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ABSTRACT. We study Schauder basis properties for the Haar system in
Besov spaces B;,Q(Rd). We give a complete description of the limiting
cases, obtaining various positive results for ¢ < min{1, p}, and providing
new counterexamples in other situations. The study is based on suitable
estimates of the dyadic averaging operators En; in particular we find
asymptotically optimal growth rates for the norms of these operators in
global and local situations.

1. INTRODUCTION

The purpose of this paper is to complete the study of the basis properties
of the (inhomogeneous) Haar system in the scale of Besov spaces B;,q(Rd).
In view of previous results, only the endpoint cases are of interest. This is
a companion to the forthcoming paper [7], in which the authors consider
the same endpoint questions for the Triebel-Lizorkin spaces. The outcomes
for Besov and for Triebel-Lizorkin spaces, in both non-endpoint situations
([15, 21, 12, 13, 5]) and endpoint situations, are markedly different.

To state the results, we first set some basic notation. Consider the one
variable functions h(9) = Tjp,1) and M = Lio,12) — Ipiy2,1)- For every
€= (e1,...,€q) € {0,1}4, for k € Ng and pu = (11, . - ., ptq) € Z% one defines

d
R, () = H D)2k z — ), x=(x1,...,34) € RL
i=1
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Denoting T = {0,1}%\ {0}, the Haar system is given as
_ 0 € . d
3, = {ho’“}uezd U { . keNy pelZl ce T}.

We refer to 2¥ as the Haar frequency of h, - We consider an enumera-
tion U = {u,}>2, of the Haar system, and write u, = hz((z)) () for the
corresponding frequency and position parameters k(n), u(n).

Given R € N, the partial sum operator Sg = S% is defined as the projec-
tion onto span{uy,...,ug}, that is

R
(1) Sl =2 un(f)un,
n=1
where for u, = hz((z))’#(n) the linear functional v is defined by
e wa () = 2O L)
at least when f € L} (R?). Below we shall only consider Besov spaces so

that u, € B, , and uj, € (B; )" for all n € N, so that (2) will actually have
a meaning for all f € B} ,.

We say that U is a Schauder basis of B;’q(Rd) if
Q T [[S4F — fllpg, =0
— 00

holds for every f € B, ,. We say that U is a basic sequence if (3) holds
for every f in the B, -closure of span},. Finally, we say that 34 is an
unconditional basis of B, , if every enumeration U is a Schauder basis.

The above basis properties are related with the uniform bound
U
(4) sup || Sz |83, 53, < oo

Namely, (4) implies that U is a basic sequence in B} ;. If span(3y) is dense
in By, then U is a Schauder basis if and only if (4) holds. If in addition
the bound in (4) does not depend on the enumeration U then H, is an
unconditional basis of By ;. By the uniform boundedness principle such a
uniform estimate is also necessary for unconditionality. This is well-known
for Banach spaces, and a proof for quasi-Banach spaces can be found in [1].

We consider the full range of indices s € R and 0 < p,q < oco. When
p = 00 or ¢ = oo the space By is not separable, but in those cases one may
consider the Schauder basis property in the B, -closure of the Schwartz

class S, which we will denote by, , (as in [11, Def 113])

The pentagon ‘B depicted in Figure 1 shows the natural index region
for these problems. More precisely, Triebel showed in [15, 21] that, for all
q < 0o, the Haar system I, is an unconditional basis of Bg’q(Rd) for the
(1/p, s) parameters in the interior of the pentagon 3; i.e. those satisfying
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FIGURE 1. Parameter domain 3 for H, in B;q(Rd). The left
figure shows the region of unconditionality, and right figure
the region for the Schauder basis property.

one of the conditions (i), (ii) in Theorem 1.1. He also showed that for the
parameters in the complement of the closure of 3 the Haar system does
not form a basis. Except for a few trivial cases, the behavior at the points
(1/p, s) lying in the boundary of 8 seems to be unexplored; see however the
separate work [9] and Remark 1.7 below.

In this paper we attempt to fill these gaps, by giving an answer, positive
or negative, depending on the secondary index q. Moreover, in some cases,
the negative answer is replaced by slightly weaker properties, such as the
local Schauder basis, or basic sequence properties.

We begin by stating complete results about unconditionality, which con-
tain new negative cases compared to [15, 21]. We remark that the corre-
sponding results in Triebel-Lizorkin spaces are much more restrictive, see
the discussion in [21, Remark 2.2.10] and the counterexamples in [12].

Theorem 1.1. Let 0 < p,q < 0o and s € R. Then, Hy is an unconditional
basis ofB;’q(Rd) if and only if one of the following two conditions is satisfied.

(i) 1<p< oo, —1+%<s<%, 0<q<oo.
(i) 75 <p<1, d(j-1)<s<1, 0<g<oo.

The region (i)-(ii) is shown in the left of Figure 1. In the next results we
shall be concerned with the endpoint behavior when we drop unconditional-
ity. To do so we must single out specific enumerations of the Haar system,
labeled ‘admissible’, or ‘strongly admissible’.

Definition 1.2. (i) An enumeration U is said to be admissible if there is a
constant b € N with the following property: for each cube I, = v+[0,1]%, v €
72, if u,, and u,, are both supported in I, and | supp(u,)| > 2% supp(u,/)|,
then necessarily n < n’.
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(i) An enumeration U is strongly admissible if there is a constant b € N
with the following property: for each cube I, v € Z%, if I** denotes the five-
fold dilated cube with respect to its center, and if u,, and w, s are supported
in I** with | supp(uy,)| > 2%¢| supp(u,/)| then necessarily n < n'.

The notion in (i) was used in [5] for the case b = 1, but the results stated
in that paper continue to hold with this slightly more general definition.

The stronger notion in (ii) turns out to be more appropriate in the end-
point cases, for which the characteristic functions of cubes may not be point-
wise multipliers; cf. [11]. Loosely speaking, in a strongly admissible enu-
meration if a Haar frequency 2* shows up at step n (i.e. if u, = hi# for

some k € Np) then all Haar functions with Haar frequency < 2¥~% which are
‘nearby’ (in a well defined sense) have already been counted before step n.
We refer to §11 for concrete examples.

Finally, we remark that the above distinction is void for the classical Haar
system in the unit cube, 3([0, 1)¢), where admissibility is a straightforward
property; for b = 1 it means that n < n’ implies | supp(u,)| > |supp(u,/)|
(and could be slightly weakened if b > 2). The typical example is the
lexicographic ordering.

We now formulate a theorem involving all strongly admissible enumera-
tions of the Haar system. A positive endpoint result is obtained for B; ,
when s = d/p — d and #‘ll < p < 1. Also new negative results are obtained
for suitable strongly admissible enumerations; see the right of Figure 1.
Theorem 1.3. Let 0 < p,q < 0o and s € R. Then, the following statements
are equivalent, i.e. (a) <= (b):

(a) Every strongly admissible enumeration of Hy is a Schauder basis of
Bs (RY).
(b) One of the following three conditions is satisfied:

(i) 1 <p<oo, %—1<5<%, 0<q< oo,

(ii) %1<p<1’ g—zl<s<1, 0<q< oo,

(i) F7<p<l, s=7—-d q=p.

Next we explore various weaker properties at the boundary of 3. We say
that an enumeration U satisfies the local Schauder basis property for By , if

(5) |(S%f— £)x|

for all f € B;’q(Rd) and all y € C®(R?). This implies that the basis
expansion holds, g = >>°, u’(g)uy in B, ,, for all compactly supported

. —0
BP»Q

g € B;q(Rd). Similarly we say that U satisfies the local basic sequence
property in B;’q(Rd) when (5) holds for all f € spanﬂ{dB;”q and all x €
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C>®(R%). The next theorem and Figure 2 show the region of validity for the
first of these properties.

Theorem 1.4. Let 0 < p,q < 0o and s € R. Then, the following statements
are equivalent, i.e. (a) <= (b):

(a) Every strongly admissible enumeration of the Haar system Hy satisfies
the local Schauder basis property for B;q(Rd).

(b) One of the following four conditions is satisfied:
(i) 1<p<oo, —1+%<s<21;, 0<q< oo,
(i) 1<p<oo, s=-1+1, 0<qg<l,
(iii) 45 <p<1, %—d<s<1, 0<q< oo,

s

(iv) ﬁ‘ll<p<1, :g—d, 0<qg<p.

We remark that these local properties can be given slightly stronger state-
ments using the Bourdaud definitions (B, ;)¢ of localized Besov spaces; see
§9.2 below.

-1

F1GURE 2. Region for the local Schauder basis property in
the spaces B;q(]Rd), depending on the value of ¢ € (0, 00).

Remark 1.5. Strong admissibility may be replaced by admissibility (for the
positive results in Theorems 1.3 and 1.4) in the cases where 1jjj is a

pointwise multiplier of B;q(]Rd). By [17, §2.8.7] or [11, §4.6.3], the latter
holds when

(6) max{d(z%—l),%—l} <s<l,

so it applies to the interior points of 3. It also applies in other positive
results (such as the local basic sequence property, which will follow from

Theorem 1.8) in the case s = 1, ff_l < p < 1 corresponding to the interior
of the horizontal edge of B.
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Remark 1.6. A similar statement to Theorem 1.4 holds for H(T%), the Haar
system in the torus in the standard lexicographic enumeration. Namely, it
is a Schauder basis on B;q(’]I'd) if and only if one of the conditions (i), (ii),
(iii), (iv) in Theorem 1.4 are satisfied. Moreover, in the range (6) the class of
C*-functions with compact support in (0,1)? are dense in B, (0, 1)9) (see
[20, §3.2]) and thus it is easy to see that the Schauder basis problem for the
Haar systems on T¢ and on (0,1)? are equivalent in this range. So far this
observation does not apply to the cases corresponding to the non-horizontal
edges of P in higher dimensions, however see Franke’s better result [4, §4.6]
for the interval (0,1).

Remark 1.7. (i) In a classical work [8], P. Oswald considered, for 0 < p < 1,
the Schauder basis property (including some endpoint results) for a class of
Besov spaces on the interval, B;,q,(l)(I ), defined by first order differences.
In these classes, which in general differ from B ;, one has a positive answer
in the larger region 1/p — 1 < s < 1/p (in particular, for some s > 1); see
[8, Theorem 3].

(ii) In a very recent separate study [9], Oswald pursued further these
questions for both, the class B;q,(l)(ld) and the standard Besov spaces

B;q((O,l)d). He obtained analogs of the positive results in (ii)-(iv) of
Theorem 1.4, and presented similar counterexamples as ours for the case
s = d/p — d. Contrary to what is stated in that paper, these local results
do not transfer to the spaces on R? by simply enumerating the Haar sys-
tem, as one may see from Theorem 1.3 above and the specific example in
Proposition 12.1.

Dyadic averaging operators. A crucial tool in our analysis will be the dyadic
averaging operator Ey, defined as the conditional expectation with respect
to the o-algebra generated by the set Dy of all dyadic cubes of length 27
That is, setting

IN,,LL = 2_N(/L + [07 1)d)a JURS Zda
we have

(7) Enf(z)= > 1y, (z)2" fy)dy,

uEZd IN»M

at least for f € L} (R9).

loc
The relation with the Haar system is given via the martingale difference
operator Exn11 — En which is the orthogonal projection onto the space gen-
erated by the Haar functions with frequency 2%, i.e.

(8) Eyi1f —Enf = Z Z 2Nd<f7 §V,u> 5\7,;1‘
e€Y pezd

In addition to Ex we shall need another operator which involves Haar
functions of a fixed frequency level. For N € N and any a € £*°(Z¢ x T) we
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set

9) Tnlfral =0 > an 2V by )by e

ecY HEZ

One aims for estimates of the operators f +— Tny[f, a] that are uniform in
|allc < 1. The relation between the partial sum operators S% and the op-
erators Ey and T [, a] is explained in §9. In particular, the uniform bound-
edness of these operators in By , implies the local basic sequence property for
all strongly admissible enumerations . The region of uniform boundedness
for these operators is given in the next theorems, and depicted in Figure 3.

Theorem 1.8. Let 0 < p <00, 0<qg< 00 and s €R.
(a) The operators En admit an extension to B;q(]Rd) such that

sup e I3, 5;,, < o

if and only if one of the following sixz conditions is satisfied:

(i) p>1, s:%, qg=

(ii) p=>1, —1+%<s<
(i) +5<p<l, s=1, 0<q<p,
() Fh<p<l, di-1)<s<1l, 0<g<oo,

(vi) FH<p<l, s=d(;-1), 0<q<p.

)

, 0<qg< oo,

S = 8

(b) If one of the conditions (i)-(vi) is satisfied and if ||al|goo(zaxy)y < 1 then
the operators Tn |-, a] are uniformly bounded on Bj (R?).

Finally we state a result for p = oco.

Theorem 1.9. (i) If —1 < s < 0 then the operators En are uniformly
bounded on Bgovq(Rd), for all 0 < ¢ < 0.

(ii) If s = 0 then Ex is bounded on Bgo,q(Rd) if and only if ¢ = .
Moreover, we have supy [[En| gy gy _ < 0.

(iii) If s = —1 then supy ”ENHBgO{ango{q =00, for all 0 < ¢ < oo.

Moreover, below we also investigate situations when the individual opera-
tors Ex are bounded but not uniformly bounded, and derive precise growth
conditions for the operator norms in such cases. See Theorem 6.1 for com-
plete results in the case s = 1, and Theorem 10.2 for the case s = d/p — d
and p < 1. A more detailed description of these and other local results is
given the next subsection.
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FIGURE 3. Regions for uniform boundedness of Ex (hence
for the local basic sequence property) in the spaces B , (R9).

Guide through this paper and discussion of further quantitative results. The
positive results in the interior of the pentagon B in Figure 1, including
the unconditionality property, are classical and due to Triebel [14, 15, 21].
Moreover, unboundedness results outside the closure of P are discussed in
those references and [5].

The new positive results in Theorems 1.8 and 1.9 at the boundary of
rely on LP bounds for the operators LiEnL;, where Lj are suitable local
means and the operators act on functions with compactly supported Fourier
transforms. These bounds were already contained in our previous paper [5]
(see also [6] for a proof of such results using wavelets). We review these
estimates in §2, see in particular Corollary 2.3. For both ranges p > 1 and
p < 1 further straightforward estimates imply four key propositions with
different outcomes in the four cases depending on the signs of j — N and
k — N. These propositions are stated for p <1 in §3 and for p > 1 in §4.

Concerning the negative results in Theorems 1.8 and 1.9, these are pre-
sented as follows. First, when s = 1/p, characteristic functions of cubes
/p
q

(and also Haar functions) do not belong to B;, when ¢ < oo which rules

out these cases. In §5 we shall further show that the space bzl,(& (the closure
of the Schwartz class under the B;/o% norm) intersects the algebraic span of
Hg only in {0}. This is in contrast with the fact, shown in §8.2, that blfﬁj

. . . ————ByE . o
is actually contained in spanJH,; 7™ if 1 < p < oo, s0 some positive result

will hold in this case; see Proposition 9.2.

In §6 we consider the cases s = 1. At the endpoint space Bioo we show
that the operators E are individually bounded, but not uniformly bounded,
and for large N we have ||IEN||B% B!~ N, see Theorem 6.1.
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When s = 1 and ﬁ‘il < p < 1 the operators Ey are also individually
bounded on B];q but not uniformly bounded if ¢ > p. In these cases The-
orem 6.1 implies that for large N we have HENHB;&_)B%& ~ N'/P=1/4_ The
situation is worse at the endpoint p = d/(d + 1), that is the vertex of P
where s = 1 = d/p — d. In this case Theorem 10.2 gives an exponential
lower bound even for compactly supported functions, while the Ex fail to

be individually bounded in the whole B J(d+1) q(Rd) when ¢ > p = d%‘il—l'

In §7 we discuss the simpler situation on the line s = 1/p — 1 with 1 <
p < 00. The cases ¢ > 1 are easily ruled out because Haar functions do not
belong to the dual space (B;,/qpfl)* = Bp,/z,. In the cases 0 < ¢ <1, a lower
bound ”ENHBO—OI’LI_)BO—OI’LI 2 N is obtained by duality in §7.2.

In §10 we gather the negative results for Theorem 1.8 at the edge s = d/p—
d with p < 1. Again, we rule out the cases ¢ > 1, as Haar functions do not
belong to the dual space (Bg,/qp _d)* = ng o~ Moreover, we show in Theorem
10.1 that the individual operators Ey are unbounded on Bg/qp ~4 when q>Dp.

We shall actually prove sharp results if one restricts to compactly supported
functions. To quantify these we use the following definition.

Definition 1.10. Let @ be an open dyadic cube in R? of side length > 1/2
and X be a (quasi-)Banach space of tempered distributions S’(R?). For a
linear operator 1" defined on those f € X which are supported in () we set

(1) Op(T. X, Q) =sup {|ITfllx : [Iflx <1, supp(f) C Q}.
In Theorem 10.2 the precise growth of Op(Ey, Bi/qp 7d, Q) is obtained for
the range d%‘il < p < q <1 where it is shown that
1
Op(En, By, Q) ~ (2VQl)*
We also show that the above-mentioned lower bounds for s = 1 have a sharp
local analogue, namely for every cube @ of sidelength > 1 one has

1
a .

1_1
Op(E]\HB;qu)%NP 1, #dl<p<17 QE[p,OO]

We now turn to the uniform boundedness of the operators S¥, associated
with strongly admissible enumerations ¢4. We prove in §9.1 that if Ex (and
TN[-,a]) are uniformly bounded in B, , then we also have, for each fixed @,

(11) sup Op(S%,B;,q,Q) < 0.
ReN

Assuming (11), one has the local Schauder basis property if and only if the
span of the Haar system is dense in B, .

The density of span 3, in B, , is studied separately in §8. It clearly fails
when p = 0o or ¢ = 0o because B, , is not separable in those cases. When
s = 1, we also show that density fails in B;q when #‘ll <p<1landgq<np.
This gives the negative results in Theorem 1.4 for those cases. We do not
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know, however, whether density should also fail in the remaining cases ¢ > p;
see our discussion in §8.1.

The positive Schauder basis results in Theorem 1.3 are obtained in §9.2.
They follow from §9.1 and the fact that the B, , (R9)-norms can be ‘localized’
if and only if p = ¢. Moreover, we actually prove the Schauder basis (resp.
basic sequence) property in the Bourdaud spaces (B, ,)e, in the range of
Theorem 1.4 (resp. 1.8 and 1.9). We remark that these spaces coincide
with By . if and only if p = ¢. Alternatively, the positive statement in (iii)
of Theorem 1.3 is also a special case of a more general result for Triebel-
Lizorkin spaces sz’q(Rd) in [7].

In §11 we construct an explicit strongly admissible enumeration U for
which

S%emyf =Emf i supp(f) C (=5,5)7,
for a suitable sequence R(m). One can then apply the examples on un-
boundedness of E when restricted to functions on cubes, alluded to above,
to see that (11) fails. This gives the negative results in Theorems 1.4 and
1.3 at the edge s = d/p — d, for ﬁ‘ll <p<1landallq>p.

This same enumeration U is used in §12 to show that, when ¢ € (0, p), the
operators S% are not uniformly bounded in the whole spaces B]i/qp _d(Rd) if
#‘ll <p<1,or B;,/qp_l(Rd) if 1 < p < oo. Hence U is not a Schauder basis
in these cases.

Finally, regarding the negative results in Theorem 1.1, examples showing
the failure of unconditionality for parameters (1/p, s) on the boundary of B

are given in §13 for the case B,‘f/qp‘d with #‘ll < p <1, and in §14 for the
case B;l,,/f_1 with 1 < p < oco. Since the argument in §13 also applies to a
similar result for Triebel-Lizorkin spaces, we include lower bounds for those

as well.

2. PREPARATORY RESULTS

2.1. Besov quasi-norms. Let s € R and 0 < p < oo be given. Throughout
the paper we fix a number A > d/p and an integer

(12) M > A+|s|+2.

Consider two functions fg, 5 € C°(R?), supported in (—1/2,1/2)%, with
the properties |Bo(§)| > 0if |§] < 1, |8(§)] > 0if 1/8 < |¢| < 1 and S has
vanishing moments up to order M, that is

(13) B(x) " -+ x)4de =0, Vm;eNg with my+...4+mg < M.
Rd

The optimal value of M is irrelevant for the purposes of this paper, and (12)
suffices for our results. We let §, := 2¥¢3(2%.) for each k > 1, and denote

Lp(f) = Brx f
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whenever f € §'(R?). Tt is then known, see e.g. [18, 2.5.3], that an equivalent
quasi-norm in the Besov spaces B;q(Rd), 0 < g < 0, is given by

(14) 9]

~ || {2F5 L, g1 .
Brsa,q H{ kg}kzo eq(Lp)

Recall also that by , denotes the closure of S (R9) in the By , norm. When

q = 00, it not difficult to see that b, ., coincides with the set of all g € S’ (R9)
such that

1 lim 2%||Lyg|, = 0.
(15) Jim 2% Lygl, = 0
Next, let 79 € C°(R?) be supported on {¢ : |¢| < 3/8} and such that

no(§) = 1 if || < 1/4. We consider the following frequency localization
operators

16a Aof(e) = &) 7 :
(164) o716 = R
- —key o (o—ktley
ae Ao =PI, k21,

so that f = Z;io L;A;f with convergence in &'. It is also well-known that

~ k o0
m g, ~ 1867120
In particular, if we let TIy = Eé‘\fzo LjAj, then
(18) Sup IMIn fllBg, S IfllBg,-

Below we shall be interested in uniformly bounded extensions of the
dyadic averaging operators Ex defined in (7). Observe that

Eny -y =Exy (I —1y) — (I —Eyn) Iy,

so if we denote
Ex =1 —Ey,

then, using (14), we have

(19) [Exf—Tnfllp, 5 {2 D LBnLid},

j=N+1 L)
N
k 1 o)
+ H{2 s ZLkENLJAJf}kZO éq(LP)'
=0

Thus, as in [5], the uniform bounds of Ex will be reduced to suitable esti-
mates for the compositions LipEyL; and LkEﬁLj, for each j,k > 0.
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2.2. Local estimates. We consider the following Peetre maximal operators:
if j > 0 and ¢ is continuous, then
M;g(z) = sup [g(z+h)l,

|Poc <27945

lg(z + h)|
M 9(x) = sup =T
A Ihleez2 (1 +27]R|)4

oy L9+ D)
hera (1 +27|h[)4
Clearly, we have the pointwise relations M;g < M7 ;g < I’ .g.

My 59(x) =

The following lemma was proved in [5, Lemma 2.2] using the cancellation
properties of Lyax(jr}-

Lemma 2.1. For j,k > 0 we have
(20) ‘LkLJg )‘ S 27 k=5l =4) MA ,max{j, k}g( )
We remark that the larger maximal function fm:ﬁ;"max{j K} f was used in

[5, Lemma 2.2], in place of Mjl,max{j,k} f. However, since the convolution

kernel of L;Lj is supported on a cube of sidelength 277 + 27k it is clear
that (20) holds as well.

From our previous work [5] we have the following crucial estimates.

Proposition 2.2. Let 0 < p < oo and

oN—j 95F 9li=M)(d-1)(;-1)+ if j,k > N,

2%2]’*]\7 ifj < N<k
(21) Bp(j,k,N) = j—No(N—k)d(5-1) > 7

ok—Noj—No p D+ fO<j k<N,

Qk*j+%+[N*kJr(j*k)(d*l)](%*l)Jr ifk <N < j.
Then the following inequalities hold for all continuous functions g :
(i) For j > N +1,
(22) |LkEn[L;9lllp

< ) Bp(y b, N)[[M;gllp ' if k> N+1,
T Bk N IMGgllp + 27D MY gll, O < k< N.

(ii)) For0 < j <N,

(23) | LkEN[L;glll,

< [ Bol b N)[Mygllp + 270 MM gl if k= N+ 1,
~ A Bol ks N IMgll if0<k<N.

(iii) The same bounds hold if the operators Ey in (i) and Ex; in (i) are
replaced by Tn|-,a] (as defined in (9)), uniformly in ||allc < 1.
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Remark. These bounds are contained in [5, §2], although the statement of
[5, Proposition 2.1] is slightly less general. Namely, applying these bounds
to g € S’(R?) such that suppg C {|¢| < 2/F!}, and using additionally the
Peetre inequality |95, gll, < [lgllp, for A > d/p, one obtains [5, Proposition
2.1]. The formulation here will be applied later to functions of the form
g=CA;f with f € S/(RY) and ¢ € C. O

The statement of Proposition 2.2 can be put into a more convenient form.
First, when g = A; f, the Peetre maximal inequality gives ||2U};(A; f)[p <
|A; fll, provided that A > d/p. Next, if M > A + 1 then in the cases k <
N < jand j < N < k the term 2-V=F(=4) is dominated by B,(j, k, N)
and thus the statement can be simplified. Finally, we shall use the quantities

(24) Ups(j, b, N) := 2079 By (5, k, N) 5

see also (27) and (33) below. We then obtain

Corollary 2.3. Let U, 5(j, k, N) be as in (24). Then for all f € S'(RY)
(25)  2ULENL Ay S Ui NV 255 Al 5> N +1,
and

(26)  2ULGESLA Sy S Uik N) 22 1A s 5 < N.

The same holds with Ey and By replaced by T [, a] if [|a]joo < 1.

3. UPPER BOUNDS FOR p <1

In the range p < 1, the constants in (24) take the following explicit form

Qk(s=3)gi(5—d=9)gNW=51) s b o N
o o k(5= 3) 9j(1—5) 9N (5-1) if j <N <k
(27) ps(d b N) = k(std1=0)9j(1-5)9N(3=4-2) i< i f < N
ok(std+1=1)oi(f—d—s)g-N if k<N <.

We now state four propositions corresponding to the four cases of (27). We
then sketch the straightforward proofs.

Proposition 3.1. For =1 < p <1 and r > 0,

(282) (Z olsr ZLkIENL A fH ) v

sup;o x 25|45 £l / ifd(y—1) <s<;
1/p

S (San 2RI IE) T i s =d(k 1) <
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Forp=1 and s =1 we have

(28h) sup 2| 30 BN LA || S sup 2718 £,
>N TS L j>N

The same inequalities hold when Ey is replaced with Tn[-, a] if ||aljc < 1.

Proposition 3.2. For0 <p <1 andr >0,

(292) ( S 2k ST LERLA, pr) v
k>N

J<N

Sup;<n 2js||Aijp if s <1,
~ N jsp P 1/p .
(ZXo2Iaip) " s =1

Inequality (29a) also holds for p =1 and s < 1. When p = s =1 we have

N
(290) sup 2| 37 LERLiA £, £ 32185711
k>N j<N 7=0

The same statements hold with Ef; replaced by Tn[-,a] if ||a]joo < 1.

Proposition 3.3. For #‘g <p<1landr >0,

(30) ( Z 2ksr
k<N

S LkEJNLjAijT>1/T
J<N p
sup;<n 27°(14; fly ifd—d-1<s<1,
“Usozinig)” is=1
The same inequality holds with By replaced by Tyl o] if [lafloc < 1.

Proposition 3.4. For 0 <p <1 andr >0,

r\ 1/7
(1) (32| LkIENLjAij )
k<N >N P
Sup;> N 25| A5 £l if s > ;;l —d,
. 1/p
(Zion2lnsflp) " ifs=2-a

The same inequality holds with Ex replaced by Tn[-,a] if ||a]jcc < 1.

~

Proofs. The proofs of the four propositions involve Corollary 2.3 and an
application of the p-triangle inequality for p < 1.

Proof of Proposition 3.1. First observe that the range of s in (28a) is non-
trivial if and only if p > d/(d—1). Let X, denote the left hand side of (28a).
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Then the p-triangle inequality and Corollary 2.3 give

Yp < (ngsr[z ”LkENL A pr] )
>N
S (X[ X tnatick Ny 2iass1g) ") "
k>N ~j>N

When d(l% -1)<s< % this implies

iy, ad g _d=1y,.r\1/r
5, 5 (30 [0 24w g NS ) T g o
k>N j>N >N

which gives the asserted expression because the series above is bounded
(uniformly in N). At the endpoint s = d( % -1)< % we have

5, < (I;VQ(k—N)(s—;)r)l/r (j;v 2jsp||Ajf||£)117’

which also leads to the asserted expression in (28a). Finally, if s =p =1,
using that U, s(j, k, N) = 2V =7 we obtain

S 2N 2|Af|h < sup 2| Aufll1. O
j>N

Proof of Proposition 3.2. The left hand side of (29a) is controlled by

( Z [Z Up,s(j, k, N)P QjSpHAijﬂ T/p> 1/r

k>N j<N

< (302G )i(zzﬂs 1A )

k>N

If s < 1/p the first sum can be evaluated as Ca(p, s, r)QN(S_l) and the above
expression is dominated by a constant times

1

(3 209wz g, )

J<N

(29a) follows immediately. The proof of (29b) is similar. O

Proof of Proposition 3.3. The left hand side of (30) is controlled by

( Z [Z Up,s(j, k, N)P 2j8p||Ajf||ﬂ T/p) 1/r

k<N j<N

< (3 aHrnPryNG oy (sz W, £, ).

k<N
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If s > % —d —1 the first factor can be evaluated to be Cs(p, s,7)2V =1 and
the above expression is again dominated by a constant times

(32 200 paisa, )}, )7)

J<N

1

Note that for the s-range in (30) to be nontrivial we Want —_d—-1<1,ie.
P> g5 +2. Now (30) follows easily. O

Proof of Proposition 3.4. The left hand side of (31) is controlled by

( Z [Z Up.s(j, ke, N)P 2jSpHAij£:| r/p) 1r

k<N j>N
(Z oh(s+d+1-2)ro— N?")T ( R Gmd=p (23 A, £, )P );
k<N J>N

In the range s > d —d under consideration the first factor can be evaluated to

be Cy(p, s,7)2 N(S+d ») and the above expression is dominated by a constant

times
1

(Do 2 Oy, £, )

j>N
This yields (31). O
Remark 3.5. Note that Propositions 3.1 and 3.4 show that each operator

Ex admits an extension to B (R?) in the ranges of indices (iv), (v) and
(vi) of Theorem 1.8, namely

(32) En(f):=Y _En[L;jA;f], in Bj,.
=0
Indeed, for all » > 0 and for J, > J; > N one has, in cases (iv) and (v),

Ja
IEx (D LiAif)]

Jj=J1

% i P

with e =s—d(1/p—1) > 0, and in case (vi)

J2 Ja 1
JEN (Y LidsPllg, v (30 2Inir]2)”
j=J1 1 Jj=h

Proof of Theorem 1.8: Sufficiency for d%il < p < 1. Inview of (18), (19) and
trivial embeddings of Besov spaces, the uniform boundedness of Ex follows
immediately from the above four propositions. O
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4. UPPER BOUNDS FOR 1 < p < 00

When p > 1 the constants in (24) take the form

9h(s=3)9i(G=1=5)9N i LS N,
ks

(

(s=3)0i(1=)9N G0 i i < N < &
(

(

\>—‘ ”d\)—'

(33) Up,s(j7k7N) = 2k 1+S)2j(1 5)2 2N lf 0 S j7k S N?

9h(1+)91 G199~ 5 if k< N < j.
Again we state four propositions corresponding to the four cases of (33).

Proposition 4.1. Suppose 1 < p < oco. Then
> LENLAS|| S s 20l i 1<
SN P >N

(VAN
*s'h—‘

(34a) sup 2~
k>N

Moreover, for all ™ >0

(34D) (22’“” ZLkENL A fH ) v

= s 2800 fll, i 1 <s<i
2o 28 fllp ifs =1-1

The same inequalities hold with En replaced by Tn|[-, a] if ||aljco < 1.

Proposition 4.2. Suppose 1 < p < oco. Then for allr >0
rN\ 1/r . )
(35a) ( Z oksr Z LkEﬁLjAij ) Sosup 2| A fllp,  if s < %.
k>N J<N P JsN
Moreover, if s = ]lj < 1 then

> LkEﬁLjAij < sup 2| A £ [,
<N P j<N

(35b) sup 2k
k>N

and if s=p =1 then
(35¢) sup 2¢| 3 LiER LA || S 3 26l
J<N J<N

k>N

The same inequalities hold with Ex; replaced by Tn|[-, a] if ||a]joc < 1.
Proposition 4.3. Let 1 <p < oo andr > 0. Then

(36a) ( 3 ok
k<N

Moreover, for the case s = —1 we have

(36b) sup Tk” Z LkEﬁLjAij < sup 27| A £,
— p "~ <N

k<N

17

rN 1/r .
Z Lk]EJNL]A]fH ) S sup 2J8”Aijp if —1<s<1.
<N g =N
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and for the case s =1 we have

(36¢) ( 3ok

k<N

N
rN\ 1/r .
> LERLA]| )T S D2
J<N P =0

The same inequalities hold with Eﬁ replaced by Tn|[-, a] if ||a]lco < 1.

Proposition 4.4. Let 1 < p < oco. Then for allr > 0,
(372) (Y 2"
k<N

Moreover, for the case s = }% —1land1l<p<oo,

(37D) ( S oGt
k<N

Finally, for the case s = —1 and p = oo

r\ 1/7 .
S LENLA S| )T S sup 2 A, i s> L1
SN P >N

r\ 1/7 B 1
S LENLAL| )T s S 2V Sl
>N P j=N+1

o0

—k —j

(670)  swp2t| 3o LiBnLidsf| S D 27
= j>N j=N+1

The same inequalities hold when Ey is replaced by Tn |-, a], with ||a]ec < 1.

Proofs. The proofs of the four propositions involve Corollary 2.3 and an
application of the triangle inequality for LP when p > 1.

Proof of Proposition 4.1. Assume s < 1/p. By the triangle inequality and
Corollary 2.3 the left hand side of (34b) is estimated by

(32 S ImEsaf) )

k>N >N
Nt
S (X[ Unstib 21 )’
k>N j>N
(X 2’“(5‘;)’”)i > 2G9N i A 1,
k>N >N

When s < 1/p the first factor is ¢(p, s,7)2V=1/P) and we see that the entire
expression is dominated by a constant times

> 2Dy
J>N
which proves (34b) and of course also (34a) when s < 1/p. Replacing the ¢"

norm by a supremum in the above proof we see that (34a) is valid even for
s=1/p. O
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Proof of Proposition 4.2. Let s < 1/p. The left hand side of (35a) is esti-
mated by a constant times

([ Unelic kN2 8511,] )

S =

k>N j<N
1
< (20T 3D 2N G g,
k>N J<N
S D 2079255 A £
J<N
This easily yields (35a). The proofs of (35b), (35¢c) are similar. O

Proof of Proposition 4.3. Assume s > —1. The left hand side of (36a) is
estimated by a constant times

(3 [ sk M2l 1] )

3=

k<N j<N
1
< ( Z 2k(1+s)7’) T Z 2j(1—s)2—2N2js”Aijp7
k<N J<N

and since the first factor is é(p, ¢, 7)2"V (1+5) we estimate the expression by a

constant times
> 2093 A, £,

J<N
This easily yields (36a) and also (36¢). The proof of (36b) which has a
supremum in k for the case s = —1 is similar. [l

Proof of Proposition 4.4. Let s > —1. The left hand side of (37a) is esti-
mated by a constant times

(3 [ Uik 20 1] )

1
P

k<N j>N
1 . )
() A e
k<N >N
S 320G )
>N

which yields (37a) and also (37b). The proof of (37c) for the case s = —1 is
similar. g

Remark 4.5. Similar reasonings as in Remark 3.5 justify the meaning of the
extension formula for Ey in (32), for the ranges of indices in (i), (ii), (iii)
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in Theorem 1.8, and the cases (i), (ii) in Theorem 1.9. In the special case
s=1/p, for 1 < p < oo, one has

IEN (2 it )l g Sn 271515 0
By

so the series Z]O'io En(L;A;f) always converges in B;,/fo, even though the
series E;io LjA;f only does if f € b};{&.

Proof of Theorems 1.8 and 1.9: Sufficiency for 1 < p < oco. As before, one
uses the previous four propositions combined with (18), (19) and trivial
embeddings of Besov spaces. ([

5. NECESSARY CONDITIONS FOR BOUNDEDNESS WHEN s = 1/p

It is well known that the characteristic function of a cube (and also the

Haar functions) do not belong to Bp/p for any ¢ < oo; see [16, 2.6.3 (18)].
In this section we elaborate a bit more on this result.

Recall that by ., denotes the closure of the Schwartz space in the B,
norm. Note also that By, C by o for all ¢ < oo; see (15) above. Flnally,
span H,; denotes the Vector space of all finite linear combinations of Haar
functions.

Proposition 5.1. Let 0 < p < oco. Then
b;{& Nspan Hy = {0}.

Before proving this proposition we define, given M € N, certain test
functions ¥ with vanishing moments of order up to 2M (which, along with
their dilates ¥y = 2V9¥(2V.), will be also be used in subsequent sections).

5.1. Tensorized test functz’ons Given M E N, consider a non-negative even
function ¢g € C°(—1, 1) such that gzbo ( ) > 0 for all ¢ in some interval
[—2¢,2¢] (with £ < 1/16). Since ¢o(0 = [¢o > 0, dilating if necessary we
may also assume that ¢o # 0 on (—1, ) Let ¢ € C°((—%, %)% 1) be such
that $p # 0 on (—1,1)%1 and $o(0) = 1. For M > 1, let

0(t) = (£)*M po(t), V(w2,...,1q) = (a% + %)Mwo(xl)-

In one dimension the function ¥ is obsolete and we just define ¥ = 4. If
d > 2 we define

(38) V() = AM[go ® po](x) = O(z1)¢0(z") + po(a1)9(').
Clearly,

/ U(y)y™ - yytdy =0, when my +...4+mq < 2M.
R4
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If we choose 2M > |s| 4+ d/p — d then for all f € B;vq(]Rd),

(39) 1l 2 {250 S }ica

ca(Lr)

5.2. Proof of Proposition 5.1. We argue by contradiction and assume that
there is a nontrivial f € b;(& Nspan Hy. Then for some N € N we can write

f as
f = ZGVHIN,W

vell
where Iy, = H?ZI[ViQ_N, (v;+1)27N), T is a finite nonempty subset of Z9,
and a, € C with a, # 0 for v € T".
Consider the usual partial order in Z?, that is for u,v € Z? we say that
p<v if <y Vi=1,...,d

Pick a minimal element p € I', meaning that that if v € I' and v < p then
necessarily v = . Now consider the function

g(x) = f27N (z + p)/ap,

which also belongs to b, / £ Nspan 4. Note that g is now a linear combination
of disjoint unit cubes and satisfies

{ 1 if z€l0,1)¢

(40) IO =0 i we (-1, [0,1)

This last property is a consequence of the minimality of u.

Consider now the function ¥ € C®(R%) as in (38), with the pairs of
functions ¢q, # and g, as in the paragraph preceding that definition. So,

in particular,
/ wo(2')dr’ =1 and / d(z') dz’ = 0.
Rd-1 Ra-1

Observe further that for ¢t € [—2e, —¢]

/Ht—st—/ 0(u /0 Ydu < — 759()d

since ff)oo (s)ds = ¢02M 2

€ (—2¢,0). Thus, if we set

(0) = 0 (because ¢q is even) and #(u) > 0 for

we obtain

(41) /Oooﬁ(t —s)ds < —¢, VYte[-2e —¢]
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Next consider Wy (z) = 28W(2Fz), k > 1, and note that ¥ has enough
vanishing moments so that

1Rl gr/e Z sup2¥/2)| Wy 5 by, h€ ByE.
Poo T E>1

. 1
Moreover, since g € b /& we also have
) D,

(42) kP Wy x gll, =0, as k— oo.

We show that this leads to a contradiction. Indeed, if z; € [—e2!7F, —£27¥]
and ' € [1/4,3/4]47! then, using that supp ¥y (z—-) C (—1,1)x(1/8,7/8)¢ 1,
we may apply (40) and (41) to obtain

g Uy(z) = / V() dy
0.1)4
1
= /Gk(ivl—y1)dy1/ o (@ —y)dy +
0 (0,1)d-1

1
+/ b0,k (71 — y1)dy1/ (' —y) dy
0 (0,1)d1
2k

1
= 2]“/ 0(28(z1 — 1)) dyy = 0(2k2) — u) du
0 0

= / 0(2%x) — u) du < —¢/2.
0
Thus we must have
lg * Willp > (¢/2) (£27)"/7(1/2)
which contradicts (42). O

d—1
L

Remark. In the recent work [22] by Yuan, Sickel and Yang, the authors
study regularity properties of the Haar system in other Besov-type spaces
By7(RY) which serves as a first step to investigate its basis properties in
these spaces.

6. NECESSARY CONDITIONS FOR BOUNDEDNESS WHEN s = 1

We now consider the necessity of the condition ¢ < p in part (iv) of
Theorem 1.8. This restriction was also noticed in [9]. For ¢ > p we show that
the operators En are bounded, but not uniformly bounded and determine
the precise behavior of the operator norms as N — oco. The lower bounds
will be obtained by testing with suitable functions with compact support;
we refer to (10) for the notation in the next theorem.

Theorem 6.1. Suppose that either
(i)ﬁ<p<l and p<qg<oo, or
(ii) p=1 and g = oc.
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Then for large N

1

IEnllBy,~B1, = Nv a.
Moreover, for cubes Q of side length > 1/2,

1

Op(Ex, By, Q) ~ Nv s

Proof of the upper bounds in Theorem 6.1. Letting s = 1 in Propositions
3.1 and 3.4 (and noticing that d(% -1)<1< % when d%f—l <p<1), we see

that
H{Qk > LENLA £},
J>N

On the other hand, letting s = 1 in Propositions 3.2 and 3.3, and using
Holder’s inequality we obtain

|2 R L)Y,
J<N

< < :
() D 1By < IfllB2,

N 1/p
< JP||A . £]|P < N1/p—-1/q
@Wp(%?HMNQ S NP |y

1 1
Combining this with (18) and (19) we obtain HENHB; ,—BL, S Neoa. The
above arguments also apply if s = p = 1, provided we let ¢ = oc. O

Proof of the lower bounds in Theorem 6.1. We shall actually prove a stronger
result which gives a lower bound even for a BIIMI — B;,oo estimate and for

functions supported in the open unit cube Qo = (0,1)%.

Theorem 6.2. If 0 < p <1 and p < q < oo, then there is ¢pq > 0 such
that, for each N > 1,

1

1

(43) SUP{HENfHB;m A fllB, <1, supp(f) C Qo} > cpgNv ™ a.

Fix u € C°(R) supported in (1/8,7/8) with u(t) = 1 for t € [1/4,3/4],

and y € C®(RY1) supported in (1/8,7/8)%1 with x(z') = 1 for 2/ €

(1/4,3/4)41; here 2’/ = (x9,...,74). Define, for large N, functions of one
variable

(44) gn;(t) = ™ (Nt — 2j), jeN,

and let

(45) fn(@) =x(@2,...,z0) Y 27gn;(m).
N/8<j<N/4

Lemma 6.3. For p < g < oo we have
(46) Ifnllsy, S NP,

Proof. We estimate Ly fy = Bi * fn. If 28 < N, since S, * fn is compactly
supported and [[By, * fxlloo < [[fnlloo S 27N/8, then

&l 1/q
( > 218+ fNHZ) < N2 N8 « NV/a1/p,
k=0
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Assume now that 28 > N. First notice that the sets

(47) supp B * gn; C {3+ (=2, &)} x (0, 1), H<j< i,
are pairwise disjoint, and thus
iy 1/p
(48) 18ex fnlly = (D0 27718k x (s @ 0)I5)
N_._N
E AN

Next, we distinguish the cases j > k and j < k. When j > k, if we integrate
by parts M-times with respect to y; in the convolution we obtain

627ri2jy1

g dy
(—2migi)M Ut

oM .
B * (gn,; © X)(z) = /ay1 [Br(z — y)u(Nyr — 27)x(y")]
and thus, using that N < 2k,
18 * (g @ X)lp S 27U MNP >

For N/8 < j < k we use the cancellation of the fj (with M vanishing
moments) to obtain

_1 (L _ .
18k * (gng @ X)lp S 27" [0M g jlloe N7 S 27 RDMN=E 5 < .

Thus

i ‘ a1
(32 2maeealy)” = (X 2] 3 2718wy @0l )"
b N 2k N Nej<ll

1

S ( Z [ Z Q(kfj)pgf\jflﬂMp]%)ENf; < Néfi, -

k N_._N
28> N T<i<iy

We now take ¥y = 2V9¥(2V.) with ¥ as in §5.1, and we shall prove that

(49) IExfrllsy. 22V %N *Exfallp 2 1.
Define © : R — R by
t
(50) O(t) :/ 0(s)ds
(2M)

with 0 = ¢y’ as in §5.1 and observe that © is odd, supported in (—%, %)
and [0 O(t)dt = 0. In particular,

1/8
(51) /0 O(t)Pdt £ 0.

Let IEE\I,) and E%il) be the dyadic averaging operators on R and R4,
respectively. If we denote Oy = 2V0(2V.), N > 1, then we claim that

(52) Uy * (Enlgn; ® x))(@1,2") = Oy  (EW g ;) (21), for o' € (£, 2)%1,
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)d—l

Indeed, for 2’ € ( it is easily seen that

12
3’3
2V D @) < B () = [ nly/)ay' = 1
NNy B x(a) = /ﬁ(y’)dy’ =0.

The proof of the lower bound in (49) will rely on the following lemma.

Lemma 6.4. Let v € Z and :TVNW = [QLN, ”;]1\/8]. Then, for every t € fNW
and N/8 < j < N/4 we have

(53) O (BN gn)(0) =27 ghy, (%) OV — v) + 0272 9),
Moreover if QLN € [QNJ + ﬁj 2Nj 4 W] then QN,j(szV) _ 9ri0de2mi2i Ny

Proof. The last assertion is immediate by the definition of gy ; in (44). So
we focus in proving (53). We split

On * E%)QN,J' = 0N * (E%) —Dgn,; + 0N *gn,j
and observe that from the cancellation properties of Oy we have
$ 27 oo S 272V (2¥ 4 N?)

~

165 * g, lloo
which for N/8 < j < N/4 implies [|0n * gnjlloo S 272(N=J) | Let In, =

27Ny, 27N (v + 1)). For t € Iy, we have suppOn(t —-) C Iny—1UIn,y, so
recalling (50) we obtain

O * (B — Dgny(t) =
[2reeN =) x (L. 0(f axs)de - gy60)

IN,V
+ L1y, (8) (]{ gn,j(w)dw — gN,j(S)ﬂ ds
N,v—1

For s € Iy, using Taylor expansions one sees that

][ gn,j(w)dw — gn ;(s)
IN,I/

:]{N g (5)1 dw—i—]{NV/ )i (5 + o (w — 5))do (w — 5)2dw

2|IjV’V‘ [(V-i- —5)? — (57 — 5) } +O(2%72N)

= (%) [L5¥2 — 5| + 0(2221),

Similarly, for s € In,—1,

£ o stwht = w60 = i) [ 5582 = o]+ 022,
N,v—1

= gN,](LN)
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Hence for t € I, ~N,» we have

where
A1i(0) = v [ 2Y0 @Y (= 8)) s (L1 (5) = Ly, (9) s
and
Aaj(6) = gy () [ 2Y0 Nt = ) — ) ds.
Integration by parts yields (for t € I Nov)
An(6) = giv (2 Y0) [ 2702 (s 1)) ds =0

since [O(s)ds = 0. To compute A; j(t) we observe that

[ 270 9) (L1 (5) ~ Ly (5)) s

:[ QN_/QJIV } %(—@(QN(t—s))ds

= -0V (t = 55) +20(2¥(t - ) — 02Vt - 5).
For t € TNJ, we have ©(2V(t — 27N (v 4+ 1))) = 0 and thus
Al,j( ) =2 (QN)Q(ZNt - V)v le TN,V'
Inserting these expressions into (54) we are led to (53). O

We may now complete the proof of (49). Using (52), and the fact that,
by (47), the functions On * (ES\I,) gn,;) are supported in the disjoint intervals
Iy =3+ (=%, %), we have

Y,
2NH\DN*(ENJCN)H”>2N( Z HHN*QN,J'HZP(R)TJP) ’

N - N
T <I<7T

. (J—N) /
(X% [ [ jeet—vra- )

8

using the previous lemma in the last step. Since by (51)

1/8
/~ 02Nt — v)Pdt = 2N/ |O(t)[Pdt > 27N,
In, 0
we obtain, for sufficiently large IV,

Moy Enii)lp 2 (D Z 27— 2 ) 2

H<j<fviJreln,;
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This completes the proof of (49), which together with (46) establishes The-
orem 6.2, and therefore also Theorem 6.1.

7. NECESSARY CONDITIONS FOR BOUNDEDNESS WHEN s < (

7.1. The case 1 <p < oo, s=1/p—1, ¢ > 1. In these cases the operator

Ex is not bounded in B;,/qp ! because characteristic functions of cubes do
not belong to the dual space (B;/qp 71)* = B;,/ Z/; see §5. This also applies
when p = oo, since (bgo{q)* = B] 5 see [11, §1.1.5].

7.2. The case p=o00, s = —1, ¢ < 1. We shall show

(55) BNz, Bz, < V-
To prove this we argue by duality and first note that
(56) IExlly _m =~ N.

Indeed by Theorem 6.1 we have |[[Ex|[/p1 1~ N and the lower bound

is obtained by testing Ex on the Schwartz-function fx as in (45) satisfying
1wl = I£wlls_ < N1 and [Exfullss 2 1, of. (46), (49).
To establish (55), since HEN”bgo{ango{q > HENHbgol,an;fl’ by (56) it suf-

fices to prove that
(57) ||EN"b;o{q—>B;o{1 Z HENHI’%,OOHB},OO ~ N.

We use that (b3),)* = Bj ., for ¢ < 1; see [16, 2.5.1/Remark 7]. Then for
fes

(58) IENFllpr = Exfllpzs )= sup  [(Exfg)|
’ ’ geS
llgl‘bgo{qfl

Now, for each g € S, since f = > 22 L;jA;f in S, we have

Enfo9) = (£ Eng)| <D A L (Eng)lls
§=0

S fller BNl = I fllet  NEN 2 5ot llgll2,
Inserting this into (58) we arrive at
IENflls: . < BNz, p, 11l

and hence (57).

8. DENSITY AND APPROXIMATION

In this section we show two results regarding approximation by linear
combinations of Haar functions. The main results in §8.1 are relevant to
the formulation of Theorems 1.3 and 1.4 which rule out the case s = 1. We
shall also obtain a positive result about approximation for the spaces bllo(fo.
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8.1. The case s = 1. We shall show that no strongly admissible enumeration
of the Haar system can form a Schauder basis on B];q(Rd) if fil <p<l1
and ¢ > 0. Moreover if in addition 0 < ¢ < p we shall show that the Haar
system is not dense in B}) q(Rd) It seems plausible that this last assertion
would continue to hold for all 0 < ¢ < oo, but we do not have a proof in
this generality.

Let us start with an auxiliary result. It is well-known that

he fHP
15 e |rfup+2su 120, 7l

forall p < 1and d(1/p—1) < s < 2, see [18, 2.6.1]. Below we show that
a partial lower bound actually holds for all 0 < s < 2, which allows to
incorporate the endpoint s = d(1/p—1) =1 (i.e., p=d/(d+1)) to our later
results.

Proposition 8.1. Let 0 < s <2 and 0 <p < 1. Then

(59) gl +§dj 120,90 1\
g Sup — . — g B;
g pug RSt |h|® =

holds for any function g € L'(RY) .

Proof. Let @ZJO € C“(Rd) Supported in {|£| < 3/8} and with @Z)O(f) =1 if
€] < 1/4, and let ¥(€) = Po(27%E) — ¢ho(27F1¢) if k > 1. Consider a
standard dyadic frequency decomposition g = Y 2 gk, with gr = ¢y, * g,
which converges in L' and also a.e. Since

oo
(Z lgrll2)? < llgll s .,

we also have |[|g][, < HgHBs . In addition, for each 0 < |h| < 1, using the
trivial estimate ||A? ejngp < 4Hng£, we see that

1A% .22k>|h|—1 9k llp _ 1/p
e < (43 @) lgelp2)
2k>|h|~1

< sup 28| gl
2k |h|>1

Let ¢ € S be such that p(¢) = 1 if [(] < 1. For every 0 < v < 1, we let
Kye; = A%ejcp, so that

Ko, (€) = (€208 — 1)25(¢).

Then Ky, is a Schwartz function and we have the estimate

[ Kue, (2)] < Ono®(1+ [a]) 72



BASIS PROPERTIES OF THE HAAR SYSTEM IN LIMITING BESOV SPACES 29
for a large N > d. Hence, for each k > 0 such that 2¥|h| < 1, we have
| Abe, 91 ()] = 2% Kprpe, (27) % gi ()]
< O (@ [ 20+ 2ul) (o~ v)ldy

< On(2F|R))? sup (1 +27|y)) N |gr(z — y)|.
y€ER4

Choosing N > d/p we can apply the Peetre maximal function estimate to
obtain

[Y4 ~22k<|h|—1 9kllp 1/p
T < (X @Al al)
2k <|n|—1

_ 1/p
SO @R grlp2) ™ S sup 2 gill
2k <[h|-1 F=0

Combining the two estimates yields the result. ([l

Remark 8.2. The appropriate analogue for Bz’q(]Rd)—quasinorms for g < oo,

ie.
1
1A%, 9117 an a _
||ng + Z </_1 |h|sq |h|) ~ HgHBlsy’q

remains valid (when 0 < s < 2) but is not relevant in this section.

The following proposition is a modification of our argument in [5, Propo-
sition 4.2]. It shows the necessity of the condition s < 1 in part (ii) of
Theorem 1.3 and part (iii) of Theorem 1.4.

Proposition 8.3. There exists a Schwartz function f supported in (1—16, %)d
such that for all 0 < p <1 it holds

(60) liminf |[Exf — fllgr _ > 0.
N—oo p,00

Proof. Let n € C°(RY) be supported in (%,}—g)d with n(z) = 1 if z €

(1/8,7/8)4. Let f(z) = x1n(z). From (59) we have

A2 E A
Exf ., = sup N2 = el
Bp.oo 0<h<1 h

Clearly, since f is a Schwartz function,
1A% fIl, S 1A 0<h <1,
So, by an appropriate triangle inequality, it suffices to show that

185~ 2, En /|

(61) 9—N-2

P >c>0,
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for large N. We now recall a calculation in [5, Prop 4.2]. Let N > 10 and
let h € (0,1/4). An explicit calculation shows that for z € (1/4,3/4)%

k+1/2
Evflz)= ) SN k) oy (2).
2N—-2<f<3.2N~2

Then, under the additional assumption 0 < h < 27N-1
BperBf(@) =270 D e @),
2N—2§k§3,2N—2

and

A%Lq]ENf(w) =

—N-1
2 > (ko omyonyet () = D ko e (2)-

2N -2<k<3.2N -2
Therefore,
1A% BN £l 1o o,1ja) 2 2NV /P71 B1/P,
and in particular
183~ 20, En FllLooyey 2 277,

which implies (61). O

Finally, we conclude with the non-density result mentioned above.

Corollary 8.4. Let #‘ll <p<1l,0<q<p. Then spanFHy is not dense in
B} ,(RY).

Proof. By Proposition 8.3 and B;’q — B}%,oo we have, for some f € C°,
(62) linint [Ex f — fllgy, = ¢ >0

By Theorem 1.8 the operators En are uniformly bounded on B;,q' For
h € span Hy we have Exh = h for N > Ny(h), with sufficiently large No(h).
Hence

[Ens—fliss, S IEN—Hlllg, +1f—hllm . < 1 —Rlgs . for N > No(h),
and the density of span ¥, in B, , would yield a contradiction to (62). [

Remark 8.5. When d/(d+1) < p < 1, it follows from Theorem 1.8.iv (or vi),
and from the results in §9 below, that each strongly admissible enumeration
U of Hy is a basic sequence for B;yp(]Rd), that is, U/ is a Schauder basis for
the subspace

Bl
span Hy PP,

It may be of interest to identify this subspace. By Oswald’s result in [9], it
contains the class fBIl)p (1)(Rd) defined by first order differences.
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8.2. An approximation result for b,lj,/& when 1 <p<oo. In the limiting case

s = 1/p, recall that H, is contained in B;/qp only if ¢ = co. We show an
approximation result in this case when 1 < p < oco. Recall that B} . is not

separable, and that b ., denotes the closure of § in Bj . Recall aiso, from
Proposition 5.1, that bll,,/& N span Hy = {0}. However taking closures one
obtains
Proposition 8.6. Let 1 < p < o0o. Then

1/p

(63) b}/&(Rd) C span(Hy) 7.

Proof. Let 1 < p < oo. In view of [17, 2.5.12], we may use the equivalent
norm

[ARSlp
||f||B;,/gé - ||f||p +2§‘}3 |h‘1/p .

By dimensional considerations it is clear that the characteristic function
of any dyadic cube I of side length 2% can be written as a unique linear
combination of Haar functions of frequency at most 2°~! supported in the
dyadic unit cube containing I. It therefore suffices to show that for every
f € CLRY) we have ||f — fnll gie — 0, where we choose

p,00

fn=">Y_ fleniy,
1eDy

and c; denotes the center of I. Let Z = Z(f) be the family of I € Dy which
intersect the support of f. Clearly for f € C! we have

(64) If = fllp < Va2 NN £l (HT())VP S 27N

so that || f — fnl|[p = 0 for N — oo. For the main term it suffices to show
that

(65) sup [AL(f — f3)llp 2—N(1_%)’
h£0 |n|/P ~

and recall that we are assuming p > 1.
For j > N we define the sets

(66) Un,; = {(yl, g ERY lrgiigddist(yi,Q*NZ) < Z*jfl}.

Assume that 27972 < |h|o < 27971 for some j > N. If I € Dy then
xel\Uy; implies x+hel,

and thus Ay fy(z) = 0. So we have
|1AR(f = Nl = An(h) + By (h)
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where

Aw(h) = /u Anlfy — f(@)Pdz,

¥

B = [ 1fw+m) = fa)do.

N,j

In the second term we use |Apf(x)] < |h| fol |V f(z + sh)|ds to obtain
By (h) < |IVfI5|h|P and thus

sup  Bp(h)/|h| Sp 27N,
|h|<2-N—2

For the term Ay(h) we use that || f — fn |l < Cy27Y, and also that f is
compactly supported, and obtain the estimate

Ay(h) < IEZ@:N /I o 1) = I WP 1) = ()P do

<p 27 NPaNoTI

since |I N Uy ;| =~ 27727@=DN " Hence SUp|p~2-i AN(R)/IR] Sy 2~ Np=1),
Putting the two estimates together we get

sup [AR(f = f3)llp - o—N(-1)
B <2~ N2 |h|1/P ~I

Finally, if |h| > 27 we use (64) to have

[ALS — NIl o 20F = Iy o o~ N(1-1)
n[te N~ '

sup
|hoo>27N

This shows (65) and therefore | f — fn|| ;15 — 0 for p > 1, completing the

proof of the inclusion (63) when p < co. The case p = oo is immediate since

for f € C}
I1f = fullsy o SIF = fvllee S 278

by an elementary consideration. Finally, since b},{ & (R%) is closed in B;,/o% (R9)
Proposition 5.1 tells us that the inclusion (63) is proper. O

Remark 8.7. When 0 < p < 1, the same proof gives a version of (65), namely

[AL(f — fn)

Hp —N(1-s) :
sup <2 , if s< 1.
h=£0 |h[®

This can be used similarly to show that H; is dense in the space by, ., when
d(l/p—1)<s<landd/(d+1)<p<1.
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9. PARTIAL SUMS AND LOCALIZATION

9.1. Partial sums and strongly admissible enumerations. We shall use a par-
tition of unity to make statements on the structure of the partial sum oper-
ators S% associated with a strongly admissible enumeration U.

Let ¢ € O be supported in a 1072 neighborhood of [0,1)¢ and so that

(67) Z (-—v)=1.
veZd
We shall denote ¢, = ¢(- — v), v € Z4.
In the sequel we will use the notation from Definition 1.2 and below. It
is convenient to denote E_;(g) =0 and T_;[g,a] = Zuezd au(g, h8,u>h8,u

Lemma 9.1. Let U be a strongly admissible enumeration of Hy. Then, for
every Re Nandv € Z there is an integer N, = N,(R) > —1 and sequences
a®™”, 0 < k < b, whose terms belong to {0,1}, such that for all continuous
functions g we have

b
(68) S%lgs) = En,[950] + D T, 1lgss, a™").
k=0

Proof. We write

K gy )y pe)
(69)  Silos] Z“ gou “"—22 950 P ) Py

Note that if un(gg,,) # 0 then necessarﬂy uy, is supported in I*. Let
K, = max {k(n) : supp(hz((z))’u(n)) cl)*,n=1,...,R}.

If K, < b the asserted formula holds with N, = —1. We therefore may
assume K, > b.

We let n € [1,R] such that k(n}) = K,. Now if hf, , is any other
Haar function supported in I* there is a unique n’ € N such that h;l, w=

B - 1 in addition k' < K, —b (in other words if for u, = h{")

we have that | supp(u,/)| > | supp(un,z)|2°) then by the admissibility condi-
tion we must have n’ < n%, in particular n’ < R. That means that all Haar
functions with frequency 2* and k < K, —b which are supported in I}* arise
in the expansion (69). All other Haar functions that arise in this expansion
have frequencies 2k with K, —b+1 < k < K,,. This establishes the assertion
with N, = K, — b+ 1. The functions a® defined on Z% x T take values in
{0,1}. O

Proposition 9.2. Suppose that

(70) sup BN By, 55, + sup [Tnlsdlllsy -5, < oo

llalloo <1
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Then, for every strongly admissible enumeration U and every cube QQ it holds

(71) sup Op(S%,B;q,Q) < 0.
ReN

Moreover, U is a local basic sequence of B;q(Rd), that is

(72) Jim [x- (S}f ~ )

By, — O
for all x € C*(RY) and all f € spaandB’S”q.

Proof. Using the previous lemma, the bound in (71) follows easily from (70).

We now show the last assertion. Let y € C°(R?) and f € span inB’S"q.
Suppose that supp x C (—N, N)¢, and pick any ¥ € C° such that Y =1 in
[N, N]? and supp ¥ contained in @ := (—2N,2N)¢. Observe that

(73) uy(9) = uy(xg), ifge B, and suppu, C [-N,N]<,
so we also have

(74) X - S%lgl = x - S%lxgl, VgeB;,

Given & > 0, let h € span 3y be such that ||f — hllps < e/(1+ A), with A

the constant in (71). Let Ry = Ro(h) be such that S%[h] = h for R > R.
Then, for all such R we have

- (Sl = Dllgy, = Il (Self = Al +h= 1)l
S b SalR(F =Dl g, +lx- (=D,
< _
S (A+D|F ~hlly, <<
where in the second line we have used (74) with g = f — h. O

9.2. Bourdaud localizations of Besov spaces. In the unbounded setting of
R?, the B ,norms do not satisfy “localization properties” when p # g; see
e.g. the discussion in [11, p. 66]. At the endpoint cases considered here, this
creates a difficulty when trying to derive ‘global’ Schauder basis properties
from the local ones in the previous subsection. This difficulty is not present
in the case of F , spaces; see [5, 7].

To handle this problem one may consider the class of ¢P-local Besov spaces
introduced by G. Bourdaud [2]

/
(1) By ={F €5+ Wfllggm = [ 3 IsC =)< i, | < o0}
veZ4

where ¢ € C°(RY) with Y, zas(- —v) = 1 as in (67). In [2] (see also [18,
2.4.7]) it is shown that this definition does not depend on the particular
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choice of ¢, and that (B;q)gp = B; , if and only if p = g. Moreover one has
the embeddings

(76) By, = (By ) if 0 < q <p,
(77) (By g )er — By, if p < q < oo.
Using this notation we can prove the following.

Theorem 9.3. Let s € R and 0 < p,q < oco. Suppose that (70) holds.
Then, every strongly admissible enumeration U of Hy is a basic sequence of
(BS )EP‘ Moreover, U is a Schauder basis of (B;,q) in each of the cases

y2u

/p
(i) to (i) in Theorem 1.4.

Proof. For the first assertion it suffices to show that the operator norms of

Sr = SY in (Bp,,)er are uniformly bounded in R. To do so we use the
assumption (70), together with Lemma 9.1.

Observe first that ¢,/ Sg(fs,) = 0 whenever |v — /| > 3. Hence

I8 lsg e = (2 Nl Sm (30, )
(X X <V/SR(f§u); )Up

Vv |v—1]e0<2

S (Slsatally;, )"

using in the last step that ¢,/ is a uniform multiplier in B, ; see [18, 4.2.2].
Then Lemma 9.1 and (70) give

b 1/p
ISefle 10 S (SIENG, +1 3 Tl a1l )
v k=0

1/
S (Ml ) = 1l

This shows the first part. Also, the Schauder basis property will hold if and

only if span Hg is dense in (Bj ).

We now show that density holds in the range of Theorem 1.4. Since
p < oo, for each f € (B, ) and € > 0 there is some g € B, , with compact

support such that ||f — QH(B;; Jew < € Moreover, in the asserted range

span 3 is dense in B, , so if suppg C (=N, N)? = @, then by Proposition

9.2 we may find a sufficiently large R such that [|g — Srgl|p;, < e/|Q|MP.
Since also supp(Sgrg) C @ we deduce that

lg = Srall s ) S 1QIllg — Sryllss, <e
which completes the proof. ([l
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1 fmmmep 1}

«~0<qg<p

o
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-1 -1
FIGURE 4. The left caption shows the region in which
strongly admissible enumerations form a Schauder basis of
the Bourdaud localization (B, ) ; here always ¢ < oo.
The right caption shows the corresponding region for the ba-
sic sequence property.

Finally, we gather as a corollary the positive Schauder results in the orig-
inal scale of Bj , spaces.

Corollary 9.4. Every strongly admissible enumerationU of Hy is a Schauder
basis of B;Q(Rd) in each of the cases (i), (ii), (iii) in Theorem 1.3.

Proof. When g = p the result is a consequence of the identity B, , = (B;’p) o
and the previous theorem. This covers the case (iii) in Theorem 1.3. For
the other cases, in which (1/p, s) lies in the interior of the pentagon B3, one
proceeds by real interpolation as follows. Pick two numbers sg, s such that
so < s < sy and (1/p,s;) € B, i =0, 1. Then, for some 0 € (0,1) we have

By, = (B, B

p.p p,p)aq’ 0<g<oo.

Then the uniform boundedness of S% on Bj , follows by interpolation from
the diagonal cases. O

9.3. Error estimates for compactly supported functions. Here we include a
technical result related to localization which will be used in the proof of
Theorem 10.2 below.

Let f be supported in a dyadic cube @ with sidelength ¢(Q) > 1. Since
the function A, f does not have compact support, the terms LyEynL;A; f(z)
will contribute for x far away from the cube. We give a crude estimate which
will suffice for our later application.

Let ¢ € C°(R?) be supported on (—2,2)? and such that ( = 1 on [-2, 2]4.
If yg is the center of ), we define

Co(y) = ¢((y — o) /4(Q)).
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Clearly (o f = f for every distribution f supported in (). Moreover, this

property continues to hold with (g replaced by CNQ, where ((z) = ¢(2z). For
n > 1 we let

Con() = C(27"(y — ¥0) /(@) — ¢ (27" (y — y0) /L(Q)).

Note that (g, has support in {% 22™0(Q) < |y — ygleo < 2"TH(Q)}, and
that Zn21 Con = 1.

Lemma 9.5. Let s <1,0<p<1and0 < g <oo. Then, for every My > 1
there exists a constant Cpy, > 0 such that, if f € B;q(Rd) is supported in a
cube Q with size |Q| > 1, then

(78) BN Ls[Canyflllp < Capy 27727 2700 £ g
foralln>1,k>0,5> N and N > 1.
The same holds if En is replaced by Tn[-, a] with ||aljs < 1.

Proof. Let ¢j(z) = 279¢(27z) be the convolution kernel of A;, with ¢ € S.
Let

Fin(@) = Cou(@)Aj f(2) = (o (@)(ds(x —)C@(): f)

where we have used f = f&Q for the second equation and the pairing (-, -)
is in the sense of tempered distributions.

Pick a large v € 2N such that By C By, (e.g., v > d(l% — %) —5). Then
by duality

Fin@)| < len@[|(1 = 2)72(dj(x = o)y 155,
(79) Sw QY22 (14 27F0(Q)) M2 || £,

Observe that Fj,, and hence LyEnNL;[F},], are all supported in a set of
diameter C2"¢(Q). Then, if £ < N we have

ILKENL;j(Fin)ll, S 2"QNDYPI|LiENL;i(Fjn)lloo
< @ QNYP Fynllso-

Inserting the bound (79) into this expression, with a sufficiently large M,
and using that £ < N < j, one easily obtains (78).

Assume now that k > N. We may use Proposition 2.2.i to obtain
|LENL; (Fyn)|, € 277 267D 2N 50 | My
By the support properties of Fj, we have
IM; Finlly S (2°QN P || Fjn

‘OO?

so again, using (79) with a sufficiently large My, and the assumption N < j,
one easily derives (78). O
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10. THE CASE s = d(3;, — 1) WHEN ¢ > p.
In this section we restrict to the cases ¢ > p in the line s = d/p — d.
We shall see that the individual operators Ex are not bounded, and hence
positive results are not expected in this range.

Theorem 10.1. Let 0 < p < 1. If ¢ > p then the operators Enx are
unbounded on Bd/p d(Rd)

We shall actually prove something stronger, namely optimal estimates for
the local version of the operator norms Op(Ey, By ;, Q) defined in (10). This
may be of interest in the context of Besov spaces in bounded domains; see
Remark 1.6. We remark that Oswald [9] also proved some lower bounds in
a local setting which grow with N. The following theorem provides optimal
growth rates.

Theorem 10.2. (i) If 0 < p <1 and p < q < oo, then there is a constant
c1 = c1(p,q) > 0 so that

1_1
Op(ENuBICJl,/qp_d7Q) > C1 (2Nd‘Q|)p q.

(ii) If in addition ﬁ‘ll < p<q <1, then there is a constant ca = ca2(p,q),
such that for any dyadic cube QQ with side length > 1 and any N > 10

- Op(En. By™Q) _

(2Nd| Q)5

Remark 10.3. From [17, 2.11.3] it is known that, when 0 < p < 1 and
1 < g < o0, it holds

(80) Cl1 <

(Bgép_d)* = Bgo,q’

As ¢’ < o0, this space does not contain the dual functionals »*. In particular,
the restriction in ¢ in part (ii) of Theorem 10.2 is natural, since for ¢ > 1
and Qo = (0,1)? we have

Op(]EOa Bg,/qp_da QO) = ||]]'QOHBgy/qP*d ||:H'QOH(B‘;/qP*d)* = 005
see also [9, Thm 2.ii.a).

10.1. Proof of lower bounds in Theorem 10.2. We fix 0 < p <1 and choose
an positive integer M > d/p — d.

Let n € C°(R) be an odd function, supported on (—1/2,1/2), and such
that [}/*n(t)dt =1 and [}/* t*n(t)dt = 0 for n = 1,..., M. Let further

d
(81) g, xa) = 2 [ [ n(2'),
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so that [ g;(x)Puy(z)dx = 0 whenever Py is a polynomial of degree < M.
By the properties of n, if I > N we have

d
(82)  En(g)(z) = 2" ] (Lpov)(@:) = 1 gpon (@) = hv(x).

i=1

Notice that hy is not itself a Haar function, but up to a factor (—2)?, it is a
translate of a Haar function with Haar frequency 2V~!. Moreover, we also
have

Enlgi(- —v)] = hn(-—v), ifve2 ¥zl 1>N.

Let {3, }%°_; be an enumeration of Z?, and define

(83) fN(‘T) = Z amgNer(x - 2_N+53m)'

m=1

Observe that the summands have disjoint supports. Also

(84) Enfn =) amhn(-—27%,).

m=1

We claim that

s 1/q
(85) 1l garp-a S (D lam|?)
m=1
and
s 1/p
(86) I fal arpa 2 (Zl janl?) .
m=

This clearly implies that Ex cannot be a bounded operator on Bg,/qp _d(Rd)
unless g < p.

We first show (86). To do so we construct specific functions ¥,, such that

d_

(87) gl parp-a = gl garp-a 2 sup 2°G V@, 5 fl.

D,q p,00 n>1
Let ¢ € C°(R) be supported in (—1/2,1/2), with
/1/;(t)tldt:0, 1=0,...,M,

and such that, for some ¢ > 0,

(88) Y (L1 =1 10)() 2c>0 whente 2,4 +e]

We then define

d
(89) U, (z) =2 [[w(2 ),
=1
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which has enough vanishing moments to guarantee the validity of (87); see
[18, 2.5.3]. In particular,

IExfn]| LA > NG~ N g1 % Exf)lp-

p q
Next, using (88) one shows that, for z € 2= V453, + 2*N*1[%, % + €],

2 — 9 N+5 > oNdd,

U1 h( 3m) >

and therefore

(90) [n1 by (- =275 2 N (@=5),

Also the functions Wy * hy(- — 2*N+53m) have disjoint supports so that

1/
H\IIN_H*ENfNHp = (Z |am|p|\IJN+1>I<hN( — 2™ N+5 )Hi) P

. <z‘am|p>”p g

and (86) follows.

To prove (85) we examine L;jg; with { = N + m and use the cancellation
of the convolution kernel 3; of L; when j > [, and the cancellation of g; for
j < l. Here cancellation refers to M vanishing moments. As a consequence
we obtain the estimate

2147 a(2la)27 M=l for j >,
2097y a(272)27 M= for j <1

(91) [Ligi(z)| < {

see a similar argument in the proof of [5, Lemma 2.2]. From here one easily
obtains

; —(M—d(y-D)li=5] ¢ s ,
Jd(£—=1)y 1 <) 2 P if7>1 —5—j|
(92) 277 HLJ.ngP ~ { 2—M|l—j\ lfj < I <2 ’

if we set 6 = M — d(}% — 1) > 0. This leads to

, ) > 1/p
PN flly < 2TV (Y laml? I Lsgn (- — 27N 5,0)]5)

m=1
[e.9]
. 1/p
< (Z |am|p2—|N+m—J|5p) ’
m=1

and consequently,

(Z [2” (5-1) ||L Inllp) ) (Z ( Z |y [P 271N+ ﬂgp)Q/p)l/q‘

Jj=0 j>0 m=1
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Since ¢ > p we can apply the triangle inequality in £9/? to bound the previous
expression, by

( 2 ( > |an+j—N!p2—ln|6p)q/P> 1/a

>0 nez

a6\ /g > 1/q

S (2l 95) 7 (3 fant?)
>0 nez m=1

This proves (85).
Finally, to establish the lower bound in Theorem 10.2, we simply chose

_ )it 2~ N+5; €@
"ot 27N, ¢ Q.

Since {3,,} enumerates Z% and #(2~ V27 N Q) ~ 2V Q| we obtain

IVl azon S @VQDYE
B P

p,q

from (85), and
||ENfNHBd(%—1) Z (2Nd|Q|)1/p

p,q

from (86). This establishes the desired lower bound for all ¢ > p. ([

10.2. Proof of upper bounds in Theorem 10.2 (ii). In what follows let @ be
a dyadic cube of side length > 1. We assume d%il <p<g<l.

We use the global estimates (18), (19) and examine the two expressions
on the right hand side of (19) corresponding to the cases j < N and j > N.
The terms for 7 < N cause no problem. Namely, by Propositions 3.2 and
3.3 we have (for p < q)

( Z 2k(%—d)r
k=0

and in the endpoint ¢ > p = 2% (when d/p — d = 1) we have

d
d+1
( Z okr
k=0

rN\ 1/r .
S LERLA| ) S Il i g <p <1,
J<N b "

> LkE]J\_ijAijT> "
J<N P

N
j 1/p 11
< (S 2mInsf) S Ny, =
=0

where we have applied Holder’s inequality. This global bound is far better
than what is need for the conclusion and this part satisfies the target upper
bound in (80).
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Hence it suffices to prove, for f supported in @), the following bound

(Zz’“d G=1r Z LiEnLiA; fH )

1.1 e gl 1/q
S @VQY» s (3o 2V fln)

J=0

for any r > 0. Notice that Lemma 9.5 reduces matters to show the following
inequalities.

( S kG Z LiENL;[C QAfH )w

k>N+1 j2N+
. 1
%(Zyd(%_l)q|"/\jf”g> /a
=0

‘U\H

< 2¥QD

S LLENL;[CoA; f] H )

E<N J>N+1

< @NQN» e (326 pin)
j=0
We first prove (94). Instead of using Proposition 3.1 directly we shall

use a modification of its proof in [5, Proposition 2.1(i)]; we first recall some
notation from that paper.

We let Dy be the collection of dyadic cubes of sidelength 2=V, For j > N
we define Uy ; as in (66), that is a 277~ L-neighborhood of the set Uren,, 01.
For I € Dy and | > N we denote by D;[0I] the set of all J € D; such that
JNOI # (. Likewise, Dy (I) denotes the collection of cubes I’ € Dy with
INI #0, that is the collection of neighboring cubes of I.

We use the following result taken from [5, Lemma 2.3].
Lemma 10.4. (i) Let k > N > 1 and G be locally integrable. Then
(96) Li(ENG)(z) =0, for allz € US ) = R\ Uny .

(ii) Let 5 > N > 1, and F locally integrable.

(97) |En(L;iF)| < 2(N=9)d Z Z 1F'][ ooy 1
1€DN JED; 11 [01]

Proof of (94). Observe that F; := (gA;f and the functions LiEyL;[Fj]
are all supported in a fixed C-dilate of @ (with say C' = 10). By Lemma
10.4.i, LyEN[L;Fjl(z) = 0 if z € L{]C\,yk. We derive a pointwise estimate if
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x € Un NI for some I € Dy. From (97) and the fact that supp B(z — )
is contained in the union of all I’ € Dy (I) we have

|LkEN[L; Fj](z)] < /!ﬁk(w—y)\ [En (L;iFy)(y)| dy

< 2W=d Ry > AF -

I'eDy(I) JED, 11 [01"]

Let Q. be the above C-dilate of Q. Then using [Uyj N I| ~ 27 N@=D)=k
we have

| > nEsLE]|

J>N+1 P
. 1/p
5( Z Un N I| 2N Z 2774 Z Z HFJ'HL‘X’(J)‘p>
IeDy Jj>N+1 I'eDn(I) JEDj4+1[01)
INQ«#0
. 1/
S NN 3T ) 3T 2 N A )
IeDy j>N+1 JeD,;1[01]
INQ+#D

The I-sum in the last display contains ~ |Q[2V? terms. Let p < ¢ < 1.
Using Holder’s inequality in this sum we see that

98) |3 LEn[LE)| < @ViQ)six

>N P

2Nd2—(N(d—1)+k:)/p< 3 ‘ZQ‘jd 3 HAijLOO(J)‘q)l/q.

IEDN j>N JED;+1[01]

Consider the maximal function 9;g(x) = supjy|_<o-i+1 [g(x + h)|. Then
1990A; fllp S cpllAjfllp for all p > 0. Moreover, as in [5, (22)], it holds

1
supMyg(e) S [ f [Mygla s npn]”,
zeJ J*

where J* is a C’-dilate of the cube J € Dj ;. Therefore,

(T2 2 nsl[)

IeDy j>N J€®j+1[8ﬂ
—j ; a\1/q
(T ]X2” X M Aleo|) "
IeDn j>N JE'DjJrl[@I]

Using the embeddings ¢7 < ¢! (for the J-sum) and ¢¢ < ¢! (for the j-sum),
and in the second step P/9 < (' (for the I-sum), the above quantity is
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further estimated by

( Z Z 2jd(%—1)q< Z HMj[Ajf]Hip(J*)>q/p) 1/q

I1eDpy j>N JEDj+1[aI]

< <Z 2jd(%—1)q< Z Z M, f]HLp . )q/p>1/q

j>N IEDN J€®j+1[al}

< < $ 2jd(%*1)q”/\/tj[Ajf]HZ)l/q S ( > 2jd(%71)q\|Ajf||g) v

>N >N

Inserting this estimate into (98) we see that

(Zde (L-1)r )1/r
(2Nd|Q’% %(22 —k)(d-41) )1/ (Z2jdf—1q”A 78 ) 1/q

and since the k-sum is O(1) in the larger range p > d%dl we obtain (94) for
d+1 <p<gqg<l. (]

Z LyEnL;[CoA; f]

Proof of (95). This case is simpler and can be obtained from the individual
bounds of ||LyEnL;[Fj]||, in Proposition 2.2. Recall that F; = (gA;f and
LiEnL;[F;] are supported in a C-dilate of Q.

Let £ < N. Applying Hélder’s inequality, the ¢-triangle inequality and
Proposition 2.2.i we now obtain

1
3 LkENLj[Fj]Hp < oks Qv [ > HLkENLj[Fj]HZ] '

Jj>N >N
11 _d (d_ 1/q
S 1QIr a2 IRV (57 9 )
>N
We now use the extension of Young’s inequality
i(5—9)
(99) 1A fllg <277 2 |l As £ llps

see e.g. [17, 2.7.1/3]. As a result we obtain

ghd( 771)H Z LiEnL;[CoA, f]H

J>N
S 2D NI (T P pg)
J>N

Finally, we may sum over k& < N using that p < ¢, and therefore obtain
(95). With this assertion, the proof of Theorem 10.2 is now complete. [



BASIS PROPERTIES OF THE HAAR SYSTEM IN LIMITING BESOV SPACES 45

11. A STRONGLY ADMISSIBLE ENUMERATION

We give explicit examples of strongly admissible enumerations for Hy.
We define the family of cubes

5 = { TIL, (105 — 5,105 +5) = we e},

For ¢ = 0,1,2,..., let Q5(¢) be a strictly increasing collection of finite
families of cubes from Q3 such that for each cube in Q5(¢) all its neighboring
cubes in 95 belong to Q5(¢ + 1), and such that Q5 = UpQ5(¥).

Ezample.  We may take Q5(¢) to be family of all @ € Qs such that
Q C [-10£ — 5,10 + 5)4.

Let Ay = [-5,5)9, and for £ > 1 let A, be the union of cubes in Qs
which belong to Q5(¢) \ Q5(¢ — 1). For £ > 0, let H4(¢,0) be the family of
characteristic functions of dyadic unit cubes contained in A;. For k > 1,
¢ >0, let H({, k) be the family of Haar functions of mean value 0 and
Haar frequency 28~! with the property that the interior of their support is
contained in Ay. Clearly, Hg = Up p>0F(¢, k).

Let N(¢,k) = #34(¢, k). We then have N(0,0) = 10¢ and

Nl k) = N(¢£,0)2=Dd (29 _ 1),
In the specific example above the sets Ay, £ > 1, are corridors of width
10, of the form [~10¢ — 5,10¢ + 5)?\ [~10¢ + 5,10¢ — 5)? and we have
N(£,0) = 104((2¢ + 1)4 — (2¢ — 1)9).

We now define an admissible enumeration i associated with this collec-
tion. Let P(m) = >."" N(m —i,1), for m =0,1,2,..., and let

(100) R(m) = P(j),
j=0

so that R(m+1)—R(m) = P(m+1). First, forn =1,..., R(0) we enumerate

the functions in H(0,0). Next, forn = R(m)+1,..., R(m+1) we enumerate

the functions in U $'H(m + 1 —i,4) as follows: when
R(m)+1<n<R(m)+ N(m+1,0)

we enumerate the functions in Hy(m + 1,0); subsequently, for each v =
1,...,m+ 1, when

v—1 v
R(m) + Y N(m+1—i,i)+1<n<R@m)+ Y N(m+1-i,i)
1=0 i=0

we enumerate the functions in Hy(m + 1 — v, v).

That is, the functions in H(¢', k") occur earlier than those in H(¢, k) if
U'+k" < L+k. Moreover, H({+1, k—1) also occurs earlier than H(¢, k). Now,
if u,, and wu,, are both supported in I**, the five-fold dilate of a fixed unit
cube I, then their supports must be contained in cubes from A(¢)UA({+1),
for some smallest £ > 0. Moreover, if |suppu,| > 2% suppu,|, that is,
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k(n') < k(n) — 1, then the above observations imply that u,, must occur
before u,. Thus, the enumeration we just constructed for Hy is strongly
admissible with b = 1.

In the next section it will be convenient to notice that, for the enumeration
above, we have

(101) Srem)f = Em—ef, if supp(f) C Ay and £ < m.
In particular we have Sp(y,) f = Enf if f is supported in (-5, 5)7.

12. FAILURE OF CONVERGENCE FOR STRONGLY ADMISSIBLE
ENUMERATIONS

In this section we prove the remaining negative results for the Schauder
basis property, as stated in Theorem 1.3; namely the cases
(a) s:%—d,#'llgpgland0<q<p
(b) s:%—1,1<p<ooand0<q§1.
We remark that in these cases the operators Ey are uniformly bounded, by
Theorem 1.8 (iii) and (vi), and local positive results hold by Theorem 9.3.
We disprove the possibility that the admissible enumerations in §11 may be

global Schauder bases in Bz’q(Rd). It suffices to show that the corresponding
partial sum operators Sg are not uniformly bounded.

12.1. The case 0 < p < 1.

Proposition 12.1. Let 0 < g < p < 1. Then, for the strongly admissible
enumerations defined in §11 we have

(102) sup sup {[1Saf 1| a1y ¢ 11l aany <1} =o0.
ReN Bp,qp prqp

Proof. We shall use a similar notation as in §10.1. Consider functions g; as
defined in (81). Fix j > m, and for £ < m pick 3, € Z% so that the threefold
dilate of the cube 3, + [0, 1)¢ is contained in A,. Define

(103) Fg(@) = gi(x = 30).
=1
Note that the summands g;(- — 3¢) have disjoint supports in A,. By (101)

Sk Smi = Y Bnelgi (- —30] =Y han—o(- —30) ,
/=1 /=1

where hy was defined in (82).
Let Wy be defined as in (89), so that by (90) we have

1041 # iy 2 2 NG,
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Then

> d_g 1/q
1SR m)fm,JH d(l—l) > ( 2N(p )qH\I/N—i-l * SR(m)fTﬂJHZ)
pq N=1

( Z 2 ( H‘PNH s hym—g(- — Zw)Hz)q/p) 1/q

=

oNG=Da\g o w by v > ml/a.
(Z H 10" 2
N=1

Similarly, using the inequality in (92), that is
26 | Lugyll, £ 27V,

for some § > 0, we may conclude that

o0 1
kd(:-1 q
a3 S (Zz G L (fon )13
p,q
1

= (22’” (ZHLM ~30l)")*
( 22—|j—k|6q)5m1/p < ml/r,
k=0

Hence, the left hand side in (102) is > m!/9~ /P which implies the assertion
if ¢ <p. O

||fm,j

N

12.2. The case 1 < p < co. We shall deduce this case from the previous one.
First of all notice that Proposition 12.1 remains to be valid when 1 < p < oc.
Indeed, the condition on p did not play any role in the proof. In particular,
if the dimension d = 1 this implies
(104) sup HSRfH 1y 1., =00, when 0 <qg<1<p.

Bpq —Bpg
To estabhsh the same result for d > 2, we tensorize the previous example.
Consider

Fnj(z1,2") = fmj(x1) x ("),
where f,, ; is the 1-dimensional function in (103), and y € C°((—2,2)471)
with xy = 1 in [~1,1]"'. We claim that, for s =1/p—1and 0 < ¢ < 1 < p,
we have

(105) 1Fom il B ey S P
and
(106) 1S R(m.a) (Frmj) | 85 @y 2 1SR (i)l 35 @) Z M

Here R(m,d) are the numbers in (100), where we stress the dependence on
the dimension. Notice that in either case they verify (101).
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To justify these inequalities, we construct a function ¥ € Cgo(Rd) as in
(38), that is

(107) V() = AM[go ® o] () = O(x1)¢0(z") + po(a1)9("),
for suitable ¢y, o, 6, ¥ as in the paragraph preceding (38). We let

Uo(z) = ¢o(x1)po(z’), and Uy(z) =2Mw(2kz), k> 1.
These functions meet the required hypothesis to have

> 1
e = (220 =0l )
k=0

9]

Moreover, if we define, for k > 1,
bp(m1) = 20(2521) and gy (a') = 200Dk (2ke),

then the convolutions with ¢y, (respectively ¢x), k =0,1,2,..., can be used
to characterize the norms of By . in R (respectively in R9~1). Using this
notation in (107) we can now write

(108) Ty = b ®@ ok + b0k ® Pr,
with ¢gr(x1) = 2Fpo(2F 1) and likewise for 00 k-
We now prove (106). First, using (101) one easily sees that

Skmd)Fmj) = (Srn1)fmi) ® ELVX]).

Moreover, we claim that

(109) W * (Sg(m,d)Fm.i) (@1, 2") = dp* (Sgim,1)fm) (1), 2" € (
Indeed, this is a direct consequence of (108) and
oo x EEINE) = [eon=1 and px B 06 = [ =0

Then (109) implies the first inequality in (106), and from the 1-dimensional
result one obtains the second inequality.

3\d—1
71) .

el

We now prove (105). If £ > 1 we can write

Uik Frnyj = (& * fmg) @ (@ok * X) + (Pok * fm) @ (0r * X)
(110) — A+ By

(a similar formula holds for k¥ = 0). Then

(1) (Al S ok * frnjlly and [[Billp < lldok * fnillp llox * xllp-

From the previous calculation in one dimension we have
» _1
65 * finilly S 27HI02E O/,

We estimate the term

m 1
- 1
60 * fnillo = (3 o * g5l15) " = m g0 % 951l

/=1
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Now, if k > j then

160k % g5l < b0kl lgsllp S 20757 < 2
On the other hand, if k£ < j then

1_,
ok * g5llp < lldokllp llgsll < 2807,

K(1-3)

Thus,
k
1Bl S m*/? 205 [l x xll,
which can be inserted into (111), and overall will imply

1
1l 11 S fmall 50+ m IxllBg, < m».
Bpg Bpg

This completes the proof of (105), and hence of (104) for all d > 1.

13. FAILURE OF UNCONDITIONALITY WHEN s = d/p —d

Theorem 1.3 states that strongly admissible enumerations of H,; form a

Schauder basis of B,%p ~? when ﬁdl < p < 1. We show that the stronger

conclusion of unconditionality fails. The argument will also apply to the
Triebel-Lizorkin spaces F;,i, {]p ~@ and therefore we cover this case at the same
time.

Theorem 13.1. For every N > 1, there is a collection A(N) of Haar
functions, all supported in [0,1]¢, with #(A(N)) < 2¢N, and such that the
orthogonal projection operators Pa(yy salisfy the estimates

||PA HBd(l—l) d(l—l) Nl/q

P.q —Bp,{

1
HPA HFd(lﬂ) d(%—l) Z N /p'

P.q —Fpq

We shall use the following well-known identity.
Lemma 13.2. For N =1,2,..., it holds

(112) 2Nl = 1, + Z 26N " bt
eeY

Proof. The formula follows easily computing the Haar coefficients of the
function on the left hand side of (112). O

Let Fy(x) = 2Nd]]_[072—N)d(.T), and let Gy be its odd extension Gy (x) =
Fn(z) — Fn(—x). Consider the finite dimensional subspace

N-1
(113) AN) = span ({1} U [ (b e € T},
k=0
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which has dimension dim A(N) = (2¢—1)N+1. Let Pa(ny be the orthogonal
projection onto A(N). Then, by Lemma 13.2, Fy € A(N) and

PA(N) (GN) = FN.
The failure of unconditionality follows now from

Proposition 13.3. Let d%dl <p< oo, q>0. Then, for large N,

(114a) IGNl 4y ST,
By
(114b) IGNll a4 ST,
FPZ?Q
and
(115a) |PavyGN|l a_y 2 N1,
Byg
(115b) 1PavyGN Il 4y 2 NP,
FP

p,q

Proof. Since ||1hg * Gn|lp < 1 for any ¢ € S, we only need to estimate the
terms involving ¢ *G n, with k > 1, in the Bj , or FJ , quasi-norms. Assume
that vy (z) = 28 (2% z), where ¢ € CX°((—1,1)%) is such that ¥(z) > 1 for
r € (—1/2,—1/8)%, and 1 has sufficient vanishing moments (to characterize
the involved B and F norms). For k > 1, we analyze ¢y, * Gn. Note, that
G is supported on [—27,27N]4. Since [ Gy(x)dr =0 we have

| *x Gy (x)] < 2kd2k_N]l[_2—k+172—k+1]d, for kK < N;
see (91). Hence
(116) 6 Gllp S 257N, k<N,

For k > N let Dy be the boundary of Iy U—1Iy. Then ¢ x Gy is supported
in a C27% neighborhood Ny, v of Dy and ¢, * Gy = O(2V9) on N . The
measure of N, y is O(2~V(@=1=k) and therefore we obtain

G Dy 5 G, S 2 EVETD ] p> N,

~

Since p > d%dl we can sum the estimates and obtain (114a).
Similarly

H (i |9k * GN|q2k(%*d)q) l/qH
k=1 )

N
d_ 1/
S H (Z |2kd2k*N1‘x|52_k|q2k(Z d)q) QH S 1
p
k=1



BASIS PROPERTIES OF THE HAAR SYSTEM IN LIMITING BESOV SPACES 51

and

H( i ‘wk*GN|q2k(§—d)q)1/qu

kE=N+1
§2NdH< Z Qk(%—d)q]lNkN>1/qH
k=N+1 p
1/
(S mestai (3 2oy
N<i<co N<k<I
§2Nd( > 2_Z_N(d—1)( 3 2k(%—d)q>p/q)1/p§1
N<i<oo N<k<I

Observe that the last inequality requires a slightly different argument in

each of the cases d%dl <p<1l p=1and p > 1; we leave details to the

reader. This proves (114b).
We now include the lower bound for PA(N)GN =Fy= 2Nd111N’0. Let

~3/8 1/8)d‘

Then, for 4 <k < N —4,
Y * Fy(x) = /2kdw(2k(x - y))ZNdILIN’O(y)dy > 2k for z € O,
due to 2% (x —[0,27V]9) c (~1/2,—1/8)? and the assumptions on 1. Hence

R Dy Fylp, =1, 4<k<N-—4,
which implies (115a). Also

— k(L —d)pokdp) /P 1
1w ddz(z/zp i) 1 > v
Fplq k—q 7S
and (115b) follows. O

14. FAILURE OF UNCONDITIONALITY WHEN s =1/p—1, 1 < p < c0.

1
In dimension d = 1 the failure of unconditionality of H in By, (R) is
already contained in Proposition 13.3. As happened in §12.2, the argument
for d > 2 requires a slight variation of the above.

We consider the finite dimensional space
A(N) := span {h ®Lpgqa1 = hE A(l)(N)},

where A(D(N) is the subspace defined in (113) (when d = 1). Note that
dim A(N) = dim AM(N) ~ N. We now have
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Theorem 14.1. Let 1 < p < co. Then

1 Pacnll 2 N,

1

1_ 1
P p
Bpq —Bpg

1
1
In particular, H® is not unconditional in By, (R?) for any ¢ > 0.

Proof. We keep the notation Fy and G for the 1-dimensional functions in
Proposition 13.3. We fix xy € C((—1,2)4"1) with x = 1 in [0,1]¢"!, and
define

gn(z) = Gy (z1)x(2) and fy(x) = FN(ajl)]l[OJ]dq(x’).
Observe that fy € A(N) and
Pyny(9gn) = fn,
by our choice of x. So, it suffices to show that, for large N,

(117) lgnll 1o, <1 and ||fy| »., = NV,
BP BP

p,q p,q

The first assertion is proved as in §12.2; namely, one constructs functions
Uy, as in (108) and observes that

Upxgn = (o *xGN)® (@or*X) + (Por * GN) @ (pr * X)

A similar proof as the one following (111) gives

k(11
I Aklly S o * Gully and || Byl < 25079 op * xlp.

From here and the 1-dimensional results in (114a) it follows that

N 1_ ~ N 1_ 0 d— ~

Likewise, to prove the second assertion in (117) one uses

U+ fn(21,2) = ¢ x Fn(z1), 2’ € (§, %)dil-

This identity, as before, follows from (108) and the facts

(,007k k ]]_[071](1,1(:1’/‘/) — /SOO,k = ]_ and (pk k ]]_[071}(171(‘%/) — /()Ok‘ = 07

because the supports of ¢gx(z — ) and ¢y (z — -) are contained in [0, 1]4~?
for such values of z’. Thus,

N s 2N L, 2 NV
Bpg (R4 B, (R

p.q

This establishes (117) and completes the proof of Theorem 14.1. O
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