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Abstract

In this paper, we give three characterizations of the elements of generalized Holder—Zygmund spaces.
The first one, based on the Littlewood—Paley decomposition is already known, but the proof given here
is much simpler. The second one, based on the wavelet decompositions generalizes a result obtained by
Jaffard and Meyer. The third one uses generalized interpolation spaces. These results naturally extend the
ones holding for the classical Hélder—Zygmund spaces.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

As in [9], we define the generalized Holder—Zygmund spaces starting from the generalized
Besov spaces Bgo, oo(Rd ), where o is an admissible sequence [5,12]. The set of natural numbers
is denoted by N (and does not contain 0) and Nog = N U {0}.

Definition 1. A sequence o = (o) jeN, of real positive numbers is called admissible if there
exists a positive constant C such that

C'o; <0ojy1 < Coj,

for any j € Np.
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If o is such a sequence, we set

. o Oj+k = Oj+k
0= inf = and O, = sup L~
keNyg Oy keNg Ok

and define the lower and upper Boyd indices as follows:
log; O logy gj

s(o) = lim - and s(0) =lim
J J J J

Since (log o j)jeN, 1s a subadditive sequence, such limits always exist [6].
For a function f : RY — Rand x, h € RY, the first order difference of f is

AL = fx+h) = fx)

and the difference of order n, where n is an integer greater than 1, is iteratively defined by
AL fF(x) = ATAL F(x).

The generalized Holder—Zygmund spaces can then be introduced.

Definition 2. Let « > 0 and o be an admissible sequence; a function f € L% (R?) belongs to
the space A%% = A%%(R?) if there exists C > 0 such that

1
sup [ AT £l < Coj,
|h|<2-J

for any j € Np.

One sets A% = A%5©@™)_ For example, the classical Holder—Zygmund space A (¢ > 0)
is the space A% with 0 = (27/%) j- The basic properties of these generalized spaces have been
studied in [9].

In this paper, we give three characterizations of the spaces A°, using the Littlewood-Paley
theory, the discrete wavelet transform and generalized real interpolation spaces. Each result
generalizes a well-known characterization of the classical Holder—-Zygmund spaces A%, with
a > 0. The first one can be found in [12] with a more difficult proof, while the second
characterization extends results obtained in [12] (to the case Bgo’oo), using ideas introduced in [8]
for the specific case of the modulus of continuity-defined Holder—Zygmund spaces. It can also be
deduced from results obtained in [14,12], but the present version is shorter and only uses classical
techniques. The last characterization is new. Let us also notice that the spaces considered here
are closely related to those dealt with in [13], where the continuous wavelet transform is used.
Finally, let us mention that the study of such spaces takes its roots in the early Russian literature
(such as [2]).

The results presented here contribute to a better understanding of the reasons why the proofs
should work, even in the classical case. In particular, the notion of strong admissible sequence
underlines the fundamental difference between the Holder spaces A* with « ¢ N and the
Zygmund spaces A" with n € N.

Throughout the paper, we use the letter C for a generic positive constant whose value may be
different at each occurrence.

2. Previous results

We will need some of the results obtained in [9]. In this section, B denotes the open unit ball.
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2.1. Two characterizations of the generalized Holder—Zygmund spaces

The following characterizations generalize well-known results for the classical Holder—
Zygmund spaces. They will be used in the sequel.

Proposition 1. Let o be an admissible sequence and f € L (R?); f belongs to A° if and only
if there exists a positive constant C such that

inf | f = Pllixa-ipiag < Coj.

for any xo € R? and any j, where the infimum is taken over all polynomials of degree at most
<(—1
s(c™h).

Proposition 2. Let o be an admissible sequence and n,m € Ng such that n < s(c™') <
5(c™YY < m; if f e A°, then f is equal almost everywhere to an element of C"(RY), D* f €
L®R?) for any multi-index « such that || < n and

sup A" pe f o < €2/, )
|h|<2-7

forany j € Ng and a such that |«| < n.
Conversely, if f € C*(R%) N L®RY) satisfies inequality (1) for any j and any multi-index
a such that || = n, then f € A°.

2.2. About the admissible sequences

If o is an admissible sequence, for any & > 0, then there exists a positive constant C such that

c1ite)- < 9. < Utk -G < 2iGE)1+e)
J— _] fR— O"k fR— f— ’

for any j, k € N. The following properties will be often used (lemmata 2.4, 2.8, 2.9 and 2.10
in [9]).

Lemma 3. Let o be an admissible sequence.

o If s(c~ 1) > 0, then there exists a positive constant C such that for any J € N,
Z oj = Coy.
j=J
e If 5(c™ ") < nwithn €N, then there exists a positive constant C such that for any J € N,
J .
Y 2/ < €270y
j=1

We will sometimes need to impose additional assumptions on the admissible sequences. We
transpose here the concept of strong modulus of smoothness [8] to the admissible sequences [9].

Definition 3. An admissible sequence o is a strong admissible sequence of order n € N if there
exists a constant C such that

J

szno_j < C2JnO'J (2)
j=0
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and
) .
Y 2/ Vg < 2/ Vg, 3)
j=J
forany J € N.

For example, the sequence (27/%) j defining the usual Holder—Zygmund space A“ is strong
(of order [w] + 1) if and only if & & N (see e.g. [9]).
This notion is closely related to the Boyd indices of the inverse sequence.
Lemma 4. A strong admissible sequence o of order n is such that
n—1<s(c™) <50 <n
Conversely, if o is an admissible sequence satisfying
n—1< g(a_l) and E(G_l) <n
for some n € N, then o is strong of order n.

The following easy result shows that a strong admissible sequence of order n lies in between
the sequences (27/") jen and (2_1(”_1))j6N.

Lemma 5. If o is a strong admissible sequence of order n, then there exists a positive constant
C such that

c™ 27" <g; <2707,
forany j € N.

When considering strong admissible sequences, the proof of Proposition 2 (see [9]) gives the
following result.

Proposition 6. Let o be a strong admissible sequence of order n; if f € A%, then f is equal

almost everywhere to an element of C"~1(R?), D* f € L>®R?) for any multi-index o such that
| <n—1and

sup [ 437D fllo < €290, )
|h|<2~J
for any j € No and o such that |a| <n — 1.

Conversely, if f € C" 1 (R?Y) N L®(RY) satisfies inequality (4) for any j and any multi-index
a such that || =n — 1, then f € A°.

Remark 1. One cannot deduce Proposition 6 from Proposition 2 and Lemma 4. Instead, one
directly uses inequalities (2) and (3) in the proof of Proposition 2; no further change is necessary.
This procedure allows one to obtain stronger results (than the ones obtained with Lemma 4) and
will be used several times in the sequel.

3. Littlewood—-Paley characterization

As usual, S(R?) denotes the Schwartz class and f the Fourier transform of f. In this section,
¢ € S(R?) is a function such that ¢(w) = 1 if |o| < 1/2 and ¢(w) = 0if |w| > 1 and ¢
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is defined by ¥ = 24¢(2-) — . The convolution operators with 247 p(27.) and 2% (27-) are
denoted by S; and A; respectively:

Sif=¢Q77)f and Ajf=Sjf-S;f

forany f € S'(RY). The following relation, holding in S’(R?), is known as the Littlewood—Paley
decomposition of the unity [16]:

I=SO+ZAJ'.
j=0

In this section, we give (under some weak additional hypothesis) a sufficient condition and a
necessary condition for a function to belong to A°.

Theorem 7. Let o be an admissible sequence such that s(o ') > 0. If there exists a constant C
such that f € L>®(R?) satisfies

14 fllee < Coj, &)

for any j € Ny, then f € A°.
Conversely, let o be an admissible sequence and n € Ny such that

n< g(a_l) < E(U_l) <n+2.

If f € A%, then there exists a constant C such that (5) holds.

Remark 2. The assumptionn < s (61 <5(6~') < n+2is a technical condition and although
the authors strongly believe that it is superfluous, no straightforward improvement of the proof
allows to get rid of this assumption.

For the strong admissible sequences, minor changes in the proof lead to the following version.

Theorem 8. Let o be a strong admissible sequence of order n € N; f € L®(RY) belongs to A°
if and only if there exists a constant C such that f satisfies

14 fllc < Coj,
for any j € Np.

This result generalizes the one obtained in [8] for the Holder—Zygmund spaces defined via a
modulus of smoothness (see [9]).

Remark 3. Under the condition So f € L®(R%), the assumption f € L (R%) in Theorems 7
and 8 can be relaxed to consider distributions f € S’ (RY).

3.1. Proof of the sufficiency of the condition

Let us set A_; = Sy and choose n > 5(o~'). Using the Bernstein inequalities, we get
Ajf € C*(R?) and

ID¥A; flloo < C2¥V o,

for any multi-index o such that || < n and any j € Ny. Therefore the series ) =1 A f
converges uniformly.
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For xo € R? and J € Ny, let us define

(x —x0)* _,
Pi(x —xp) = |a|<2n:_1 TD Aj f(xo0)
and
J
Py s(x —x0) = Y Pj(x — x0).

j=1

If x satisfies |x — xo| < 27/, one has

J . o
f) = Posx—x)l = Y 14,/ - Y %Dmmxon
j=—1 la|<n—1 )
+ ) 114 fllo.
j>J+1

The second term on the right-hand side of the last inequality is bounded by Co, while the
first term is bounded by

J J
Y b —xol" sup DA, flleo < C277" Y 2/"0; < Coy,

j=—1 la|=n j=—1

where the constant does not depend on x or J.
3.2. Proof of the necessity of the condition

Using a classical argument, we can suppose that ¢ and thus ¢ are even and using Proposi-
tion 2, we can suppose that f € C"(R?), D% f € L>®(R?) and

sup || A2 D flloo < Caj27",
|h|<2—J

for any multi-index o« such that || < n. One has, since ¥ is even with a vanishing integral,
a0 50 =2 [ DUfe = pyindy

_ pid-1 / (D* f (x +y) = 2D f(x) + D* f (x — y)¥ (2 y) dy.

Moreover, the Bernstein inequalities imply

1A fllo < C277" sup [|D*A; flloo

lo|=n

and therefore

14 flloo < czf("—'”/ sup | A3D fllool ¥ (27 y) dy

|a|=n

< 2 [ sup 123, D Flls W )1 d.

la|=n
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One can conclude, since we have

f| sup 142, D fllocl (1) dy < C27"0;
Yy

<1 |a|=n
and
/ sup 1A, D* fllclty (] dy
om<|y|<2m+ jal=n
< / sup 1421, D Fllool¥ ()| dy
2m§|y|<2m+l \a\:n'
|n|<27J
< o2 / sup | A2 D% flloo [ ()] dy
am<|y|<2mtl  jaj=n
|h|<27J
2m+nj 1
< co2minig, ——_dy
am<fy|<2m+1 (1 +1y])
< C2m(d+2—k)+njo_j’
for any k € N.

4. Wavelet characterization

29

Under some general assumptions (see e.g. [11,10,4]), there exist a function ¢ and 2d 1

functions (), <i<2d, called wavelets, such that

{o(x —k)lega Uy D @Ix —k): 1 <i <29 keZ? j e No}

form an orthogonal basis of L2(R%). Any function f € L*(R¢) can be decomposed as follows:

f@ =Y Gea-b+Y > > Py —k,

keZd J=0keZd 1<i<2d

where
i =2" / fE¥ @ — k) dx
, "y
and

Cp = fR F)0(x — k) dox.

The above formulas are still valid in more general settings; they have to be interpreted as a duality
product between regular functions (the wavelets) and distributions [11,7]. In what follows, we
will suppose that the wavelets are the Lemarié—Meyer wavelets [11] (¢ and 1) therefore belong
to the Schwartz class S(R?)) or the Daubechies wavelets [4] (which are compactly supported and
can be chosen arbitrarily regular, let us say r-regular with r > n [11], where n is the order of the

strong admissible sequence).
We aim at showing the following result.
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Theorem 9. Let o be a strong admissible sequence of order n € N; f belongs to A° if and only
if its wavelet coefficients satisfy the following inequalities:

€l <C and |cf}| < Coj,
for some positive constant C, any j € N, any k € Z% and anyi € {1, ...,2¢ —1}.

Remark 4. The same argument as in [7] shows that the previous result is still valid for any
r-regular wavelet basis (r > n).

Remark 5. It is natural to ask whether Theorem 9 remains valid for arbitrary admissible se-
quences. Here again, no obvious modification of the proof gives the answer.

4.1. Proof of the necessity of the condition

The proof of the theorem is based on ideas found in [11,7]. We will need the following result
(a proof is given in [9]).
Lemma 10. If f € C"(R?), then

hn
For+ ) = ZD“f<x>—+R( mi

la|<n
forany x, h € RY with

[Ra(x,h)] < Y sup [[A] D*fllco-

Obviously, f € L (R?) implies that Cy is bounded. One has, using the fact that the wavelet
has an arbitrary number of vanishing moments,

ff (2% + (x — 2%)) v D2/ x —k)dx

k |x|n 1 z
fRn_l (E,x) o = 1)'1//()(21x)dx

sc/ sup AL D fllaelx 12770 1y (x| dx.

hi<|x|/2]
la|=n—1

|C(l) | 2]d

= 2Jd

Now, one has

/ sup |4} D* flloolx " 127/ =Dy D (x)| dx < Co;
lx|<1 I}‘llli_lxl/zlj

and, for m € Ny,

/ sup  [|A} D flloolx|" 127/ =Dy O (x) | dx
2m<|x| <2 jny<ix)2d
le|=n—1
. 1
=C / sup || A, D* flloolx |12/ ——
2m<|x|<2mtl i<ix)2i > (I +|x]P

la|=n—1
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=C f sup A D flloc2™ TV kI D2 g
1/2<|x|<1 |pj<om+1-j
la|l=n—1
S sz(n-f‘d—p)_J(n_l)/ Sup ”A}lDaf”ood.x
1/2<|x|=1 |pj<2—
la|=n—1

< C2m(l’l+d—p)o,j ’

where p € N can be chosen arbitrarily large. Putting these inequalities together gives the desired
result.

4.2. Proof of the sufficiency of the condition

Here, we essentially follow the ideas given in [7]. Let us set
far=2 Crptx =k and [0 = cqv P @x —h).
k ik
for any j € No. These series converge uniformly on any compact, thanks to the decreasing
properties of ¢ and ¥, Now, it can be shown that the series

gx) =Y fi(x)

izl
also converges uniformly on R to f. Using a similar argument for D¢ and D), one gets
1D f;(x)] < €2V g,

for any multi-index « such that || < n. Therefore, the series j fj can be derived term by term

n — 1 times, so that g € C"!(R?) and | D%g(x)| < C for any |a| < n — 1. If « is a multi-index
such that || <n — 1, forany h € RY, let Jo be such that

2—(j0+1) < |h| < 2=Jo

One has
143D lloc < Y IALD* filloo + Y 211D* filloo
J=<Jo J>Jjo
0 .
< Y Il sup DT filla+ ) 207D Hg;
j<io  1AI=1 j=jo+1

A

C|h|2"j0(7j0 + Cz(ﬂ—1)(1'()-1-1)0-j0+1
< CZ(n_l)jOGjo,
which allows one to conclude.

5. Definition of the space /? via generalized real interpolation of Sobolev spaces

In this section, we use the generalized interpolation spaces [1,3] to define the generalized
Holder—Zygmund spaces, starting from the usual Sobolev spaces W °.

Let A and B be two Banach spaces continuously embedded into a Hausdorff topological
vector space V so that A N B and A 4+ B are well defined Banach spaces; one defines the
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J-functional by
J(t, x) = max{||x| 4, t||lx[ 5},
foranyt >0andx € AN B.
Definition 4. If o0 = (0;) jez and (0;) jez are two sequences, then the generalized interpolation
space [A, Blysp.s 1s defined as follows: x € [A, Blysg.s if and only if it can be written as

X = ) _iczuj, where the series converges in A + B with u; € AN B and where the sequence
(0jJ(0),uj))jecz belongs to [*°(Z).

Let us now define the K -functional by
K(t, x) = inf{[[x1][a + tllx2llp : x = x1 + x2},
foranyt > Qand x € A 4 B.
Definition 5. If 0 = (o) jez and (0) jcz are two sequences, then the generalized interpolation

space [A, Bls 9.k 1s defined as follows: x € [A, Bls 9.k if and only if x € A 4+ B and the
sequence (0K (6}, x)) jez belongs to [*°(Z).

If o; = 27/ and 6 = 2/, one recovers the classical real interpolation spaces [A, Bly. oo,/
and [A, Bly,co.k -
If o = (0}) jeN, 1s an admissible sequence, let us define the sequence o = (a;n)) jez by

w |2z ifje Ny
o; = (M\=1 ¢
J (O'_j) if j € N.
With the conditions we are going to work with, the J-method and the K-method defined above
lead to the same spaces. We state the precise result here, but postpone a proof to the next section.

Proposition 11. Let 0 = (0}) jeN be an admissible sequence and n,m € Nq be such that
n<s(™ Y <50 <m. If B is continuously embedded in A, one has

[A, Blyw pjm-—n_j = [A, Blow 2im-n k-
We now need some basic results about the Sobolev spaces. Let p € [1,00] and n € N; as
usual, W, will denote the Sobolev space
Wi ={f € LPRY): D*f € L"RY) Vla| < n}

equipped with the norm

L llwr = > ID*flp.

lee|<n

We will use the following classical result, which is a direct consequence of the Morrey
inequality [15,17]: let p €]d, oo] and @ = 1 — d/p; one has Wf C A% and

1f 4 = Cllf e

for any f € Wlp . We will prove the following result, showing that the generalized Holder—
Zygmund spaces can be defined via generalized interpolations of Sobolev spaces.
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Theorem 12. Let 0 = (0}) jeN be an admissible sequence and n,m € Ng be such that n <
s(c™ <50~ < m. One has

A7 = [W2, Wllom pim-n g = W2, Wl m gjm-m -
We have the following version for the strong admissible sequences.

Theorem 13. Let 0 = (0;) jeN be a strong admissible sequence of order n such that 57 <
n. One has

A7 = W2, Wm0 05 5 = W21, Wllpw-1 2) k-
5.1. Proof of Proposition 11

Let f € [A, B]U(n)’zj(m—n)“]. One has f = Zj u j with convergence in A and

lujlla + 27"yl p < Clo )7,

forany j € Z. Let

j—1 00
sj= Z ur and tjzz:uk.
k=—o0 k=j

One has s; € A, t; € B; let us show that

o (lsjlla +27""lit;l15)

is bounded. For j < 0, one gets

j—1 o) ")
n)y—1
lsjlla < E luklla < C E (02%)
k=—00 k=—j+1

o0
<C ) Mo, =<C27V0
k=—j+1

< Clo"™)™!

and
S 00
ljls <Y lulls < €Y 2740 (g M)~
k=j k=j
S C sz(m—n) (O—Er;())_l + C Zz—k(m—n)(o,k(n))—]
k=1 k=0
< C2_jmo_j +C < C2_j(m_”)(g;"))—1.
Now, if j > 0,

0

j—1
D lurlla+C Y lluxlis
k=1

k=—o00

[A

51l
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j—1
< C+C22—kmo,k—l < C(O_;n))—l
k=1

and, using the fact that 50 Y < m,

o0 [ele]
- —1
Il < D lluellp < €Y 27 "0y

< cz—f’”aj—l.

Now let f € [A, B]O.(n)’zj(mfn)’K. For any j € Z, there exist s; € A and 7; € B such that
f = Sj+tj and

Isjlla 42/ itjllp < Clo ™)~
Let us define u ; by

- Sj+1 — 8; if—jEN
J liy1 — I if j € Np.

Onehas f =) jUj in A withu; € B for any j. Moreover,

lujla < Clo™)™!

and
lujlis < €277 (M),
which leads to the conclusion.

5.2. Proof of Theorem 12

Let f € A and define
0 ifjeZ,j>1
uj=Sf ifj=1
A_jf ifjelZ, j<l1
The Bernstein inequalities imply that the series ) ; u; converges in W;* and u; € W It is
easy to check that the sequence o ;") J 2/ m=n) ;) 1s bounded.
Let f € [W.°, WPlom piom-n j, sO that f = Zj uj with u; € Wo°; we can suppose that
uj € C"I(RY). Let |a| < n; we have

o0 00 . 00 ‘
> 1Dl < €Y 27 @Myl = ¢y pmimg
Jj=0 j=0 =0

Since (o) < m, Z?io |D%u |l converges. Moreover,

—1

-1 oo}
Y DUl =C Y (o) =C Y 20",
_ r

and so f € C"(R%) and D* f € L>®(R?) for any « such that |a| < n.



D. Kreit, S. Nicolay / Journal of Approximation Theory 172 (2013) 23-36 35

Let 4 € R? be such that |4| < 27/ and || = n; the Morrey inequality and the mean value
theorem lead to the following inequalities:

o0 o0
D IATT D ujlloe < CIA™ " D flujllwge

(0, ]
< C2—Jotm=n) Z 9—Jj(m—n) (U]("))—l
Jj=0

< 2 Jotm=n) C2"j°6j0

and
—1 —Jjo—1 -1
D AT D ujloo = D AT DUl + Y IAY T DY o
Jj=—00 Jj=—00 J=—Jo
—Jjo—1 —1
<C > ujlwge + 18" D7 lujllwge
j==00 j==Jo
W . ()
n)y-1 —Jo(m—n) —j(m=n) (5 my-1
<C Z 0" +C2 Z 2 (")
J=—00 J==Jo
m . . jO .
<C ) 242N "aing,
j=Jjo+1 j=1
< Czjono’jo,

which implies

sup AT DY fllso < C2M00);
|h|<2~J0

hence the conclusion follows.
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