper we obtain some general characterisations of the space
g’j(R”), that may be specialised to kernels of local means. We have at least two
motivations for this. One is that local means have emerged in the last decade
as the natural foundation for a discussion of wavelet bases for Sobolev spaces
and their generalisations to the Besov and Lizorkin-Triebel scales; cf. works
of Triebel [22, Theorem 1.20] and e.g. Vybiral [23, Theorem 2.12], Hansen |8,
Theorem 4.3.1].

Secondly, local means will be crucial for the entire strategy in our forthcom-
ing paper [9], in which we establish invariance of Ff;d under diffeomorphisms in
order to carry over trace results from [13] to spaces over smooth domains. More
precisely, because of the anisotropic structure of the F;”j—spaces, we consider
them over smooth cylindrical sets in Euclidean space in [9] and develop results
for traces on the flat and curved parts of the boundary of the cylinder in [10].

To elucidate the importance of the results here and in [9, 10], we recall
that F pfj—spaces have applications to parabolic differential equations with initial
and boundary value conditions: when solutions are sought in a mizxed-norm
Lebesgue space L (e.g. to allow for different properties in the space and time
directions), then prf—spaces are in general inevitable for a correct description
of non-trivial data on the curved boundary.

This conclusion was obtained in works of Weidemaier [24-26], who treated
several special cases; the reader may consult the introduction of [13] for details.

To give a brief review of the present results, we recall that the norm ||-|F ;j
of Fg’j(R") is defined in a well-known Fourier-analytic way by splitting the
frequency space by means of a Littlewood-Paley partition of unity. But to
have “complete” freedom, it is natural first of all to work with convolutions
Y; * f defined from more arbitrary sequences (v;);jen, of Schwartz functions
with dilations 1; = 271914)(279.) for j > 1. This requires both the Tauberian
conditions that @/ZJ\O(ﬁ), @Z(g) have no zeroes for |{|z < 2¢ and § < [{|z < ¢,
respectively; and the moment condition that D%Z(O) =0 for |a| < My.

Secondly, one may work with anisotropic Peetre-Fefferman-Stein maximal
functions ¢% ; f, and with these our main result can be formulated as follows:

Theorem. If s < (My + 1)min(ay,...,a,) and 0 < p; < 0o, 0 < ¢ < oo, the
following quasi-norms are equivalent on the space of temperate distributions:

I gl 1290 % FY2ol Lalo)ll, 142795 af Y32 Loyl (1)

Thus f € prﬂ’j(R”) if and only if one (hence all) of these expressions are finite.
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In the isotropic case, i.e., when @ = (1,...,1) and unmixed L,-norms are
used, the theorem has been known since the important work of Rychkov [15],
albeit in another formulation. In our generalisation we follow Rychkov’s proof
strategy closely, but with some corrections; cf. Remark 1.1 below.

Another particular case is when the functions 1y and 1) have compact sup-
port, in which case the convolutions may be interpreted as local means, as
observed by Triebel [21]. Thus we develop the mentioned characterisations by
local means for the anisotropic ng—spaces in Theorem 5.2 below, and as far as
we know, already this part of their theory is a novelty. As indicated above, it
will enter directly into the proofs of our paper [9].

However, it deserves to be mentioned that the arguments in [9] also rely on
a stronger estimate than the inequalities underlying the above theorem. In fact
we need to consider parameter dependent functions vy, § € © (an index set),
that satisfy the moment conditions in a uniform way. Theorem 4.4 below gives
the precise details and our estimate of

H {2Sj sup %ﬁ;,j,af}?io |Lﬁ(€q)||- (2)
PIC)

Similar quasi-norms were introduced by Triebel in the proof of [21, Proposition
4.3.2] for the purpose of showing diffeomorphism invariance of the isotropic scale
F; (R™). However, he only claimed the equivalence of the quasi-norms for f
belonging a priori to F};, and details of proof were not given. Since our estimate
of (2) is valid for arbitrary distributions f € &', it should be well motivated
that we develop this important tool with a full explanation here.

Remark 1.1. The fact that the arguments in [15] are incomplete was observed
in the Ph.D. thesis of M. Hansen [8, Remark 3.2.4], where it was exemplified that
in general a certain O-condition is unfulfilled; cf. Remark 4.7 below. Another
flaw is pointed out here in Remark 2.9. However, to obtain the full generality
with arbitrary temperate distributions in Proposition 4.6 below, we have pre-
ferred to reinforce the original proofs of Rychkov. Hence we have found it best
to aim at a self-contained exposition in this paper.

Contents. The paper is organized as follows. Section 2 reviews our notation
and gives a discussion of the anisotropic spaces of Lizorkin-Triebel type with a
mixed norm. Section 3 presents some maximal inequalities for mixed Lebesgue
norms. Quasi-norms defined from general systems of Schwartz functions sub-
jected to moment and Tauberian conditions are estimated in Section 4, following
works of Rychkov. In Section 5 these spaces are characterised by such general
norms, and by local means.
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2. Preliminaries

2.1. Notation. Vectors 7 = (p1,...,pn) with p; €]0,00] for i = 1,...,n are
written 0 < p < o0, as throughout inequalities for vectors are understood
componentwise; as are functions, e.g. p! =p!---p,l.

By Lz(R") we denote the set of all functions u : R® — C that are Lebesgue
measurable and such that

Hu]Lﬁ(R”)H:—/ /\uml,... ]pldx>m...>p:nldxn>’;<oo, (3)

with the modification of using the essential supremum over z; in case p; = oo.
Equipped with this quasi-norm, Lz(R"™) is a quasi-Banach space; it is normed
if min(py,...,pn) > 1.

Furthermore, for 0 < ¢ < oo we shall use the notation Lz(¢,)(R") for
the space of sequences (ug)ren, = {ur}ie, of Lebesgue measurable functions

fulfilling

R™)|| < oo, (4)

I o L) (RO = | (Zm\ )|

with supremum over k in case ¢ = oco. For brevity, we write || uy |Lz(¢,)|| instead
of || {ur}i2o |La(€,)(R™)]]; as customary for p'= (p,...,p), we simplify L; to L,
ete. If max(py,...,pn,q) < 00, sequences of Ci°-functions are dense in L({,).
The Schwartz space S(R™) consists of all smooth, rapidly decreasing func-
tions; it is equipped with the family of seminorms, using (x)? := 1 + |z|?,

purl) = sup {@)M | D°p(a)| | € R™, Ja| < M}, MeNy,  (5)
whereby D* := (—i0,,)** - - - (—10,, )*" for each multi-index o € N; or with
Pas(p) = sup [e*Dp(2)], o, €N, (6)

zeR™
The Fourier transformation Fg(§) = = [pn e "8g(x) dx for g € S(R")
extends by duality to the dual space &' (R”) of temperate dlstributions.
Throughout generic constants will mainly be denoted by ¢ or C', and in case
their dependence on certain parameters is relevant this will be explicitly stated.

2.2. Lizorkin-Triebel spaces with a mixed norm. As a motivation for
the general mixed-norm Lizorkin-Triebel spaces F ~ (R”) we first mention that

for 1 < p'< 0o a temperate distribution u belongs to a class prg (R™) having
natural numbers m; = % for each j = 1,...,n if and only if u belongs to the

mixed-norm Sobolev space Wlﬁ’&(]R"), m = (my,...,my,), defined by

" Gmlu
Jul Lo(R") ||+ZH

5 (7)




Local Means and Mixed Norms 261

This expression defines the norm on Wq , which is equivalent to that on F
More generally, mixed-norm leorkln—Trlebel spaces generalise the frac—
tional Sobolev (Bessel potential) spaces H;’G(R”), since for 1 < p'< oo, s € R,

we HSR") < ue FiI(R"). (8)

Here the norms are also equivalent; the former is given by || F~1((§)z*u()) | L],
whereby (£)z is an anisotropic version of (£) compatible with @; cf. the following.

To account for the Fourier-analytic definition of /7 a(]R”) we first recall the
anisotropic structure used for derivatives. Each coordmate x; in R" is given a
weight a; > 1, collected in @ = (ay,...,a,). Based on the quasi-homogeneous
dilation % := (t%xy,...,t%x,) for t > 0, and t*%2 := (t*)% for s € R, in
particular +~%z = (1), the anisotropic distance function |z|z is introduced
for x # 0 as the unique ¢ > 0 such that t=%z € S"~! (with |0z = 0); i.e.,

2

2
xl xn _
$2a1 Tt t2an = 1. (9)

For the reader’s convenience we recall that ||z is C°° on R™\ {0} by the Implicit
Function Theorem. The formula [t?z|; = t|z|z is seen directly, and this implies
the triangle inequality,

[z +yla < |zla + [yla- (10)

The relation to e.g. the Euclidean norm |z| can be deduced from
1 1 S 1
max (Joa]21, . feal ) < fala < Jor o5 4o+ a7 (11)

For the above-mentioned weight function, one can e.g. let (§)z = [(&,1)|@
using the anisotropic distance given by (a, 1) on R™!: analogously to (£) in the
isotropic case.

We pick for convenience a fixed Littlewood-Paley decomposition, written
1=3",®;(§), in the anisotropic setting as follows: Let ¢ € C§° be a function
such that 0 < ¢(€) <1 for all §, ¥(€) = 1if [¢], < 1, and ¥(§) = 0if [¢], > 3.
Then we set ® = 1) — (2%) and define

®o(§) = ¥(€), Pi(€) = (27%), j=1,2,... (12)

Definition 2.1. The Lizorkin-Triebel space Fg’g(R”), where 0 < p' < 00 is a
vector of integral exponents, s € R a smoothness index, and 0 < ¢ < co a sum
exponent, is the space of all u € S'(R™) such that

1l Fg) —H(Zwv 9Fu) O ) [La®n) | <o (13
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For simplicity, we omit @ when @ = (1,...,1) and shall often set
uj(w) = F~H(9;(€) Fu(§)) (x), = €R", j €N, (14)
Occasionally, we need to consider Besov spaces, which are defined similarly:

Definition 2.2. For 0 < p' < 00, 0 < ¢ < o0 and s € R the Besov space
B2 (R") consists of all u € §'(R") such that

o0 1
lul Bl o= (D2 27l s | Lp(RM)|*) " < oo. (15)

J=0

Remark 2.3. The Lizorkin-Triebel spaces Fq have a long history, as they
give back e.g. the mixed-norm Sobolev spaces Wlf” cf. (7). Anisotropic Sobolev
(Bessel potential) spaces H;’a with 1 < p < oo (partly for s > 0) have been in-
vestigated in the monographs of Nikol’skii [14] and Besov, II'in and Nikol’skii [2];
here the point of departure was a definition based on derivatives and differences.
In the second edition [3] also Lizorkin-Triebel spaces with mixed norms were
treated in Ch. 6.29-30. For characterisation of F[f’f by differences we refer also
to Yamazaki [28, Theorem 4.1] and Seeger [17].

The ng’j—spaces were considered for n = 2 by Schmeisser and Triebel [18],
who used the Fourier-analytic characterisation, which we prefer for its efficacy
what concerns application of powerful tools from Fourier analysis and distribu-
tion theory. (The definition of the anisotropy in terms of | - |z is a well-known
procedure going back to the 1960’s; historical remarks and some basic properties
of | - |z can be found in e.g. [27].)

For later use we recall some properties of these classes. First standard
arguments, cf. [12,13], yield the following:

Lemma 2.4. Fach F;’qa(R") 1 a quasi-Banach space, which is normed if both
p>1and ¢ > 1. More precisely, for u,v € FI;’;” and d :=min(1,py, ..., Pn, q),

lu+v Egg ) < llulFpy

T vl Eg e (16)
Furthermore, there are continuous embeddings
n s5,a n / n
S(R") — Fe (R™) — S'(R"), (17)
where S is dense in F~ for q < co. Also, the classes Fﬁa do not depend on
the chosen anisotropic decomposztzon of unity (up to equivalent quasi-norms).

Lemma 2.5 ([13]). For A > 0 so large that A\d > 1, the space FI;’; coincides

. As.\a@ . . .
with FﬁZ’ “ and the corresponding quasi-norms are equivalent.
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The lemma suggests to introduce a normalisation for the vector @, and often
one has fixed the value of |@| in the literature. In this paper we just adopt the
flexible framework with @ > 1, though.

Remark 2.6. In Lemma 2.5 the inequalities @ > 1 and Ad@ > 1 are redundant.
In fact one can define F;’; for arbitrary @ > 0, as in [13]. This gives another

set-up on R™, where (10), and hence (11), has to be changed, for then
o+ ylt < Jald o+ lt, d = min(L,an, ). (18)

The basic results on the pr”j—scale can then be derived similarly for @ > 0; only
a few constants need to be slightly changed because of (18). Thus one finds
e.g. Lemma 2.5 for all A > 0, cf. the end of Section 3 in [13] (the details in
[13, Section 3] only cover @ > 1, but are extended to all @ > 0 as just indicated;
in fact p(x,y) = | — y|z is then a quasi-distance, a framework widely used by
e.g. Stein [20]). However, in view of this lemma, it is simplest henceforth just

to assume that £ is defined in terms of an anisotropy @ > 1; which has been
done throughout in the present paper.

2.3. Summation lemmas. For later reference we give two minor results.

Lemma 2.7. When (g;),en, i a sequence of nonnegative measurable functions
on R™ and § > 0, then Gj(z) = > o0 27 kg (z) fulfils for 0 < p < oo,
0 < qg<oo that

1G5 1L(la)ll < Cigll g5 | Ls(lo) (19)

whereby the constant is Csq = (D 4cs 2_5““"7)% for ¢ = min(1,q).

Like for the unmixed case in [15, Lemma 2], the above lemma is obtained
by pointwise application of Minkowski’s inequality to a convolution in ¢,(Z).

Lemma 2.8. Let (b)) en, and (d;) en, be two sequences in [0, 00] and 0 < r < 1.
If for some jo > 0 there exists real numbers C, Ny > 0 such that

d; < C2N for j > jo, (20)
and if for every N > 0 there exists a real number Cy such that

dj < Cn Y 29"PNpdir, for j > jo, (21)
k=j

then the same constants Cy, N > 0, fulfil that

d; < Cn Y 299N for j > jo. (22)
[
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Proof. With D; y = sup;s; 2U=kIN g, it follows from (21) that for j > jo, N > 0,

Dy <supCy > 2070Vpdl= < Cn() 20708y DI (23)

k2j >k 1>

Clearly D;, n = 0 implies d; = 0 for j > j;, so (22) is trivial for such j. We
thus only need to consider the D; y > 0. Now (20) yields that D; y < oo for
all j > jo when N > Nj, so then (22) follows from (23) by division by Djljvr
Given any N €0, Ny[, we may in the just proved cases of (22) decrease Ny
to N, which gives a version of (22) with N in the exponent and the constant
Cn,- Analogously to (23), one therefore finds from the definition of D; v that

1
Dijn < Cr, (25,2 A lN’"bl) for j > jo. Here the right-hand side may be
assumed finite (as else (22) is trivial for this N), whence we may proceed as
before by division in (23). O

Remark 2.9. Lemma 2.8 was essentially crystallised by Rychkov [15, Lem-
ma 3], albeit with three unnecessary assumptions: d; < oo (a consequence of
(20)), that b;,d; > 0 and that jo = 0. For our proof of Proposition 4.6 below,
it is essential to consider jo > 0, and it would be cumbersome there to reduce
to strict positivity of b;, d;. In [15] no justification was given for this strictness
in the application of [15, Lemma 3], but this is remedied by Lemma 2.8 above.

3. Some maximal inequalities

In this section we obtain some maximal inequalities in the mixed-norm set-up.

This part of the theory of the F: q—spaces is interesting in its own right, and

also important for the authors’ Work [9]. Moreover, the methods are similar to

those adopted in the set-up in Section 4 below, but are rather cleaner here.
For distributions u that for some R > 0 and j € N satisfy

suppu C {{ € R" | [&| < R27* k=1,...,n} (24)
the Peetre-Fefferman-Stein maximal function u*(x) is given by

lu(y)| .

u*(z) = su . A 7> 0. 25
( ) yeﬂgl Hl:1(1 + R2]al|xl _ yll)’l‘l ( )

It obviously fulfils
u(z)] < u(z) < Jlullooll, = €R™ (26)

When u in addition is in Ly, the Nikol’skil-Plancherel-Polya inequality for mixed
norms, cf. [12, Proposition 4], gives the finiteness of the right-hand side, hence u*
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is finite everywhere. Thus, analogously to [11, Section 2|, the maximal function
is continuous.

To prepare for the theorem below, we first show the following pointwise
estimate of u*(z) by combining the proof ingredients from [11, Proposition 2.2],
which the reader may consult for more details. Now their order is crucial:

Proposition 3.1. When 0 < ¢,7 < oo then there is a constant cgr such that
every uw € 8" fulfilling (24) also satisfies

u(z — R71279%%)
[Ty (T |z)m

Proof. Taking ¢ € S(R™) with ¢ =1on [—1,1] x -+ x [—1,1] and such that
supp ) C [=2,2] x -+ x [=2,2], we have u = F~1(sp(R~12799.)) x u, which may
be written with an integral since u is C'*° with polynomial growth,

u(y) = / o / R 2T (R (y — 2)) u(z) dz - -z, (28)

u*(r) < cg

’L(j (RY)|| forx € R™. (27)

Now ¢ = (¢<, ¢>) is split into two groups ¢ and ¢> according to whether ¢, < 1
or g, > 1 holds. The groups may be interlaced, but for simplicity this is ignored
in the notation; the important thing is to treat the two groups separately.

First (28) is estimated by the norm of L;(R™), which then is controlled in
terms of the norm of L,_;.), whereby interlacing of the groups ¢ and 1> is
unimportant: for fixed y, the spectrum of the integrand in (28) is contained in
[=3R 2% 3R2I4] x - - x [-3R 2% 3R 2/%] so the Nikol’skii-Plancherel-Polya
inequality for mixed norms applies, cf. [12, Proposition 4], which for ¢, < 1
gives an estimate by the norms of L, with respect to z; that is,

jar\ar —1 || projldl ja
u(y)| < e [[ (BR27%) 5" | RP29 (R (y — ) u|Ligo 1] (29)

qr<1

(The integration order in this norm is as stated in (28).)
Secondly, using Holder’s inequality in the variables where ¢, > 1, and gath-
ering their dual exponents ¢; in (¢>)*, gives for x € R”

|U(y)|
[L,(1 + R2ia|z; — yy| )"

< ¢ [] 3R2**)a "
qr<1

[0+ R = ) $(R2(y = 2)) | Lo 1)
l

Rm27ldly (2)
Hl(l + R2jal|l’l — Zl|)rl

Lg (30)

X

Since 1) € S, a change of coordinates z, + R™1277%2; yields (27) with the
19 n r
constant ¢z = ¢, 1 3% | T2 (1 + [2])"¢ [ Lo (g2)9) | < o0 =
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We now obtain an elementary proof of the mized-norm boundedness of u*,
by adapting the proof of the isotropic L,-result in [11, Theorem 2.1]:

Theorem 3.2. Let 0 < p'< oo and suppose
1

Ty > — , l=1,...,n. 31
l min(py, ... ,p) (31)

Then there exists a constant ¢ such that
[ u* | L]l < cllulLgl (32)

holds for all w € LyNS’ satisfying the spectral condition (24).

Proof. We use (27) with g, = min(py,...,p) for k =1,...,n and calculate the
L,,-norms successively on both sides. Since p; > gy for all k > j, we may apply
the generalised Minkowski inequality n— (j — 1) times, as well as the translation
invariance of dxq, ..., dx,, which gives

w1250 < cqe( TTIC+ 1) 7 L) |25l (33)
I=1
Here (31) yields the finiteness of the L,-norms. O

The following result is convenient for certain convolution estimates. Since
the embedding B3 (R") <= C°(R™) N Loo(R™) holds for s > a- %, or for s = d’%
if ¢ <1, it is a result pertaining to continuous functions.

Corollary 3.3. If C' > 0 and 7 fulfils (31), d = min(1,p1,...,p,) yields

|

Proof. Since || - |L;||¢ is subadditive, simple arguments yield

Ly(R})

sup [u(y)| <cllulBggl fors=a-7 (34)

lz—y|<C

d

sup 3 Juy ()| | Ly(RS)

lz—y|<C =0

n d
Ly(RY)

T

sup |u(y)|
|z—y|<C

% (35)
<> [Ja+o2em)u L

Since [[,_, (1 4 C 27a¢)dre < (1 4 )4l 23947 the right-hand side is seen to be
less than c¢|[|u| Byg||? for s = @ - 7" by application of Theorem 3.2. O

Remark 3.4. In [9] Corollary 3.3 enters our estimates for certain u € F ;.7’5 with
POy mmor < ¢+ Then one can pick ”satisfying (31) and such that @-7 < s,

hence elementary embeddings yield || sup|,_, ¢ [w(y)| |[Lz(RE)[] < c[[u \Fgf”
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4. Rychkov’s inequalities

In the systematic theory of the F Z;’j—spaces, it is of course important to dispense
from the requirement in Definition 2.1 that the Schwartz functions ®; have
compact support. In so doing, we shall largely follow Rychkov’s treatment of
the isotropic case [15].

In the following @ = (ay, ..., a,) is a fixed anisotropy with @ > 1; we set

ap = min(ag, ..., a,). (36)

Throughout this section we consider v, 1) € S(R") that fulfil Tauberian condi-
tions in terms of some £ > 0 and/or a moment condition of order My,

Fo(€) >0 on {&]I¢la < 22}, (37)
FU©) >0 on{¢|5 < lela <22}, (38)
D*(F)(0) =0 for |a| < M. (39)

Hereby M, € Ny, or we take M, = —1 when the condition (39) is void. Note
that if (37) is verified for the Euclidean distance, it holds true also in the
anisotropic case, perhaps with a different e; cf. (11).

In this section we also change notation by setting

pi(z) =2%p(2%), peS, jeN. (40)

For 1 this gives rise to the sequence vy ;(z) := 2714, (2797), but we shall mainly
deal with (1);),en, that mixes ¢y and 1. Note that 1y = 0.

To elucidate the Tauberian conditions, we recall in the lemma below a well-
known fact on Calderén’s reproducing formula:

u= Z Ak xu, forue S'(R"). (41)
=0

Lemma 4.1. When ¢y,¢ € S fulfil the Tauberian conditions (37), (38) there
exist Ao, A\ € S fulfilling (41) for every u € S'. Moreover, it can be arranged
that Ao and X are supported by the sets in (37), respectively (38).

Proof. By Fourier transformation (41) is carried over to
Fho(€) Fuo(©) + ) FAQTT) Fu(27%) =1, ¢€R". (42)
j=1

To find Ao, A reduces to a Littlewood-Paley construction: taking h € C§° such
that 0 < 7 <1 on R supph C {£][€|z < 2¢} and h(§) = 1 if [¢]z < 3e, then
Ao = h%_l and \ = (h— h(26')):/1_1 fulfil (42) and the support inclusions. [
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A general reference to Calderon’s formula could be [7, Chapter 6]. More
refined versions have been introduced by Rychkov [16].
To comment on the moment condition, we use for M > —1 the subspace

S = {# e S(R")

D*(Fu)(0) =0 for all |a| < M} (43)

It is recalled that in addition to the p, g in (6) also the following family of
seminorms induces the topology on S:

ixal®) = [ (@MD"(e) do. N € No, a € NG, (44)
This is convenient for the fact that moment conditions, also in case of the

anisotropic dilation ¢, induce a rate of convergence to 0 in S:

Lemma 4.2. For o, € Ny there is an estimate for 0 <t < 1,v € § and
IS éﬁ%;

—

Pag (" u(t™) x ) < Co tMHV% max po () - quis1,(DPY),  (45)
where the maximum is over all ¢ with |(| < M 4+ 1 or { < a; and over v < a.

Proof. The continuity of F~' = (27)™"F : L; — Ly and Leibniz’ rule give that

Pt ) v) = sup | F7 (De( (-7 D)) (2)

z€R™
s (16)
<3 (1) [ el b Do

For |a —v] < M the integral is estimated using a Taylor expansion of order
N = M — |a — 7|. All terms except the remainder vanish, because p has
vanishing moments up to order M. The integral is therefore bounded by

, N+1 . ! 2 ——
[ S S [ - ootng s | |0 D) de
o 0
< ¢(M+1ao D fi| Lo / N+ DYDBY(€)| d
< KE%}L” 1| Loo|l [ 1677 v(§)] dg
< ¢(M+1)ag m DAY,
<t Jnax poc(1) Guren (D7V)

For | — | > M + 1 the integral in (46) is easily seen to be estimated by
EE max po o (7) Q0-(D7). (47)

The claim is obtained by taking the largest of the bounds. O]
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4.1. Comparison of norms. For any 7= (ry,... ,r,) > 0 and f € S'(R") we
deal in this section with the non-linear maximal operators of Peetre-Fefferman-
Stein type induced by {¥;};en,,

¥:5() = sup [V % f(y)]

. , e R", j € Np. 48
yern [ Loy (1 + 2790 [, — gy ) ! 7= (48)

For simplicity their dependence on @ and 7 is omitted. (Compared to (25), no
R is in the denominator here, as ¢; * f need not have compact spectrum.)

To give the background, we recall an important technical result of Rychkov:

Proposition 4.3 ([15, (8')]). Let v, € S be given such that (39) holds, while
o, € S fulfil the Tauberian conditions (37), (38) in terms of some &’ > 0.

When 0 <p <00, 0 < q<ooands < (My+1)ag there exists a constant ¢ > 0
such that for f € §',

12795 f 1 Lo(€o) | < |27 f [ Lp(€)])- (49)

We shall extend this to a mixed-norm version, which even covers parameter-
dependent families of the spectral cut-off functions; this will be crucial for our
results in [9]. So if © denotes an index set and vy, 1s € S(R™), 0 € O, we
set Vg j(z) 1= 27/184y(2797) for j € N. Not surprisingly we need to assume that
the 1y fulfil the same moment condition, i.e., uniformly with respect to 6:

Theorem 4.4. Let 1y, € S(R") be given such that (39) holds for some
My, independent of 0 € ©, while @y, ¢ € S(R™) fulfil (37), (38) in terms of an
e >0. Alsolet 0 < p<oo,0<q<o0ands < (My,+1)ag. For a given 1’
in (48) and an integer M > —1 chosen so large that (M + 1)ag+ s > 2d - 7, we
assume that

= sup max || D*Fy | Loo|| < 00,
00

sup max (1 + €)Y DY Fape(€) | Lal] < o0,
€

QO W
I

:=sup max || D*F1) | Leo|| < 00,
9o

D = sup max | (1 + €} D" Fung(6) | a] < .
c

where the mazima are over all a with |oo| < My, +1 or a < [7+2], respectively
v < [+ 2]. Then there exists a constant ¢ > 0 such that for f € S'(R"),

27 5, 1Lt < A+ B +C+ D) 2765 st o)
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Hereby [t] denotes the smallest integer k > ¢, and [7] := ([r1],..., [7n]).

In the proof of the estimate (50) we choose Ao, A € S(R") by applying
Lemma 4.1 to the given ¢g, ¢ € S(R™). Following [15], we then consider the
auxiliary integrals

]k = / ’ng * )\k | H + 2ka4 ’Zg’ ” dZ j, k - NQ. (51)
/=1

2klalapg ik A(2802),

The integrand may be estimated using that 1y ; * A\g(z) =
=0,t' =27"%>1 yield

so the Binomial Theorem and Lemma 4.2 with g =0,

< C[ﬂQ(kfj)(ngJrl)aoJrk\ﬂ max’ po ¢ () QMw9+1:’Y()‘)7

where max’ denotes a maximum over finitely many multi-indices, in this case
over ( fulfilling |(| < My, + 1 or ¢ <[], respectively v < 7.

Lemma 4.5. For any integer M > —1 there exists a constant ¢ = CM, My 7 Mo A
such that for k,j € Ny,

9(k=3)(My,+1)ao for k < j,

Liy <c(A+B+C+ D) x { 9~ (k=) (M+Dao—a7)  for i < [, (53)

when g0, 0e € S and the Yy fulfil (39) for some M,, independent of 6§ € ©.

Proof. First we consider the case j > k > 1, where (52) yields

L < sup |[¢g; * Ap(2 |H (1+ 2ka’|zl|)rl+2/H2_kal(1 + |Il|)_2 dx
=1 =1

z€R™
. — ~ 54
< C’FQ(k—])(ng-H)ao max’ | D<¢6 | Loo| - qungm()\) (54)

< Ciany, 9(k—j)(Myq+1)ao g
S Oy,

For k > j > 1 one can replace 28 in (51) by 279 at the cost of the factor 2(k=7)a7
in front of the integral. Then the roles of ¥ and A can be interchanged, since
the support information on A yields A € (,; Sy This gives, with p = [7+ 2],

I, < CQ(k_j)wZ (Z) Dao(thg * Mp_j) < Cop a2~ =DM Nao=aT) B = (55)

a<sp

Similar estimates are obtained for I, lox and Iy, with C, D as factors. O
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Using Lemma 4.5, the proof given in [15] is now extended to a

Proof of Theorem 4.4. The identity (41) gives for f € &’ and j € N that
%,j*f:Z%,j*/\k*%*f- (56)
k=0

By Lemma 4.5 with M chosen so large that (M + 1)ag + s > 2a - 7, there
exists a #-independent constant ¢ > 0 such that the summands can be crudely
estimated,

[Wo.5 % Ak x on * f(y)]
< rfly /|¢9]*)\k |H (1 + 2kt )™ dz
=1

. 9(k=3)(My,+1)ao for k < 7,
<c(A+B+C+D)gpfly) x { 9~ (k=)((M+Da0—a7) for i < J

Here ¢} f(y) < ¢} f(x) max (1,207 TTL | (1 + 27 |2y — | )" is easily verified
for z,y € R® and j, k € Ny by elementary calculations, so therefore

0.5 % A * r * f(y)]
Sup — .
yERn lel(l + Qjal‘xl - yl’)rl
9 (k=) (Myy+1)ao for k < j,

< c(A+B+C+D)ppf(x) x { 2~ (k=D)((M+1)a0—2a7)  for ; k.

(58)

Inserting into (56) and using that ¢ :=min ((My,+1)ao—s, (M+1)ag—2a-7+s) >0
by the assumptions, the above implies for j > 0,

P supy f(z) < c(A+ B+ C+ D)) 2Mg; f(a) 2707+, (59)
€0 .
Now Lemma 2.7 yields (50). O

4.2. Control by convolutions. Since 12 need not have compact support,
Proposition 3.1 is replaced by a pointwise estimate with a sum representing
the higher frequencies:

Proposition 4.6. Let ¢, € S satisfy the Tauberian conditions (37), (38).
For N,7, 7 > 0 there ezists a constant Cn . such that for f € 8" and j € Ny,

T ; 2kl |y, x f(2)|7
Yif(x)" < Cypr Y 207RNT - dz. (60
( 7 ( )) N g Hl:l(l + 2kal’$l _ Zl|)7’lT )
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As a proof ingredient we use the S’-order of f € S'(R™), written ords/(f),
that is the smallest N € Ny for which there exists ¢ > 0 such that, cf. (5),

[(f ) <epn(yp)  forall ¥ € S(R™). (61)

Remark 4.7. Our proof of Proposition 4.6 follows that of Rychkov [15], al-
though his exposition leaves a heavy burden with the reader, since the appli-
cation of Lemma 3 there is only justified when ordgs (f) is sufficiently small;
cf. the O-condition (66) below. In a somewhat different context, Rychkov gave
a verbal explanation after (2.17) in [16] (with similar reasoning in [8,19]) that
perhaps could be carried over to the present situation. But we have found it
simplest to reinforce [15] by showing that the central O-condition is indeed ful-
filled whenever f is such that the right-hand side of (60) is finite. In so doing,
we give the full argument for the sake of completeness.

Proof. Step 1. First we choose two functions A\g, A € S with \ = 0 around E=0
by applying Lemma 4.1 to the given 1,1 € §. Using Calderén’s reproducing
formula, cf. (41), on f(2779.), dilating and convolving with 1);, we obtain

[e.o]

Vjx f= (Ao *thoy) * (= [) + Z (thj * Ak) * (Yr * f). (62)

k=j+1
To estimate 1); * A\, we use (52) for an arbitrary integer My > —1 to get

odld] 9(i—k)(Mr+1)ag o ~
|5 % Aw(2)] < Cr T (1= 27 ] max’ po.c(A) - qar41,4(¥). (63)

An analogous estimate is obtained for Ao j*o j, when (52) is applied with ¢ = 1,
M), = —1. Inserting these bounds into (62) yields for Cas, 7 = Chsy 720 M 0.05

291y, x f(y — 2)]
[T2, (1 + 2]z )

[t % f(y)] < Cagy e Y 207 M0 dz.  (64)
k=j

Since j +— 29T, (1 + 2/%|z; — z])™™ is monotone increasing, (64) entails
that for N = (M, + 1)ag — a7,

2918 oy, * f(2)]
[Tm, (14 2092y — 2

Wf(w) < CMA,F 22(j*k)(M>\+1)ao "

k>j

| Py s f()) i
< (]—k)N k’ * 1—7 )
<O L2 s 2l — e ()

(65)

Here N can be lowered in the exponent, so (65) holds for all N > —ad - 7,
with N — Cy 7 piecewise constant; i.e., constant on intervals having the form
|(k — 1)ag, kag] — @ - 7 for k € Ny. Obviously this yields (60) in case 7 = 1.
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Step 2. To cover a given 7 €]0,1] we apply Lemma 2.8 with b; as the
last integral in (65): because of the inequality (65), the estimate (60) with
Cnr = Cy follows for all N > 0 by the lemma if we can only verify the last
assumption that, for some Ny > 0,

dj =} f(x) = O (27™°). (66)

In case w < 7 for w = ordg f, this estimate follows for all j > 0 from standard
calculations by applying (61) to the numerator in ¥7 f(z).

In the remaining cases, where w > r; for some [ € {1,...,n}, we shall

show a similar estimate unless (60) is trivial. First we choose ¢ such that

¢ > max(ry, ..., ,w). Then (60) holds true for ¢ and the right-hand side gets
larger by replacing each ¢; with r; in the denominator. Hence we have for N > 0,

Qk‘ﬁlwk * f(z)‘T
[T, (1 + 2kar|y, — z[)mm

Using monotonicity as in Step 1, the above is seen to imply, say for N > @ - 7,
J € Ny that

(U3 £(@)) < Ongr 3 20700377

k>j

;% f()]7 < Cngr » 200N dz.  (67)

k>j

2kl by f(2)|7
[T (1 A4 2kat|zy — 2]

dz.  (68)

(The constant depends on ¢, i.e., on f.) We can assume the sum on the right-
hand side is finite for some j; > 0, Ny > a - 7, for else (60) is trivial. Then

mz2j1

1

: omary [ 2 S\ (69)
T 1—k)(N1—a-7)r k "'
< CF, g (3 200000 / 0 o az)" < 0.

k> 1+ 2ka|zy — 2|

This implies (66) at once for 7 > j; and Ny := N; — @ - 7, so now Lemma 2.8
yields (60) for 7 > j;. When considering the smallest such jj, the right-hand
side of (60) is infinite for every j < j; (any N) so that (60) is trivial.

Step 3. For 7 > 1 we deduce (64) with r; + 1 for all [ and afterwards apply
Holder’s inequality with dual exponents 7,7 > 1 with respect to Lebesgue
measure and the counting measure. Simple calculations then yield (60). O

Now we can briefly modify the arguments in [15] to obtain the next result.

Theorem 4.8. Let 1,1 € S satisfy the Tauberian conditions (37), (38). When
0<p<oo,0<qg< o0, —00<s<oo and the ¢ f are defined for T satisfying

rymin(q, py,...,pn) > 1, 1=1,...,n, (70)
then there exists a constant ¢ > 0 such that for f € &',
1297965 F 1 L) | < c (12745 % f | L€y (71)
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Proof. The proof relies on the Hardy-Littlewood maximal function

Mf(e) =sup—~ / L el (72)

r~0 meas(B(0,7))

When applied only in one variable x;, we denote it by M;; i.e., using the splitting
x = (2, x,2") we have Mju(xy,...,z,) = (Mu(z',-,2"))(z;). By assumption
on 7, we may pick 7 such that maxlglgn% < 7 < min(q,p1,...,pn). This
implies that (1 4 |z|)™"" € Li(R), and since it is also radially decreasing,
iterated application of the majorant property of the Hardy-Littlewood maximal
function, described in e.g. [20, p. 57], yields a bound of the convolution on the
right-hand side of (60), hence

1
pe

A 2UTINTAL (L My (M| x fI7) ) (@)

k>j

(73)

Zﬂ\’—‘

Vi f(z) <C

Here application of Lemma 2.7 gives
ENES ) ST T 1
127295 I L€l < O |22 M (- (Mg 5 fI7) - )Lz (Ca)l=, (74)

whence (71) follows by n-fold application of the maximal inequality of Bagby [1]
on the space Ly (¢q), since 7 < min(q, p1, ..., pn); cf. also [13, Section 3.4]. [

5. General quasi-norms and local means

First of all, Theorems 4.4, 4.8 give some very general characterisations of F
In fact the next result shows that in Definition 2.1 the Littlewood-Paley partl—
tion of unity is not essential: the quasi-norm can be replaced by a more general
one in which the summation to 1 or the compact supports, or both, are lost:

Theorem 5.1. Let s € R, 0 < p'< 00, 0 < ¢ < 00 and let 1y, 1 in S(R™) be
given such that the Tauberian conditions (37), (38) are fulfilled together with a
moment condition of order My, so that s < (My + 1)min(ay, ..., a,), cf. (39).
When 5 5 f is defined with ¥ > min(q, p1, . . . ,Pn) "L, cf. (48), then the following
properties of f € S'(R™) are equivalent:

(i) feFi@(]R")
(i) [H2¥0; = f1520|La(lg) || < o0,
(i) [{2%¢;af }320 | La(le) || < oo.

Moreover, the inf:’j-quasi—norm is equivalent to those in (ii) and (iii).
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Proof. Since ¢; x f(x) < 4} f(x) is trivial, clearly (iii) = (ii); the converse
holds by Theorem 4.8. To obtain (iii) == (i), one may in the Lizorkin-Triebel
norm estimate the convolutions by (F _1(1));,5 f, and the resulting norm is es-
timated by the one in (iii) by means of Theorem 4.4 (with a trivial index set
like © = {1}). That (i) = (iii) follows by using Theorem 4.4 to estimate
from above by the quasi-norm defined from (F _I(I));,a f, with all r; so large that
Theorem 4.8 gives control by the F~'®, « f. O

From the above it is e.g. obvious that the space prf does not depend on
the Littlewood-Paley partition of unity in (12), and that different choices yield
equivalent quasi-norms.

As an immediate corollary of Theorem 5.1, there is the following character-
isation of F;j’f in terms of integration kernels. It has been well known in the
isotropic case:

Theorem 5.2. Let ko, k° € S(R™) such that [ ko(z)dx # 0 # [k°(z)dz and
set k(z) = ANEY(x) for some N € N. When 0 < p < o0, 0 < ¢ < oo, and
s < 2N min(ay,...,a,), then a distribution f € S'(R™) belongs to Fgf(R”) if
and only if

1F [E5g 1= 1l Ko f |Lgll + ({27 k; % f3320 [ Ll < oo (75)

q

Furthermore, || f |F27||* is an equivalent quasi-norm on F/(R™).
In (75), the functions k;, j > 1 are given by k;(z) = 2719 k(2/92); cf. (40).

Remark 5.3. Obviously, we may choose kg, k° such that both functions have
compact support. In this case Triebel termed kg and k kernels of local means,
and in [21, 2.4.6] he proved that (75) is an equivalent quasi-norm on the f be-
longing a priori to the isotropic space F}; . This was carried over to anisotropic,
but unmixed spaces by Farkas [5]. Extension to function spaces with gener-
alised smoothness has been done by Farkas and Leopold [6]; and to spaces of
dominating mixed smoothness by Vybiral [23] and Hansen [8].

Remark 5.4. Bui, Paluszinki and Taibleson [4] obtained a characterisation,
i.e., equivalence for all f € &', in the isotropic (but weighted) case, which
Rychkov [15] simplified to the present discrete Littlewood-Paley decompositions.
Our Theorem 5.2 generalises this in two ways, i.e., we prove a characterisation
of F};’f that has anisotropies both in terms of @ and mixed norms.
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