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ABSTRACT

We study compact embeddings for weighted spaces of Besov and Triebel-Lizorkin
type where the weight belongs to some Muckenhoupt A, class. For weights of
purely polynomial growth, both near some singular point and at infinity, we
obtain sharp asymptotic estimates for the entropy numbers and approximation
numbers of this embedding. The main tool is a discretization in terms of wavelet
bases.

Key words: wavelet bases, Muckenhoupt weighted function spaces, compact embed-
dings, entropy numbers, approximation numbers.

2000 Mathematics Subject Classification: 46E35, 42C40, 42B35, 41A46, 47B06.

Introduction

In recent years, some attention has been paid to compactness of embeddings of func-
tion spaces of Sobolev type as well as to analytic and geometric quantities describing
this compactness, in particular, corresponding approximation and entropy numbers.
As an application D. E. Edmunds and H. Triebel [12] proposed a program to inves-
tigate the spectral properties of certain pseudo-differential operators based on the
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asymptotic behavior of entropy and approximation numbers, together with Carl’s
inequality and the Birman-Schwinger principle. Similar questions in the context of
weighted function spaces of this type were studied by the first named author and
H. Triebel, see [19], and were continued and extended by Th. Kiihn, H.-G. Leopold,
W. Sickel and the second author in the series of papers [23-25]. In all the above
papers the authors considered the class of so-called “admissible” weights. These are
smooth weights with no singular points. One can take w(z) = (1 + |2]?)*/?, a € R,
x € R", as a prominent example.

In this paper we follow a different approach and consider weights from the Mucken-
houpt class A,.. In contrast to “admissible” weights the A., weights may have local
singularities, which can influence properties of the embeddings of function spaces.
Now the weight w(z) = |2|%, a > —n, may serve as a classical example. Weighted
Besov and Triebel-Lizorkin spaces with Muckenhoupt weights are well known con-
cepts, see [3-6, 15,31, 32] and, more recently, [1,2,18]. But (the compactness of)
Sobolev embeddings of such spaces were not yet studied in detail. The present paper
fills in this gap. First we give a necessary and sufficient condition on the parameters
and weights of the Besov spaces which guarantees compactness of the corresponding
embeddings. Then we determine the exact asymptotic behavior of entropy and ap-
proximation numbers of the embeddings of the spaces with weights that have purely
polynomial growth, both near some singular point and at infinity. In both cases we
use the technique of discretization, i.e., we reduce the problem to the corresponding
problem for some suitable sequence spaces. This can be done in terms of wavelet
bases. Then one obtains estimates of the following type: if the weight is of type

2o i fol <1,
w(x) ~ with o > —n, > 0,
@) {|x|ﬁ it |z > 1, h

and Aj , stands for either Besov spaces B, , or Triebel-Lizorkin spaces F; & with

s <51, 0 < p1,p2 <00, 0 <q1,q2 < 00, then
id: A%t (R", w) — A2 (R")

P1,91 D2,92

is compact if, and only if,

ﬁ>ﬁ* and 5>max(a n),

Tk

p1 p p1 p
where 0 = s1 — 89 — Ql + 1% and 1% = rnanx(pi2 — p%,O), as usual. For the entropy
numbers of this embedding we can prove that for k € N,
B 11
en(id: A5t (R™ w) — A2 (R™)) ~ k™ot 5 it 7oy
’ ’ p1
and
ep(id: A3 (R™ w) s A%2 (R™)) ~ k™70 it O
' ' p1
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There are parallel results for the limiting case pﬁl = ¢ and for approximation numbers.

It is remarkable that — apart from the criterion for compactness of the embedding —
the parameter «, connected with the “local” singularity has no further influence on the
“degree” of compactness (measured in terms of entropy or approximation numbers,
respectively).

The study of entropy and approximation numbers of embeddings in the context
of more general weights is postponed; likewise applications are out of the scope of the
present paper.

The paper is organized as follows. In section 1 we recall basic facts about Muck-
enhoupt weights and weighted spaces needed later on. We also prove the wavelet
characterization of Besov spaces via compactly supported wavelets. Section 2 is de-
voted to the continuity and compactness of the embeddings. For weights of purely
polynomial growth we find simpler conditions. In the last two sections we determine
exact asymptotic behavior of the entropy and approximation numbers for purely poly-
nomial weights.

1. Weighted function spaces

First of all we need to fix some notation. By N we denote the set of natural numbers,
by Ny the set NU {0}, by C the complex plane, by R™ euclidean n-space, n € N, and
by Z™ the set of all lattice points in R™ having integer components.

The positive part of a real function f is given by f;(z) = max(f(x),0). For two
positive real sequences {ay}reny and {by}ren we mean by ajp ~ by that there exist
constants ¢y, co > 0 such that ¢y ap < by < o ay, for all k£ € N; similarly for positive
functions.

Given two (quasi-)Banach spaces X and Y, we write X — Y if X C Y and the
natural embedding of X in Y is continuous.

All unimportant positive constants will be denoted by ¢, occasionally with sub-
scripts. For convenience, let both da and |-| stand for the (n-dimensional) Lebesgue
measure in the sequel. If not otherwise indicated, log is always taken with respect to
base 2.

1.1. Muckenhoupt weights

We briefly recall some fundamentals on Muckenhoupt classes A,,.

Definition 1.1. Let w be a positive, locally integrable function on R™, and
1 < p < oco. Then w belongs to the Muckenhoupt class A, if there exists a con-
stant 0 < A < oo such that for all balls B the following inequality holds:

(o)™ G fror o) <1

Revista Matemdtica Complutense
137 2008: vol. 21, num. 1, pags. 135-177



D. D. Haroske/L. Skrzypczak Entropy and approximation numbers of weighted embeddings

where p’ is the dual exponent to p given by 1/p’ + 1/p = 1 and |B] stands for the
Lebesgue measure of the ball B.

The limiting cases p = 1 and p = oo can be incorporated as follows. By a weight w
we shall always mean a locally integrable function w € LI°¢(R™), positive a.e. in the
sequel. Let M stand for the Hardy-Littlewood maximal operator given by

1
Mf(z) = sup —mr—sn If(w)ldy, zeR",
B(xz,r)eB |B(1’7 T)‘ B(z,r)
where B is the collection of all open balls

B(z,r)={yeR": ly—z|<r}, r>0.

Definition 1.2. A weight w belongs to the Muckenhoupt class A; if there exists a
constant 0 < A < oo such that the inequality

Muw(z) < Aw(x)

holds for almost all x € R™. The Muckenhoupt class A, is given by

A = 4.

p>1

Since the pioneering work of Muckenhoupt [27-29], these classes of weight func-
tions have been studied in great detail, we refer, in particular, to the monographs [16;
36, chap. 5; 37; 38, chap. 9], for a complete account on the theory of Muckenhoupt
weights. We use the abbreviation

w@) = [ wia) do 1)

where 2 C R™ is some bounded, measurable set. For convenience, we recall a few
basic properties only; in particular, the class A4, is stable with respect to translation,
dilation and multiplication by a positive scalar. Moreover, it is known:

Lemma 1.3. Let 1 <p<o0.
(i) If we A,, then we have w PP e Ay, where 1/p+1/p' = 1.

(ii) w € A, possesses the doubling property, i.e., there exists a constant ¢ > 0 such
that
w(Bsg) < cw(By)

holds for arbitrary balls By = B(x,r) and By = B(x,2r) with x € R™, r > 0.

(iii) Let 1 < p1 < ps < oco. Then we have A, C A,,.
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(iv) If w € A,, then there exists some number r < p such that w € A,..

Note that the somehow surprising property (iv) is closely connected with the
so-called “reverse Hélder inequality,” a fundamental feature of A, weights, see [36,
chap. 5, Prop. 3, Cor.]. In our case this fact will re-emerge in the number

ry =inf{r>1:weA}, weAdy, (2)

that plays an essential role later on. Obviously, 1 < r,, < oo, and w € A, if, and
only if, 7, = 1 in view of (iv).

In the sequel we shall use decompositions of .4, weights into .4; weights several
times, for that reason we collect a few related facts, see [13, Lemma 2.3; 36, chap. 5,
§81.4, 1.9, 5.3, 6.1], and also [38, chap. 9, Thm. 2.1, secs. 4, 5].

Lemma 1.4.
(1) Let 1<pi,ps <00, w; € Ay, wy €Ay, and 6 € [0,1]. Let

-
N —0 o
wr = w,"t wy?, - = —.

p p1 P2

¢ 1 1—9+9

Then w € A,.

(i1) The minimum, mazimum, and the sum of finitely many Ay weights yields again
an Ay weight.

(iti) Let wy and wy be Ay weights, and 1 < p < oo. Then w = wiwy * € A,.

Conversely, suppose that w € A,, then there exist vi,ve € Ay such that

1—
w=uvvy L.

(iv) A positive, locally integrable function w on R™ belongs to A,, 1 < p < oo, if,
and only if,

ﬁ /B fly) dy < (w(CB) /B P (x)w(x) dx>1/p (3)

holds for all nonnegative f and all balls B.

Of course, Lemma 1.3 (i) can be understood as a special case of Lemma 1.4 (i).
Moreover, let E C B and f = xg, then (3) implies that

Il (B
m= () - Fon @

whenever w € A,, 1 <p < oo.
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FEzxamples 1.5.
(i) One of the most prominent examples of a Muckenhoupt weight w € A,

1 <p < o0, is given by w(z) = |x|?, with

—n<o<n(p-1), ifl<p<oo,

= |x|? if, and only if
w(z) = |z|® € A, if, and only if, {—n<g<07 ifp—1.

Thus r, = 14+ £ and w € A, if ¢ <0, whereas w ¢ A, for o > 0.

(ii) Let
o(@) = Jz[*log ™ (2 + |]) or w(w) = |a|*log” (2 + |a] ).

Then, also in view of Lemma 1.4 one verifies that

R, if — 0
vea i [PER f-n<a<o
6>0, ifa=0,
whereas the counterpart for 1 < p < oo reads as
veA, if —n<a<n(p-—1), BeR,

see also [13, Lemma 2.3]. Similarly as above, r, = 14 =-.

(iii) Finally,
w(z) = |z, € A, if, and only if, —1<a<p-1,

where © = (21,...,2,) € R" and 1 < p < oo. This is a special case of
(13, Lemma 2.3], see also [18, Prop. 2.8]. We return to these examples (and
combinations of them) in the sequel.

1.2. Function spaces of type B, (R™,w) and F; (R",w) with w € A

Let w € Ay, be a Muckenhoupt weight, and 0 < p < co. Then the weighted Lebesgue
space L,(R™, w) contains all measurable functions such that

If | Ly(R™,w)| = (/Rn|f($)|pw(x) dx>1/p

is finite. Note that for p = oo one obtains the classical (unweighted) Lebesgue space,
Loo(R"w) = L(R"?), w € Aw. (5)

We thus restrict ourselves to p < oo in what follows.
The Schwartz space S(R™) and its dual S'(R™) of all complex-valued tempered
distributions have their usual meaning here. Let ¢y = ¢ € S(R™) be such that

suppp C {y e R" : |y <2} and ¢(z)=1 if |z] <1,
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and for each j € Nlet ¢;(z) = ¢(2772) — (277 x). Then {¢;}52, forms a smooth
dyadic resolution of unity. Given any f € S'(R™), we denote by Ff or f, and
F~1for fV, its Fourier transform and its inverse Fourier transform, respectively. Let
f € 8’'(R™), then the compact support of ¢, f implies by the Paley-Wiener-Schwartz
theorem that (;f)Y is an entire analytic function on R™.

Definition 1.6. Let 0 < ¢ < 00, 0 < p < o0, s € R, and {¢;}; a smooth dyadic
resolution of unity. Assume w € A..

(i) The weighted Besov space By ,(R",w) is the set of all distributions f € S'(R")
such that

[e%e} 1/q
171854 )l = (217 e | LEol) )
j=0
is finite. In the limiting case ¢ = oo the usual modification is required.

(ii) The weighted Triebel-Lizorkin space Fj (R™ w) is the set of all distributions
f € §'(R™) such that

0 1/q
1 | F2 (R w)]| = H (Z 2fsq|f1<sojff><~>|q)
=0

L,,(R",w)H

is finite. In the limiting case ¢ = co the usual modification is required.

Remark 1.7. The spaces B, ,(R",w) and F; (R",w) are independent of the partic-
ular choice of the smooth dyadic resolution of unity {¢;}; appearing in their defi-
nitions. They are quasi-Banach spaces (Banach spaces for p,q > 1), and S(R") —
B, (R" w) — S'(R"), similarly for the F-case, where the first embedding is dense
if ¢ < o0; see [3]. Moreover, for wy = 1 € Ay we re-obtain the usual (unweighted)
Besov and Triebel-Lizorkin spaces; we refer, in particular, to the series of monographs
by Triebel [39-42], for a comprehensive treatment of the unweighted spaces.

The above spaces with weights of type w € A, have been studied systemati-
cally by Bui et al. in [3-6]. It turned out that many of the results from the un-
weighted situation have weighted counterparts: e.g., we have F),(R™, w) = h,(R", w),
0 < p < oo, where the latter are Hardy spaces, see [3, Thm. 1.4], and, in particu-
lar, hy(R™, w) = Ly(R",w) = F4(R", w), 1 < p < oo, w € Ay, see [37, chap. VI,
Thm. 1]. Concerning (classical) Sobolev spaces W} (R™, w) (built upon L,(R",w) in
the usual way) it holds

WER™ w) = F¥y(R",w), k€Ny, 1<p<oo, weA,

see [3, Thm. 2.8]. Further results, concerning, for instance, embeddings, (real) inter-
polation, extrapolation, lift operators, duality assertions can be found in [3,4, 16, 32].
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Rychkov extended in [33] the above class of weights in order to incorporate locally reg-
ular weights, creating in that way the class .A;)OC. Recent works are due to Roudenko
[15,31,32] and Bownik [1,2]. We partly rely on our approach [18].

We collect some more or less immediate embedding results for weighted spaces of
the above type that will be used later. For that purpose we adopt the nowadays usual

custom to write A;  instead of By , or F , respectively, when both scales of spaces

are meant simultaneously in some context.
Proposition 1.8. Let 0 < ¢g<o00,0<p<oo, seR, and w € A.

(i) Let —oo <81 <sp <00 and 0< gy <q <oo. Then

A;?q(R",w) f—>AZ}q(R",w) and A3 (R" w)—— AS (R", w).

P,4q0 P,q1
(ii) We have

B, R",w) = F; (R",w) — B, (R™, w).

;min(p,q) ;max(p,q)
(iil) Assume that there are numbers ¢ > 0, d > 0, such that, for all balls,
w(B(z,r)) > er?, 0<r<1, zcR™ (7)

Let 0 < pg < p1 <00, —00 < 51 < 89 < 00, with

d d
So—— =81 — —. (8)
Po P1
Then
By o(R",w) — Bl (R", w), (9)
and
F:lfoo,oo(RHJ w) — Fi)gll,q(RTL, w). (10)

(iv) Let w satisfy (7) and let 0 < pg < p < p1 <00, —00 < §1 < § < 59 < 00 salisfy

d d d
So—— =8§—— =5 — —.
Po p P1
Then
B p(R™, w) — F (R", w) — By} ,(R", w). (11)

Proof. Parts (i)—(iii) coincide with [3, Thm. 2.6] where, in particular, assumption (7)
is denoted by w € My. As for (iv) we use the partial result
Foo J(R™w) — B, (R, w) (12)

Po,00 P1,pPo
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from [3, Thm. 2.6] together with (10) and interpolation results for weighted F-spaces
in [3, Thm. 3.5]. Obviously, the right-hand side of (11) is a consequence of (12)
together with (i) (for A = F). As for the left-hand side, choose, for given sg, po,
and s, suitable numbers o1, 09, and 0 < 6 < 1 such that for appropriate r1, o,
d d .
01> 80> 02>8, So=(1—0)o1+ 009 and oi——=s8——, 1=1,2.
bo T
According to (10),

Er R w) — F (R w), i=1,2.

Po,0©

On the other hand, the interpolation results [3, Thm. 3.5] read in our case as

(F7 o (R™, w), F2? ((R",w)), =B (R" w)

P0,00 P0,00 0,p Po,p
and
(thq(R",w),Ff%q(R”,w))G’p = F,; ,(R", w),
which concludes the proof of (11). O

Remark 1.9. The above embeddings (i) and (ii) are natural extensions from the un-
weighted case w = 1, see [39, Prop. 2.3.2/2], whereas (iii) and (iv) with d = n have
their unweighted counterparts in [35, Thm. 3.2.1; 39, Thm. 2.7.1].

Remark 1.10. We shall need an extension of the (unweighted) Besov spaces B, ,(R")
to so-called weak-B; , spaces. By this we mean the modification of (6) (with w = 1)

g
when L,(R™) is replaced by the Lorentz space L, - (R"),

o0 ] 1/q
|f | weah-B2,,(R™)]| = (Z 25| F (0, Ff) | Lp,oo<R">||Q) e
=0

Note that )
f | Lp,OO(Rn)” ~suptr f*(t),
t>0

where f* is the non-increasing rearrangement of f, as usual,
ff)=inf{s>0:[{z eR":|f(z)|>s} <t}, t=>0.

We recall the definition of atoms. Let for m € Z" and v € Ny, @, ,, denote the
n-dimensional cube with sides parallel to the axes of coordinates, centered at 2~"m
and with side length 27%. For 0 < p < o0, v € Ny, and m € Z"™ we denote by Xl(},)’r)n

the p-normalized characteristic function of the cube @, ,,

vn

n R for =€ Qum,
o for z ¢ Qum,

hence HXI(/p%z | Ly(R™)[| = 1.
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Definition 1.11. Let K € Ny and b > 1.

(i) The complex-valued function a € CX(R") is said to be an 1g-atom if
supp a C bQo,m for some m € Z", and |D%a(x)| < 1 for |a] < K, z € R".

(ii) Let s € R, 0 < p < oo, and L+ 1 € Ny. The complex-valued function
a € CK(R") is said to be an (s, p) k. -atom if for some v € N,

suppa C bQy.m for some m € Z",
D%(z)] < 277G Flel for o] < K, zeR”,

/ Pa(z) dz =0 for |8] < L.

We shall denote an atom a(x) supported in some @, ,, by a,,,,, in the sequel. For
0<p<oo,0<g<oo, we Ay, we introduce suitable sequence spaces by, (w) by

bp,q(w) = {)‘ = {)‘V,m}u,m D Aum € C,

o0 q\ 1/q
|Abp,q(w>|=(2 S o XL (R, ) ) <oo}. (14)
v=0"mezn

Then the atomic decomposition result used below reads as follows.

Proposition 1.12. Let 0 < p < o0, 0 < g <00, s € R, and w € Ax be a weight
with .y, given by (2). Let K,L+ 1 € Ny with

Tw

K>(1+[s])+ and L> max(—l, [n(p - 1)+ —SD

Then f € S'(R™) belongs to B, (R"™,w) if, and only if, it can be written as a series

f= Z Z Avm@y.m (),  converging in S’ (R™), (15)

v=0megzn

where a, ;,(x) are 1g-atoms (v = 0) or (s,p)k,r-atoms (v € N) and A € byq(w).
Furthermore
If[|A ] by (w)]|

is an equivalent quasi-norm in B;q(R”, w), where the infimum ranges over all admis-
sible representations (15).

The above result coincides with [18, Thm. 3.10], see also [1, Theorem 5.10].
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1.3. Wavelet characterizations of Besov spaces with A., weights

Nowadays there is a variety of excellent (text)books on wavelet theory and hence we
may assume that the reader is familiar with basic assertions. For general background
material on wavelets we refer, in particular, to [10,21, 26, 43].

Let 5 be an orthogonal scaling function on R with compact support and of suf-
ficiently high regularity. Let ¢ be an associated wavelet. Then the tensor-product
approach yields a scaling function ¢ and associated wavelets 11, ..., ¥on_1, all defined
now on R™. We suppose

peCcM (R) and supp ¢ C [— N3, No]
for certain natural numbers N7 and Ns. This implies
b,; € CM(R™)  and  supp é,suppty; C [—-Ns, N3], i=1,...,2" —1.  (16)
We shall use the standard abbreviations
Gum() =2"2p(2"x —m)  and Py (x) = 27 202" — m).

Apart from function spaces with weights we introduce sequence spaces with
weights. Let 0 € R. We extend (14) by

b;q(w) = { A= {>\y,m}u,m : Al/,m S (Cv

e q\ 1/q
A8, ()] = (Z 270 [ 7 a0 x2), \ L,(R",w) ) < oo}
v=0 mez”
and
ly(w) = {)\ ={ An}tm: Am €C,
ATyt = | 3 dwdth | 2ptr )| < o0 .
meZL™

If o = 0 we write b, ,(w) instead of b7  (w); moreover, if w = 1 we write by , instead
of by ,(w).

For smooth weights and compactly supported wavelets it makes sense to consider
the Fourier-wavelet coefficients of tempered distributions f € S’(R™) with respect to
such an orthonormal basis.

Theorem 1.13. Let 0 < p,q < oo and let s € R. Let ¢ be a scaling function and
let ;, i =1,...,2" — 1, be the corresponding wavelets satisfying (16). We assume
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that |s| < Ny. Then a distribution f € S'(R") belongs to B; ,(R",w), if, and only if,

171 By R w)[|" = [[{{f, bo.m)}mezn | &p(w)]|
271
+ Z H{<f7 wi,u,m>}V€No,m€Z” ‘bg,q(w)H < o0, (17)
i=1
where 0 = s+ 5 — 3. Furthermore, || f | By ((R",w)|[* may be used as an equivalent

(quasi-)norm in By (R™, w).

Proof. The idea of the proof is standard, see [31, Theorem 10.2].

First we assume that (17) holds. There exists a positive constant ¢ such that
functions a; , m(z) = clgvls £77)¢z vm are (s, p)-atoms and agm () = ¢ Loom
are l-atoms. The distribution f can be represented in the following way:

o1
f: Z <f7 ¢0,m>¢0,m+ Z Z Z <f7wi,1/,m> '(/Ji,ll,m
mezn i=0 veENg mezZ™
2" —1
= Z c(f, do,m)ao,m + Z Z Z 2GS (s Vi m,  (18)
meZLn 1=1 veNg mez™

see also Remark 1.14 below. So Proposition 1.12 implies

1f 1 Bpq(R™, w)]|

<0 T tronmnith |y )|
mEZTI
n a\ 1/a
Z (Z Z 21/(S+**E ¢1um> LP(R",w) )
= v=0"meZ"
2" —1
< CH{ f7 ¢0 m>}m€Z” ‘ H + Z H{ f7 wzum }VGNO mezn b;q(w)H
=0

Now let f € B, (R",w). We can define an equivalent (quasi-)norm in the
Besov spaces with A., weights using the inhomogeneous ¢-transform, see [1, 14].
Let ® € S(R") and &y € S(R™) satisfy supp® C [, 7] \ {0}, supp ®o C [—m, 7],
and sup;en{ |D(279€)|,|D0(£)|} > 0 for all ¢ € R™. Given a pair &y, & € S(R")
satisfying the above conditions one can find functions ¥y, ¥ € S(R") satisfying the
same conditions and such that

Z (279€)T(279¢) =
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for all £ € R", see [14]. Let ®;,,(z) = 2%/20(2x —m), j € N, and m € Z".
Moreover, we put &g ,,(z) = ®o(x —m), m € Z". In a similar way we define ¥; ,,,.
The inhomogeneous ¢-transform Sg is a map taking each f € S’(R™) into the sequence

So(f) = (Sof)jm defined by
(S<I>f)j7m = <f7 (pj,m>, ] € NO, and m e Z".

The inhomogeneous inverse -transform Ty is a map taking each sequence

A ={Njm}jeNg,mezn toO
V= N,

j=0 mezn

with convergence in S’(R™). We have the following representation formula,

f=TyoSs(f) (19)

for any f € S'(R™). The operator Sg is a bounded operator from B, (R",w)
into b (w) and Ty is a bounded operator from b7 (w) onto By (R™ w). More-
over, Ty o Sg is the identity operator on B,  (R",w). Thus

K0 @jm) i [0, ()] < C|[f | B o (R™ w)]|. (20)
Applying the formula (19) to the function v; , ., we get

fawzum ZZ f7 gk wluma ]7>

7=0 kezn

A similar formula holds for {f, ¢o,). The numbers A\, ) k) = (Yi,vm, Pjx) form
the almost diagonal matrix in the sense of Frazier and J awerth see [14, Lemmas 3.6,
3.8 and Remarks in §12]. Thus the almost diagonal operator related to the matrix
is bounded in b7  (w), see [1, §5.4]. Since the coefficients (f, W, ) satisfy also the
inequality (20) we get

£ 1 By g R™ )" < CI{(f, Wjm) bjom | 0] g (w) || < O f [ By 4(R", w)].
This finishes the proof. ]

Remark 1.14. The representability (18) of f € S'(R™) may not be clear immedi-
ately. However, using Holder’s inequality and the already mentioned “reverse Holder
inequality” of A, weights ([36, chap. 5, Prop. 3, Cor.]) one can reduce the argu-
ment to the corresponding one for admissible weights, say, of type ()%, o € R,
since B, ,(R™, w) can be squeezed in between spaces of type By,  (R", (x)*), i = 1,2
(for suitably chosen «, p;, i = 1,2). But then [20] implies the representability (18)
(at the expense of some higher smoothness and cancellation needed for the atomic
decomposition argument according to Proposition 1.12), see also [42].
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2. Continuity and compactness of embeddings

We start with a general result on weighted embeddings and discuss its consequences
in different settings afterwards.

Proposition 2.1. Let wi and ws be two Ao weights and let —oo < s9 < 87 < 00,
0 <p1,p2 <00, 0<q1,q2 < 00. We put

1 <1 1) 1 <1 1>
— === = and — === .
p P2 P/ q @ 0/

(i) There is a continuous embedding Byt , (R",wy) — B2  (R™, wy) if, and only
if,

{270 [{ (w0 Quan)) P (w1(Quan)) ™" b | ]|}, € e (21)

(ii)) The embedding B, (R™ wy) — B2 (R™, wsy) is compact if, and only if,

P1,91 Pp2,92

(21) holds and, in addition,
VILIEO 2711(51752)||{(w2(Qu,m))l/p2 (wl(QV,M))il/pl b [ lpel| =0 if ¢* = o0,
and

lim  (wa(Qum)) P2 (w1 (Qum)) /P =00 for allv € Ny if p* = co. (22)

[m|—o0
Proof. Tt follows from the last theorem that the mapping

T: f— ({{f,d0,m)tmezn, {{fsVivm)}veng,mezn i=1,. . 27—1)

is an isomorphism of B,  (R",w) onto £,(w) @ (@12:1_1 b (W), 0 =s+ % — 7.1t
can be easily seen that the last sequence space is isomorphic to by q(w). Consequently

we have the following commutative diagrams,

s n T o o T ps n
Bpiyfh (R ’wl) bpllﬂh (wl) bpll,ql (wl) > Bp17q1 (R 7w1)
Idl lid and idl lld
B2, (R™,ws) <> 72 (ws) b2 (ws) <S— B2 (R, ws)
P2,92 » W2 P2,q2 2 P2,q2 2 P2,92 » W2/
where T" and S are the corresponding isomorphisms and o; = s; + 5§ — ﬁ, i=1,2.

On the other hand, one can easily verify that the expression

oo a/p\ 1/4q
(X2t (X P2 @) )

v=0 mezmn
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is an equivalent norm in b (w). But w(Q,m,) > 0 for any v and m. So we can
reduce the investigation of the embeddings of two weighted sequence spaces to the
study of embeddings of a weighted space into an unweighted one, using the following
commutative diagrams,

A~
bgll,th( 1) 4 bgi a1 (w1 /ws) bgll @ (w1 /ws) > bfnl T (wr)
IdJ/ iid and idl lld
po2 Al po2 ho2 A o2
P2, q2( W) <~ P2,q2 p2,q2 = Upa, Q2( wa),

where bp? . denotes an unweighted space, i.e., with weight w = 1. But the nec-

essary and sufficient conditions for the boundedness and compactness of the em-
beddings b7 @ (w1 Jwa) — b72  are known, see [24, Theorem 1]. Taking w, ., =
(ZV”w(Q%m)) in the last mentioned theorem we get the result. O

Remark 2.2. In view of (5) it is clear that we obtain unweighted Besov spaces if
p1 = p2 = 00. Then by (1), w1(Qu,m) = w2 (Qu.m) = 277" for all v € Ny and m € Z",
such that (21) leads to p* = o0, i.e., p1 < po, and

n n
d=851———52+— >0, (23)
Y41 p2
with the extension to § = 01if ¢1 < go, i.e., ¢* = co. Moreover, by (22), the embedding
is never compact (as is well-known in this case).

Furthermore, (i) generalizes Proposition 1.8 (iii), in particular (9), since taking
wy = wy = w satisfying (7), we obtain that w(Q, ) > ¢27%? for all m € Z" which
immediately leads to p* = co in (21), i.e., p1 < pa. Moreover, (8) then yields that

1 1
9 v(1=s2Hd(5;-50) = 1 for all v € Nyg. Hence ¢* = oo, that is, ¢ < ¢o. Thus
Proposition 2.1 (i) implies (9).
Examples 2.3. We collect some elementary examples and explicate the proposition in
their context.

(i) Let
we(z) =lz|% 2eR", —n<a<oo. (24)

It is well known that w, € A; if & < 0 and w, € A, provided that o« < n(r—1).
If @ > 0, then the embedding

B;i#h (Rn ) B;;,QQ (Rn)
is continuous if, and only if, & o> p— and5> £ 1fq —ooor5> —llfq < 0.
The embedding is compact if, and only 1f — > —* and 0 > o Jfn<a<0,
then the embedding is not continuous.
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(ii) We consider (24) with —n < « < 0; here one can deal with embeddings

B (R") — B2 (R",w,).

p1,91 Pp2,q2

The embedding is continuous if, and only if| p% < —1% and § > —p% if ¢* =
ord > 77% if ¢* < oo. The embedding is compact if, and only if, z% < fp% and
0> —=.
D2
(iii) If
W, () (%) = |2a]®, == (21,...,2,) €ER", a >0,
then the embedding

By (Rnawoc,(n))c—>Bs2 (Rn)

P1,91 D2,92

is continuous if, and only if, p* = co and § > 1%1 if ¢f =occord > 1% if ¢* < oc0.
The embedding is never compact.

Further examples are studied in detail in the next sections.

As already mentioned, we may restrict ourselves to the situation when only the
source space is weighted, and the target space unweighted. However, for compari-
son with the unweighted case we shall study two types of embeddings; firstly and
essentially we concentrate on

B3 (R", w) — B2 (R"), (25)

P1,491 p2,92

where w € A,,. We shall assume in the sequel that p; < oo for convenience, since
otherwise we have Byt  (R",w) = Byt | (R"), recall (5), and we arrive at the un-
weighted situation in (25) which is well-known already. Therefore we stick here to the

general assumptions
—00< s <s1 <00, 0<p<oo, 0<ps<oo, 0<gqi,q <oo. (26)

Secondly, we shall occasionally formulate some results in the “double-weighted” situ-
ation, in particular, corresponding to the setting

B;ifh (Rn’ w) R B;;qz (Rn’ w) (27)
with
—00 < 83 <851 <00, 0<pi,p2<oo, 0<q,q <oo. (28)

Ezample 2.4. Obviously all Examples 2.3 have their immediate counterparts for em-
beddings of type (27), e.g.,

By (R wy) — B2 (R",w,), —n<a<oo, (29)
is continuous if, and only if, p* = oo (that is, p1 < ps) and 6 > oz(p—l1 - p%) >0 if
q¢* = o0, 0r § > a(t — L) >0if ¢* <co. The embedding (29) is compact if, and

pP1 p2/ —
only if, § > Oz(p% — p%) > 0. If —n < o < 0, then the embedding is never compact.
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Remark 2.5. The continuity assertion of the above example is well-known in the
unweighted case o = 0. However, there is no compactness in unweighted situations
possible, unlike in (29).

2.1. Weights of purely polynomial growth

We consider weights of polynomial growth both near zero and infinity of the form

lx|> i |z <1, .
o = th > —n, > —n. 30
We,3(T) {|x|5 it ] > 1, wi o n, f3 n (30)

Obviously this refines the approach (24), i.e., for « = 8 > —n we arrive at Exam-

ple 2.3 (i), wq,a = wq. Note that 7y, , =1+ M in this case.

Proposition 2.6. Let w,, wg be given by (24), respectively, and wq g by (30).
(i) Let wy € A, and wg € A, 1 <r < oo. Then wag € A,.

(ii) Let the parameters be given by (26). The embedding B:' , (R™, wq,) —

P1,91
s ny\ - . ) .
B2 . (R™) is continuous if, and only if,

either (>0 if p* =00,
B _n o, (31)

and one of the following conditions is satisfied:

«
52max<,0) if ¢* =00, p"=o0,
p1
a n n o«
(52111&)((,*) Zf q*:OO7 p* < o9, 7*7&77
p1 P p P1
0> max(a, Ti) otherwise.
pr P
(iii) The embedding Aj} (R, wa,5) — Ap2  (R™) is compact if, and only if,
n n o«
£>7 and 5>max<,>.
p1 p p*

Proof. According to Lemma 1.4, the minimum and maximum of two .4; weights is
also an A; weight. Moreover, w'™" € A, if w € A;. Using the above facts one can
prove part (i).
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Parts (ii) and (iii) for Besov spaces follow easily from Proposition 2.1 since for any
a > —n we have

WalQuo) ~ 2770 and  wa(Qun) ~ 277 | if m £ 0.

Part (iii) for Triebel-Lizorkin spaces follows from the Besov case in combination with
Proposition 1.8 (iii). O

Remark 2.7. When p* < oo, the restriction pﬁl > 1% in (31) cannot be weakened;
however, the limiting case pﬁl = 1% can be included in the framework of weak-Besov
spaces, recall their definition in (13). This will be contained as a special case in
Proposition 2.10 below. Obviously, Proposition 1.8 and part (ii) of Proposition 2.6
imply continuity assertion in the F-case, too, where some care is needed whenever the
g-parameters are involved. However, we are mainly interested in compact embeddings
in the sequel and omit further discussion.

We turn to the double-weighted situation now.
Proposition 2.8. Let wa, g, and wa, g, be given by (30).

(i) Let the parameters be given by (28). The embedding By , (R", wa, 5,) —
B2 (R™, wa,.8,) 15 continuous if, and only if,

p2,92
either é—@20 if p"= o0,
pP1 P2
n
or é—@>—* if pt< oo,
pPr D2 p

and one of the following conditions is satisfied:

@ @
5>max<1_270> Zf q*:oo7 p*:OO,
P b2
@ as n n o« «@
(SZIH&X(lQ,*) Zf q*:OO, p*<OO, 77&717723 (32)
P1 p2 P p P1 D2
«@ as n
6> max(1 — —2, *> otherwise.
b1 P2 P
(ii) The embedding Ayt , (R", wa, p,) — A2 (R", wa, p,) is compact if, and only
if,
n @ as n
&—&>—* and 5>max<1—2,*>.
pr p2 P P b2 p
Proof. The argument is parallel to that one given for Proposition 2.6 above. O
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Remark 2.9. If we take as = 5o = 0 we get Proposition 2.6. In case of a1 = as = «
and #; = [y = [ we obtain an embedding of type (27), in that way extending

Example 2.4 (where we considered the special case @« = (). Then the embed-
ding B! , (R", wap) — B2 . (R",w, ) is continuous if, and only if, p1 < po,
ﬂ(pil - p%) > 0, and one of the following conditions is satisfied:
11 .
d > max(«,0) ( - ) if ¢* = o0,
P11 P2
11 .
d > max(a,0)| — — — it ¢* <oo.
P11 P2

The embedding B;! , (R",wa,5) — B;2 . (R™, w, ) is compact if, and only if,

1 1
8>0, p1 < P2, and 0 > max(«, 0) < — )
b1 P2

As already mentioned, we deal with the limiting case pﬁl = p% separately; in view
of (31) it is excluded in the context of target spaces B, ,(R") (apart from p* = oo).
But in the context of weak-Besov spaces we obtain the following extension.

Proposition 2.10. Let —00 < 59 <851 <00, 0<p; <00,0<q1,q20 <00, > —n,
B >0, and assume

=B+ o _
p1
Let ps be given by p% = p% + n%l. Then
B g R" wa p) — weak-By; , (R") (33)
if
either so < 81 — M, 0 < g2 < o0,
4!
A ) S )
b1
Proof. Step 1. By elementary embeddings (monotonicity of the spaces) it is sufficient
to prove (33) for the case so = s7 — (‘)‘;7?)*, and ¢ = g2 = ¢ only, that is, using

notation (30), we have to show that

1 1 g (= B)+
Bt (R"™ wy g) — weak-B:2 (R™), — = —+ , So=8 — ———, (34
pial ) e g(R™) v o g 2 =81 . (34)

with s € R, 0<p; <o00,0< q<o00,a>-n,3>0.
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Step 2. We first assume o < 8 such that so = s1 = s and (34) reads as
1 1
EER

B;hq(Rn’waﬁ) R wea’k'stimq(Rn)’ ]72 B ]Tl np1 a<pB.
The argument is based on the observation that
Lp, (R", w) < Ly, oo(R™) (35)

if w /P e L, (RY), 1 =1L1_—

> ]%1. Recall that real interpolation together with
Hoélder’s inequality gives

LPl (Rn) : LT7OO(RTL) - LP27;D1 (Rn)
in the sense that for all h € L,, (R™), g € L, oo(R™), then hg € Ly, ,, (R") with

189 | Lpy py R™)[| < c[|B | Lp, (R™)[[ g [ L 0o (R™)]]- (36)

Now let f € L,, (R",w). Then h = fw'/Pt € L, (R™). Assume for the moment that
g=w"'" € L, o(R") with r = "B-. Then (36) implies (35).

1f Lpz’OO(Rn)H <c|f] Ly, R
< | fw'/Pr | Ly, (R™)|[ [w ™/ | Ly oo (R™)
< f | Ly, (R™,w)]|.

It remains to show that w;lﬁ/pl € L, oo(R™) for —n < a < 3, 5> 0. Let

. lo| 770 if o <1,
g(z) = w, x) = s
(@) s @ {|x| o if |z > 1.

Then, for a > 0,

‘) tEer i £ <1,
~ <]
/ e i > 1,

and so
f-a g5
lg | Lr,co(R™)]| ~ sup t%g*(t) + supt%g*(t) ~ sup t 1 +suptnrr ~ 1
0<t<1 t>1 o<t<1 t>1

for 0 < a < . In case of —n < a < 0 we get at least g*(t) < ¢t~ +, t > 0, leading to

g = w;lﬁ/m € L, oo (R™) again.

Step 3. Assume a > ( > 0 such that we have s; = s1 — ap;lﬂ < s1 in (34). In
view of Proposition 2.8 (i) we have
a—p

p1

B (R", wap) — B? (R, wgg), §=5 —52=

P1,9 P1,9 > 0’
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see (32). Moreover, Step 2 yields

1 1 I6]
B%2 (R™ k._BS2 R™ - = R
(R, ws ) > weak-By; ,(R"), 2 1 + np1’
and this concludes the proof. O

2.2. General weights

Now we deal with general weights w € A,, 1 < r < oo, and will check what Proposi-
tion 2.1 means in this context. Essentially, we concentrate on two types of embeddings:
either the target space is unweighted,

id,, : B!

Pp1,91

(R™,w) — B2 (R"), (37)

Pp2,92

with (26), or both source space and target space share the same weight,

idyy : B2Y

P1,91

(R, w) — B 4, (R, w), (38)

P2,92

with (28), recall also Proposition 1.8.
We begin with a short preparation in order to apply Proposition 2.1 for such
situations. Hence we have to consider expressions of type wQ(Q,,’m)l/ple (Ql,’m)_l/p1

only, that is, 27"/P2w(Q,, ) ~'/P* in case of (37), and w(Q%m)%_ﬁ in case of (38).
Let w € A,, 1 <1 < co. Then, by (4),

W(Qum) > 27" w(Qoy)  forall Qum CQos, v €Ny, mleZ” (39
So, for any s < 0,
W(Qum)” < 27" w(Qoa)*, Quum C Qoy,
and thus

(@) b | Cocll < 27 (it 0(@0,)", <0, veNy,  (40)

with w € A,, 1 <r < co. Moreover, for arbitrary v > 0, (39) leads to

lim w(Qum)” =oc0 forallveNy if and only if, lim w(Qo;) =oc0. (41)

|m|—o0 [l|—o0

Summarizing the above considerations, we find that for embeddings of type (37)
or (38) the conditions

inf w(@o1) > ¢ > 0, (12)
and
|1Fm w(Qo,) = 00, (43)
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are essential when p; < po, i.e., p* = co. If p* < o0, then careful calculation leads to

< er e (Y (@)
l
= c27VtEE D7 |

for 2 < 0, v € Ny, as the counterpart of (40). This corresponds to (37) with
»x = —1/p; < 0. Therefore the adequate replacement of (42) for p* < oo reads as

{ew(@o) ™7}, 14

1/p*
1{0( Qo) | £ ’

(44)

Note that there cannot be a continuous embedding of type (38) if p1 > pa2, w € Axo,
and (at least) (42) is assumed to hold, since (39) implies then for some r, 1 < r < oo,
that

W(Qum) > 277" forall veNy, melZ,

i@, o] = (i)

diverges for any v € Ny. So we are left to consider the case p; < po as far as (38) is
concerned. We begin with the case (37).

such that
Ly

Corollary 2.11. Let the parameters be given by (26) with p1 < ps. Let w € Ay
with ., given by (2).
(i) Let
n
6> —(ry —1). (45)
b1
Then id,, in (37) is continuous if, and only if, (42) is satisfied.
The embedding id,, in (37) is compact if, and only if, (43) holds.

(ii) Let 6 <0, then B3

p1,91

(R™ w) is not embedded in Bs2  (R™).

P2,92

(iii) Let 6 =0. When ¢* < oo, then B3! . (R™ w) is not embedded in B52 . (R™).

P1,q1 P2,q2
When ¢* = oo and w € A,.,, that is, r, = 1, then id,, in (37) is continuous if,
and only if, (42) is satisfied.

(iv) If (45) is not satisfied, then for every r > r, there exists an A, weight v
satisfying (42) such that the space B3t (R™, v) is not embedded in B2z , (R™).

P1,q1 D2,q2

Proof. Step 1. If (42) does not hold, then obviously there is no embedding (indepen-
dent of ¢) in view of (21) and our above discussion. Similarly, if (43) does not hold,
then the embedding cannot be compact in view of (22) and (41) with v = 1/p;.
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Step 2. Let (45) be satisfied and r > r,, such that

n n
6> —(r—1)> —(r,—1), 46
pl(r ) pl(r ) (46)

then w € A,. Thus (40) with > = —1/p; < 0 leads for (21) (with wy = w, wy = 1)
to the estimate

27 {0 Qun) 7 (01 Qo)) 7 | o
< 2 D) (gt (o)
= 2O (i w(@Qo) L (47)

So the continuity and compactness of the embedding follow from Proposition 2.1 in
view of (42) and (46). Together with Step 1 this concludes the proof of (i). As
far as (iii) with ¢* = oo and w € A, = A; is concerned, we can adapt the above
argument by taking r = r, = 1 such that (47) and (21) (with ¢* = c0) give the result.

Step 3. Concerning (ii) and (iii) it remains to show that for 6 < 0 or § = 0 and
q* < oo there is no embedding (37) (even) if (42) is satisfied. Since

w >2™" min w
(Qo,m) B 1:Qu,1CQo,m (Qy7l)’

one obtains ||{w(Q07m)*1/”1}m [l < 2*””/p1||{w(Ql,J)*1/p1}l | /]| Thus,

[{zrem B oy, e,
> {2l @om 2, ]} |
= [[{@o) 7}, o270},

=

= 0

if § <0Oord <0andqg* < oo.
Step 4. 1If (45) is not satisfied, then for any r > r,, there is some 0 < « such that

s< 2 <X

pr P
Hence v = w, € A, and the embedding B,! , (R",w,) — B,? ,,(R") does not hold,
see Example 2.3 (i). O

Remark 2.12. Tt is obvious that we obtain by (i)—(iii) a complete characterization
(with respect to d) in case of w € A; only, i.e., when r, = 1. Otherwise there
remains the gap

0<3< L(ry—1)
P1
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(apart from the complementing assertion (iv), of course). However, it is not surprising
that general features of w like 7, and (42) are not appropriately adapted for the
interplay with the parameters (26) as required in Proposition 2.1. Reviewing, for
instance, Proposition 2.6 and its proof one realizes that more information of the
weight is used than reflected by 7, and (42) only. For example, Corollary 2.11 covers

only the cases f > 0 and § > max(a,f)

neglecting the (admitted) situations when W <5< W. But this requires
further information on the weight, as already mentioned.

in Proposition 2.6 (with p; < ps), thus

Corollary 2.13. Let the parameters be given by (26) with py > pa. Let w € A
and r, be given by (2).
(i) Let
5> = ir, —1).
p p1
The embedding id,, in (37) is compact if, and only if, (44) holds.

(ii) Let 6 < %, then Byl , (R", w) is not embedded in B2 . (R™).

P1,91 Pp2,92

(ili) Let 6 = J-. When ¢* < oo, then By, (R",w) is not embedded in B2, (R™).

When ¢* = oo and w € A, that is, r, =1, then id,, in (37) is continuous if,
and only if, (44) is satisfied.
(iv) If 1% <6< pll(rw — 1), then for every r > ry there exists an A, weight v

satisfying (44) such that the space By! , (R",v) is not embedded in B;? , (R™).

Proof. This is a consequence of our above considerations and parallel arguments as
presented for the case p* = co. As for (iv), our assumption on r implies that we can
always find some number a with

n « n
—(r=1)>=>d>—,
p1 b1

such that v = w, € A, serves as an example in view of Example 2.3 (i). O

We turn to the double-weighted situation now and restrict ourselves to the case
wy = wa, i.e., when both spaces are weighted in the same way.

Corollary 2.14. Let the parameters be given by (28) with p1 < pe. Let w € Ay

and r,, be given by (2).
(i) Let
n o n
0> (ry -1 ———. 48
o -1 2 - =) (a9
The embedding
idyy : B2Y

P1,91

(R™, w) — B2 . (R" w) (49)

P2,q92
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is continuous if, and only if, (42) is satisfied.
The embedding (49) is compact if, and only if, (43) is satisfied.

(ii) Let § <0, then B3, (R™, w) is not embedded in BZ? . (R™ w).

P1,q1 P2,92
(iii) Let 6 =0. When ¢* < oo, then BS'  (R™, w) is not embedded in B2 (R™, w).

P1.a1 P2.q2
When q* = oo and w € A, , that is, 1, = 1, then idy,, in (49) is continuous

if, and only if, (42) is satisfied.

(iv) If the condition (48) does not hold, then for every r > r,, there exists an A,
weight v satisfying (42) such that the space B3, (R™ v) is not embedded in

s " P1,91
B3 4 (R™,0).

Proof. The proof of parts (i)—(iii) is completely parallel to the proof of Corollary 2.11,
where we apply (40) for s = p% - p% < 0, and (41) with v = p% - p%' If (48) does not
hold, then there is some 0 < « such that

(5<a(1—1) <(r—1)<n—n).
P1r P2 pPr P2

Then v = w, € A, and the embedding B,! , (R",w,) — B2, (R",w,) does not

hold, see Example 2.4. O]

Remark 2.15. Note that the compactness in (i) is in some sense surprising as it is
different from the unweighted situation w = 1 (where one cannot have a compact
embedding as is well-known). Of course, there is no contradiction as (43) is not
satisfied in this case.

Moreover, Corollary 2.14 refines Proposition 1.8 (iii) in some sense: Assume that
(42) is satisfied; then since for an arbitrary ball B(x, p) with radius 0 < ¢ < 1 there
is some m € Z" such that B(z, ) C Qo,m (apart from a universal constant) and (4)
implies for w € A, that

w(B(z,0)) = cg" w(Qom),
we obtain (7) with d = rn. The limiting case § = (r — 1)(J+ — ;-) in (48) coincides
with (8) for d = nr such that (9) covers the continuity of the embedding (49).

We end this section with a somehow astonishing result dealing with the situation
p1 = pe. It turns out that there is no direct influence of the weights on the continuity
or compactness of the embedding (49).

Corollary 2.16. Let the parameters be given by (28) with p1 = pa. Let w € Ax.
Then the embedding (49) is continuous if, and only if,

s1—82>0 if ¢" <oo,
51—822>0 if ¢F=o0.
The embedding (49) is never compact.
Proof. This is an immediate consequence of (21) and (22). O
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3. Entropy numbers of compact embeddings

Let X, Y be two quasi-Banach spaces and let T : X — Y be a bounded linear
operator. The k-th (dyadic) entropy number of T, k € N, is defined as

ex(T) = inf{e > 0: T(Bx) can be covered by 2¢~! balls of radius ¢ in Y},
where By denotes the closed unit ball in X. Due to the well known fact that

T:X —Y iscompact if, and only if, klim ex(T: X —-Y)=0,

the entropy numbers can be viewed as a quantification of the notion of compactness.
On the other hand, the k-th approximation number of T is defined as

ap(T) =inf{ ||T — L|| : rank L < k }.

If ap(T) — 0 for k — oo, then T is compact. So the asymptotic behavior of ap-
proximation numbers also gives us the quantitative analysis of compactness of the
operator. Further properties like multiplicativity and additivity, as well as applica-
tions of entropy and approximation numbers can be found in [9,11,12,30].

We consider the weights w € A, such that

|x|® i |z <1,

~ W, = ith > -n, >0. 50
w(x) ~ wa, g(z) {|$|ﬂ il > 1, wi « n, f3 (50)

It follows from Theorem 1.13 that the investigation of the asymptotic behavior of
entropy numbers of the embedding

B (R",w) — B (R (51)

P1,q1 D2,q2
can be reduced to the estimation of the asymptotic behavior of entropy numbers of

embeddings of corresponding sequence spaces byl (w) — bp? .o see the proof of

Proposition 2.1. First we regard the part near zero. To make the notation more
transparent we introduce the following spaces,

0,(27%0,(w)) = { A={Njm}im: Nim €C, j,m € Ny,

Tt = (22 (3 PPt m>)f’)é <oob (2

j=0 m=0
0427902 (w)) = { {sj1}j0 € €q(27%0p(w)) : 55, =0if I > 2"

01T () = {51}, € L2770 (w)) + 50 =0 1 <72 |,

(with the usual modification in (52) when p = co and/or ¢ = ), v € N. We put
we(j,1) =18 if 1 # 0 and we(5,0) = 1, j € N,.
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Lemma 3.1. Let 0 < p; <00, 0 <ps <00, 0<q1,q2 <00, €R,0>0, and

v e N. Assume = > —% + p%. Then there are positive constants ¢ and C such that

for all k € N the estimates

0 3 1 1 0 3 1 1

k™R < egid L, (2700 (we)) — Laa(G57)) < ORI T
hold.

Proof. Step 1. Preparations. For £ = 0 (unweighted case) the result is known, see
[41, Thm. 8.2]. So we assume that £ # 0. Let

A={A={N\}ji: \Ma€eC, jeNy, 0<I1<A2"}, (53)
and _ .
By = g, (279077 (wy)), By =g, (02"). (54)

Let P; : A — A be the canonical projection onto j-level, i.e., for A = {)\;;} we put

Apg it k=7,

l € Np. 55
0 otherwise, 0 (55)

(PjA) = {

To shorten the notation we put 1/p = 1/p; — 1/pa. Elementary properties of the
entropy numbers yield

en(Pj: Bi— Bs) <279 ¢, (1d : zgf”’ (we) e;j"”’), (56)
and
er(1d: G2 (we) = 627) = ex (Do 77 = 527), (57)

where D, is the diagonal operator defined by the sequence oy = [7¢/P1 if [ > 0 and
og = 1.

Step 2. The estimate from above. We use the notation of operator ideals, see
[9,30] for details. Here we recall only what we need for the proof. For a given bounded
linear operator T' € L(X,Y’), where X and Y are Banach spaces, and a positive real
number r we put

L(f) (T) := sup k" e (T). (58)
keN

The last expression is an operator quasi-norm. Using (56) and (57) we find

LEL(Pj: By By) <279 L)L (D, - 02" 032", (59)

7,00 P2
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Substep 2.1. We fix j in this substep and put N; = 2™, Let o7 denote the

non-increasing rearrangement of oy, [ = 0,..., N;. Thus
* gl if f Z 07
o, =
: (N; —1)=¢/m if ¢ <0.

It should be clear that
ax(Dy : )7 — 0) <op if k< Nj+1, (60)
and ay (D, : 0 Hﬂzj,\ij) =0if k> N; + 1.
For any 8 > 0 there exists Cz > 0 such that

?gglﬁel (DG . EIJJ\ZJ — ZIJO\?) < Cﬂ ?glk)lﬁal (Da : EIJXJ — fé\ij), (61)

see [8, Thm. 1; 9, p. 96] and its extension to quasi-Banach spaces in [12, Thm. 1.3.3].
Let £ > 0. Taking # = ;> we get from (60) and (61) that

k%ek (Dq : EIJXJ' — ffgvlf) <c supl%al(Dg) < Cep,- (62)
1<k

Now (62) and the multiplicativity of entropy numbers imply

keak 1 (Dot O30 5 0N0) < C k7 e (id s 00 s £30).

Consequently,
L) (Do« 55— £05) < ¢ L) (id « €07 — e0)) (63)

P1 ;00
ifl=1-%>0.
If 0 < p1 < ps < o0, then Schiitt’s characterization of the asymptotic behavior of
the entropy numbers ey (id : £} — £)), see [34], implies

1 1
N="% if 1-1>9¢
(e) (3. pN N s p ’
Lspo(ld. by, = EPQ) <c {(logN)l/S y %_ % <0, (64)
Under the assumption % > If—l + % we conclude from (63) and (64) that
. v in(l_ & _1
LE (D 65 s 0N5) < 027G 7o), (65)
where the constant C' depends on +, but is independent of j.
If 0 < p2 < p1 < o0, then
LEL(id: 6N s ) < eN+ 77, (66)
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and (63) and (66) imply for * > max(pi1 +1,0) that

e ) ~ in(i_& 1
L) (D s 41 £0) < €27 7o)

- (67)
Let £ < 0. Then

sup Pay (D(7 : Eé\’lﬂ' — 5117\’1.7’) < sup lﬁ(Nj _ l)—&/m

I<k 1<k

< min(k7 CB,¢,p1 Nj)B<Nj - min<k’ cﬁ;ﬁ;ple))_f/pl

<C (NG = k)7 b < caep NG,
= VB8 Ng_g/pl
J

if k 2 CB.¢,m1 Nj.
Consequently,

kﬁek(Dc, 0N s s

b0 7)< Cogp NP (68)
Now using (68) we obtain

_ £
K ean 1 (Dot 00— £30) < ON) 7P i —Pey(id s 030 > £)).

Let us choose first r such that 1
1

(69)

S

> max(0, %), and now S > 0 such that
=1_-3> max(0, %) Then (68) and (64) or (66), respectively, imply

_£
L (D, 6 £35) < ON) T (1)

Pl , (70)
where the constant C depends on ~, but is independent of j.
Substep 2.2. Now, for given M € Ny, let
M 00
P=) P and Q= > P (71)
j=0

J=M+1

The expression L$ilo (T') is a quasi-norm therefore there exists a number 0 < o < 1
such that

0. (Y1) <3 L)
J J

N (72)
see Konig [22, 1.c.5]. Hence, (59) and (65)—(72) yield
M M ; 1 £ 41 0
Li?go(P : By By)? < ZLy(fc)m(Pj : By B)? < ¢y ZQJVLQ(;—(H-F;)—;)
j=0 =0
< ¢y QnMQ(%—(%-‘r%)—Z) (73)
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with a constant ¢, independent of M, if % > p% + % + %. Hence

egnrt (P2 By v By) < c32 "M+ +3) (74)
We proceed similarly to (73) and obtain

1

L) (Q: By By)? < ¢y Z gine(z—(3+3)-%) < 022nM@(%*(%+%)*%
’ J=M+1
if
1 1 1 1 0
max<07,£+> <7<£+*+7.
p p1 P r pr p n

This is always possible in view of our assumptions. Hence
. —nM (S 455 +3)
egnm (Q : By — Bs) < ¢32 RIS (75)
Summarizing we get from (74) and (75) (replacing nM by M),

egm+1(id 1 By — Ba) < €2M(P : By — Bs) + €2M(Q : By — BQ)

< c27M(%+%+%).
Now by monotonicity of the entropy numbers the estimate from above follows.

Step 3. To estimate the entropy numbers from below we regard the diagonal
operator D, between finite-dimensional sequence spaces Eﬁj and ﬂ]],\;j . Let an operator
Q;: A (wg) — By be given by

A ifu=7,
LoRu=y uweNy, €N,
0 otherwise,

(Qj)‘)u,l = {

It should be clear that ||Q;| < 27%. The identity operator 1d : 0 (we) — 9 can be
factorized by

Id =P, 0idoQ;,

where the operator P; is regarded as an operator acting between By and Egj. Since
155l =1, we get

e (1d : 637 (we) = £0) < [1Q;ll[IPjller(id : By = Bs)
< 2%;.(id : By — By). (76)
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First we consider the case £ > 0. By the result of Gordon, Konig, and Schiitt, see [17]
or [22, p. 131], we have

sup 9—k/(21) (0p-01-- 01_1)1” < epi1 (Dg : EIJXJ' — Egj)
leN

< 6sup 2—k/(21) (opo1 -+~ 01_1)1/1.
leN

Let
A&/pl

2XN/2 "

Cepy = supe®/?
A>0

Stirling’s formula yields

11€
e l2r1

V2

and the constant C¢ ,, is independent of j and v = N;27". Now using (57) and (77)
we get

(\/2776/3)‘5/’“ kP < epiq (D, z;f’”’ — e;f’”’) < 6C¢ p k8P (77)

k=8P < ek(Dg : KIJXJ' — EIJXJ')
< en(Do: by = b7)|lid s 67 = 67|
< CQj”/pek(Id : ng (wg) — Eé\gj). (78)
Thus (76) and (78) imply for k = 2"J,
2 MG T) < egui(id : By v By) .
When ¢ < 0, note that for &, = o, * we have Id = D, D;. So by (57) and (77) we get
ear (Id : EZIXJ' — 611,\2") <er(Ds: EIIXJ — Egj)ek (Dy : EIIXJ — Eﬁgj)
< CE/P e (Id: 005 (we) — £]7).

We take k = 2"7. Schiitt’s lower estimates of ey, (Id : E,JXJ' — d,V;’), 0<p1 <py < oo,
and (76) imply

: e :
27" < eguin (Id: 65— 0) < e1 2™ 77 egu; (Id €07 (we) = €07)
3
P

< ep 296 egus(id - By — Bo).

1

. . __k -1
If 0 < po < p1 < oo one should use the estimate ey (Id : K,J,Vl-’ — ZI])\;]) ~2 *™iN;?
and (76). This finishes the proof. O

Before we present our result concerning the asymptotic behavior of entropy num-
bers for the compact embedding (51) with weights of type (50), we recall the following
result of [23, Thm. 1; 24, Cors. 4.15, 4.16]. Let the weight w®(x), 3 > 0, be given by

w(x) = (1+|z»)?2, zeR™ (79)

Revista Matemdtica Complutense
165 2008: vol. 21, num. 1, pags. 135-177



D. D. Haroske/L. Skrzypczak Entropy and approximation numbers of weighted embeddings

Proposition 3.2. Let the parameters satisfy (26) with § > 0, recall (23). Assume
B > 0. Then the embedding

&h (2j5£P1 (wﬁ)) B— qu (gpz)

is compact if, and only if,

In that case one has for § # pﬁl,
€k (gth (2j6€P1 (wﬁ)) - ‘ng (gpz)) ~ k- " 7H+%7 keN.

_ B _ s1—s 1 _ 1
In case oféfpl,one has for T = mroai el > 0 that

s1—s9
n

€k <£(I1 (2j6€P1 (wﬁ)) - E(IQ (épz)) ~ kT (1 + log k)Tv ke N,

whereas T < 0 leads to
(& (&h (2j<5€p1 (wﬂ)) — KQ2 (£P2)> ~ k= o ) keN.

Remark 3.3. Note that the compactness assertion coincides with Proposition 2.6 (iii)
with @ = 0. Embeddings of functions spaces with weights of type (79) have been
studied by many authors for several years, in particular the limiting case § = pﬁl
attracted a lot of attention; we do not want to report on this history here. There are

two-sided estimates for the case § = 3/p; , 7 =0, in [23].
Recall that Af,)q stands for either B, ,or F, if no distinction is needed.

Theorem 3.4. Let the parameters satisfy (26) and let the weight w € A be of
type (50) with

£>£, a>-—n, and 5>maX<n,a)~ (80)
p1 P pxp

(i) If pﬁl < 6, then

B 1 1

€k (Azll’ql (Rn’ w) — Ap? (Rn)> ~ ki(wp1+ﬁiﬁ).

P2,92

(i) If 22>, then

ek (Asl (Rn,w) N ASQ (Rn)) -~ ki Sl;sz

P1,91 P2,92
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(i) If pﬁl =06 and T = 2 + - q% > 0, then

en (Bl g (R",w) = By2  (R")) ~ k™7 (1+log k).

P1,491 P2,q2

(iv) If pﬁl =6 and 7 <0, then

'5'1 S2

ex (B, (R",w) — B2 (R™)) ~ k™

P1,q1 p2,q92

Remark 3.5. It is surprising that «, independently of its value (within the given
bounds), does not influence the asymptotic behavior of entropy numbers.

Proof. First we consider the Besov spaces. It follows from Theorem 1.13 that

ex (B, (R™,w) < B2 (R")) ~ e (b5, (w) — b2 ),

P1,q1 P2,q2 P1,91 D2,q2

where o; = s; + § — Q7 see the proof of Proposition 2.1. So we can deal with

sequence spaces. It should be clear that it is sufficient to regard the weights w = wq 3.
Moreover,
ex (b3 4 (Wa,p) = b2 0) ~ ek (B, 4 (Wa3) = bpy.g,)
E\¥p1,q1 \"er.8 P2,q2 E\Ypy,q1 \Wer, 8 P2,q2
s _
~ €k (641 (2] gpl (wa,ﬁ)) — €q2 (€P2))7

where § = 01 — 09 = 51 — p—l — 89 + , see (23), and

1 if I =0,
Wa5(5,0) = < (2770)*/™ if 2791 < 1,
(27908 if 2791 > 1.
We divide the identity operator
Id : £, (Qj(sem (Wa5)) — La;(lp,)
into two parts
Id = 1d; + Ids,
where
Idy < Lg, (2202 (@a,5)) — l, (€,)
and
Id2 f (2]6621 (waﬁ)) R Elh (61?2)'
Now it follows from Lemma 3.1 with = § — % and = - that

er(ldy) ~ k™G Tas) —

The estimate of ey (Idy) follows from the estimates for the weights w”(z) =
(1 + |=|?)#/2, see Proposition 3.2. The corresponding estimates for Triebel-Lizorkin
spaces follow by Proposition 1.8 and the properties of entropy numbers. O
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We turn to the related double-weighted situation. Using the same method as
above we get for entropy numbers:

Theorem 3.6. Let the parameters satisfy (28) and let the weights Wa, g, , Way,8, € Ao
be of type (50) with

&—@>ﬁ* and 5>max<oq—%,n).
pr p2 P

() If & — 52 <5, then

€k (A;S;i,ql (Rnywal,[ﬁ) — A;z,qQ (anwazﬂz)) ~komt e bz

(i) If 22— 5255, then
e

e (A5 g (R waypy) = A7 4, (R Wan ) ~ K77

(iii) If%—&zéand72%+i—i>0, then

P2 q2
s n s n —21-%2 T
ek(Bpi,ql (R™, wa, 6,) = Bp2 4, (R 7wa2,52)) ~km7m (14 logk)T.

(iv) If%f%:5andr<0, then

s1—s9

en(B3! 4 (R™ way 5,) = By2 1, (R Way 5,)) ~ k™7

Remark 3.7. The proof of the above theorem is the same as the proof of Theorem 3.4.
In particular we use Lemma 3.1 and Proposition 3.2. There is nothing substantially
new in this approach, but it has some interesting consequences concerning embeddings
of type (49). In particular, if we take ap = o = 0, then Theorem 3.6 coincides with
Theorem 3.4. If oy = as =« and B; = 2 = [ and

1 1

5 >0, p1 < p2, 5>max(a,0)<_),
b1 P2

then

ex (Byt gy (R™ 1w 5) < B3z, (R™, w0, )

P1,91 P2,92

|
‘:
sir
I
—
Sl
|
S|
S~—
=)

L (% - %) <4,
L L Blor —25) >0
k=== (1+logk)m, B(p%—p%)zé, T >0,
k= B =) =6, 7<0,
WhereT:%Jrq%fq%as above.
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4. Approximation numbers of compact embeddings

Finally, we study corresponding approximation numbers. For convenience we re-
call the well known estimates of approximation numbers of embeddings of finite-
dimensional spaces, see [7,12,30].

Lemma 4.1. Let N,k € N.

(1) If 0 <p1 <p2 <2o0r2<p <py < oo, then there is a positive constant C
independent of N and k such that

) <
ak(id:ngég)gc{é Z; Z;%
1 .

(i) If 0 < p1 <2< py <oo, (p1,p2) # (1,00), then there is a positive constant C
independent of N and k such that

1 if k< N2/t
ap(id: £) — 0)) < C ¢ NY'E=Y2 if N2t <k <N,
0 if k>N,

1_ 11
where 3 = max(p2 , Pi)'

(iii) Let 0 < py < p1 < oo. Then

ap(id: O o ) = (N —k+ 1)/ =N

Moreover, if k < I, then we have an equivalence in (i) and (ii).

Lemma 4.2.

(i) Let 0 < p1 < p2 < o0, (p1,p2) # (1,00), 0 < q1,92 < 00, 6 >0, and p% > —%,

Then for all k € N the following estimate

P2

o (10 0, (07" () = b3, () ~ K

holds, where

fr s for 0<p<p2<2 or 2<p; <py <o,
n= %4—1%4—%—% for 0<pr <2<py<oo and %+p%>%,
(%er%% for 0<p1 <2<py<oo and %+p%<%,

and t = min(pa, p}).
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(if) Let 0 < pa <p1 <00, 0< q1,q2 < 00, 0 > 0. We assume that p% > —%-i—

1
Then for all k € N the following estimate :

arid : £, (002" (wg)) — £, (02")) ~ ™ (7 75)
holds.
Proof. Step 1. Preparations. We put N; = 2™, 1/p = 1/p1 — 1/p2, and use the

notations (53), (54), and (55). Monotonicity arguments and elementary properties of
the approximation numbers yield parallel to (56) and (57),

ak(Pj : By — Bg) < 930 ak(Id : Zgj (’wg) — EZJ)\LJ)7 (81)
and
ar(1d : KI]XJ' (we) — fﬁgj) = ai (Do KIJXJ = 5521)7 (82)

where D, is again the diagonal operator defined by the sequence o, = (1 + l)fﬁ.
Using (81) and (82) we find

L) (Pj: By Ba) < 277 L) (D, « €55 1 (07, (83)

r,00
where Lﬁago(T) is the obvious counterpart of (58) for approximation numbers.

Step 2. We consider the estimate from above.
Substep 2.1. First we estimate Lg(fgo(Dg : EIJXJ' — z{f;‘). We prove that
in(l_ £
L&) (D i €5 — £N) < 0 270700 (84)
if0<py <ps <2o0r2<p; <py <oo. On the other hand, for 0 < p; <2 < py < 0
and (p1,p2) # (1,00) we show that

a AL N n(z=3+i-0) 4 1 1L e 1 1
Ls',fgo(DU .Kpl- I—)épz ) S 02‘7 t 1 lf; > max (5,2714—5 — ;)7 (85)
a . pN; N; n(%—i) . tf 1 1
Lg-,go(DU . Epl = 6;02 ) S 02] tor if max (O, ﬂ) < ; < 5 (86)

The last inequality holds if p% < %

Let us choose K € N such that 2(E-1 < N; < 2" and let 11, : Kﬁj — K%j be a
projection defined in the following way

(), = Noif 2707 <7 < min(27) N;),
T otherwise,
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for A\ ={N\},and i=1,2,..., K. Then

K
=> D,oll.
i=1
Multiplicativity of approximation numbers yields
ar (D o Tl : €N 0Ni) < 027707V g (id s 277D s 2°7D), e N
Let r be some real positive number. Now part (i) of Lemma 4.1 implies
L (Dy oL+ 05 s 0Ny < 2" DG =5 (87)

if0<p <ps<2o0r2<p <py <oo. Inasimilar way part (ii) of Lemma 4.1
implies

11
L) (Dy o1« 6% s 1) < 9 DGHE—375) if 5 <, (88)
e 1 1
L) (Dy o TL; : (N5 s (N5} < ¢ "D 3) if0< <35, (89)
T

for 0 < p; <2 < py < oo0.
IfO<pr <ps <2o0r2<p <py < oo we choose % >max(p%,0). Then the

(adapted) argument of (72) and (87) gives
L) (Dy : €55 1 £05)® ZL(“ (Dy oL : €07+ D5)e
<c Z 2_Qni(%_%)
i=0

< ep2eK(3-5)

for some o, 0 < o < 1. This implies (84) in view of our choice of K.
Now let 0 < p; < 2 < py < c0. We choose r such that % > % and that % — % +

+— £ >0. The formula (88) yields

K
L% (Do s 4 = 62)° < 3 L% (Do o1 : 47 = £7)°
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The constant ¢y is independent of K. This implies (85). Similarly, if max (0, %) <
1 1 :

+ < 5, then (89) yields

and the constant ¢ is independent of K. This implies (86).
Substep 2.2. Now let 0 < p2 < p; < 0o. We prove that

. L e
KoL (D« 435 v £) £ BT "
We can deal with that case similar to Substep 2.1 using now part (iii) of Lemma 4.1.
We obtain T

(@) (Da oll; : K;XJ’ — EI])\/;]') < C2n(z—1)(7+;_a)

r,00

if 0 < r < co. This leads to

a ) )
LT70<> P1 p2 , 00 P1 p
=1
K—-1
1
<c Z 2—97”(1)1 ~3-1)
=0

’ p1 p

if L > max (O £ _ l). This implies (90).

Substep 2.3. First we regard the case 0 < p; < ps <2 or 2 < p; < py < 0. For
given M € Ny, let P and @ be given by (71). Then (83), (84), and (71) yield

M M
. £
L, (P: B By)t <Y LW (P : By By)2 <o 27 0mei vt
j=0 j=0
< ey Mo, (91)

with a constant ¢y independent of M, if % > max(O7 p% + %) Hence for every 6 > 0
and any ¢ we have

AonM (P : Bl — BQ) S C3 2—nk[(%+%)'
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Since = > —% we can find a number r > 0 such that maX(O, i) <1<l L Ina
p1 n p1 T n p1
similar way to (91) we obtain

Lv(ﬂago(Q i B — By)? < Z g—ine(f—1+5) < o Mneld =135 )
j=M+1

Consequently,
0., €
a2nM(Q : Bl — BQ) < C3 27nM(E+H).
This implies the estimate from above for 0 < p; < py <2 or 2 < p; < py < 0.

Substep 2.4. Let 0 < p1 < 2 < py < 00, (p1,p2) # (1,00). Using (85) instead
of (84) we get

M
L (P: By By)? <Y L) (Pj: By v By)? < ¢32 Mng(& 14 & 411
7=0

b

if 1 > max( + pi + % — %, %), and consequently

agnm (P : By — By) < c3 2—nM( +E+i-1 02)
for 0 < p1 <2 <ps < oo, (p1,p2) # (1,00). In a parallel way we conclude
L (Q: By = By)? < ¢y 2 "Melm -+ +i—s (93)

if max(f s 41 2 - <l + —|— 2 — 7. Now, (92) and (93) imply the estimates

from above for £ o+ pi % On the other hand
L (Q: By v By)? < cs2” nMe(+5 —7 (94)

if max (0, %) < L < min(3, %(f + pgl)) by (86).
For p% > -2 satlsfymg + pi < + we take k = [Q"M ] Then L < 1, and (94)
leads to
ax(Q: By By) < ch~t kG i) gck‘%(%+%>. (95)

By standard arguments the above estimates hold for any positive integer k. Moreover,
(92) implies

an(P: By — By) < Ck~Gitarts—h) < o 50Gitsy) (96)

since %+i < 1. Now (95) and (96) give us the estimates from above in the remaining
p1 t
case.
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Substep 2.5. Let 0 < pa < p1 < oo. Using (83) and (90) we get

M
LU (P: By — By)? < ZL%O(PJ‘ : By Bp)? < g2 MM
=0

|

if % > max( + £ %, O), and consequently

n p1
MLy £ 1
(LQnM(P : Bl — BQ) < 032 " ("+P1 p).
In a similar way one obtains

1 1 1
L (Q)° < C427nMQ(%7%+%7%) if maX(O7 £ ) << 0 + & -
’ PP

Consequently
3

ar(Q : By v By) < ck~(rtar—3),

This finishes the proof of the estimates from above.

Step 3. We estimate the approximation numbers from below. We can regard the
following commutative diagram

where the operator R : (57 Ly, (2j9€é\§j (we)) is given by

A ifu=j
(RN\)ui = { " /> with uweNy, 0<i<N;,
0  otherwise,
(84 £
and P is a projection. Since pi > —% we have ||R|| < ¢+ 50 Moreover, it

1
should be clear that |P|| = 1. So, by Lemma 4.1:
(i) fO<p; <py <2o0r2<p; <po < oo, then taking k = 72" ~2 we get

1< Cayp(d: 6 — 07) < O3V ay (id s g, (27000 (we)) = L4, (€37)).

(ii) If0 < p1 < 2 < pa < o0 and % + p% > %, then taking once more k = y2™72 we
have

279171 < Cap(Id : 035 s £0)
< CQJ'"(%"'%) ak (id g, (2j0€11;\§j (w§)) = L, (63‘]’\;)) ’
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(i) If0 < p; <2< p2 < oo and %—1— p% < %, then we take k = [2"j%]. So,
. ¢ .
1< Cap(1d: 05 £07) < O™ 700y (id £, (270 (we)) 1= €4, (£07) ).
(iv) If 0 < pa < p1 < 00, then we take k = % and get
1 in(f 1 & i
N7 < Cap(1d: 0 1= 03) < 02" i0ay (id s by, (277605 (we) = £, (037)).

This finishes the proof. O

Theorem 4.3. Let the parameters satisfy (26) and let the weight w € A be of
type (50) with (80). We assume that pﬁl #06. Then

ar (A7) 4 (R, wa,5) — A2 o, (R")) ~ k™%,

P1,q01 P2,q2
where

(i) %:Mif0<p1§p2§20'r2§p1§p2§00,

n

. ~1
(ii) » = 7mm(5f/pl) + ,,% - p% if p1 (% + 1) < p2 < p1 <00,

in(s, .
(iil) s = min( nﬁ/pl) + % - min(;’l,m) if 0<p1<2<ps<oo, (p1,p2) # (1,00) and
. ﬁ n
min(,0) > SRgry

(iv) 3 = mnGB/p0) mi“(’;/l’”) if 0<p <2<p2 < oo, (p1,p2) # (1,00) and

n

min(pﬁl,é) <

__n

min(p],p2)

Remark 4.4. The proof is similar to the proof of Theorem 3.4. The approximation
numbers in double weighted situation can be treated in the same way as in Theo-

rem 3.6 related to entropy numbers.
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