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The paper presents a description of the optimal rate of approximation as well as of
a broad class of functions that possess it for convolution operators acting in the so-called
homogeneous Banach spaces of functions on R?. The description is the same in any such
space and uses the Fourier transform. Simple criteria for establishing upper estimates of the
approximation error via a K-functional are given. The differential operator in the K-functional
is defined similarly to the infinitesimal generator by means of the convolution operator.
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1. Introduction

We discuss a simple method for establishing upper estimates of the ap-
proximation error of a class of convolution operators by means of appropriately
defined K-functionals. Moreover, we consider convolutions on the quite broad
class of Banach spaces called homogeneous Banach spaces (HBS) on RY. They
include the Lebesgue spaces Lp(Rd) for 1 < p < oo, the space of uniformly
continuous and bounded functions on R?, subspaces of the Lipschitz (Holder)
spaces, some Besov spaces, the analogues of all these spaces for periodic func-
tions, and others. Also, we establish that, under certain quite general and
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natural hypotheses, the optimal rate of approximation of such an operator as
well as a wide set of functions that possess it can be described in the same way
in any HBS by means of the Fourier transform for tempered distributions.

We shall formulate simpler criteria for establishing upper error estimates
than those given in [9], discuss the interconnection between the hypotheses of
those criteria and show that the hypotheses are actually quite natural.

Here we shall treat only HBS’s on RY. The HBS’s on T¢ - the d-
dimensional torus, can be considered as their special case or simultaneously
(see [12, Definition 1.2.10] for the definition of a HBS on T¢). However, with
regard to the matter we shall present here it is more appropriate and easy to
consider them separately. It should be mentioned that all the results concerning
L(R?), can be directly extended to the HBS’s on T¢, as these spaces are contin-
uously embedded in L(T?) by definition. In [10] we considered the univariate
case of HBS’s on T.

In the next section we recall the definition of the HBS’s on R? and some
of their basic properties we shall need. There we also state the criterion given in
[9] for establishing direct estimates of the error of convolution operators acting
in HBS’s on R?. The estimate is in terms of K-functionals. The main purpose of
the paper is to show that if the differential operator of the K-functional is defined
similarly to the infinitesimal generator of a semi-group of operators, then many
of the hypotheses of the above mentioned criterion are satisfied. In Section 3 we
discuss the relation between the optimal rate of convergence of the convolution
operator and the measure through which it is defined. The optimal rate of
convergence is to be used in the definition of the differential operator of the
K-functional. Further, in Section 4 we investigate the form of the differential
operator and show that it can be equivalently given by means of the Fourier
transform. This extends classical results on saturation of convolution operators
in L,(R). We strengthen the above mentioned direct criterion in Section 5.
Finally, we illustrate the main results by means of two multivariate forms of the
generalized Picard singular integral.

2. Basic notions

We shall consider a rather wide class of Banach spaces of real or complex-
valued functions of generally several real variables. As we mentioned, it includes
the Lebesgue spaces Lp(Rd), 1 <p<oo,dée€N, the space of uniformly continu-
ous and bounded functions on RY, the Lipschitz (Holder) and the Besov spaces
on R,

First, let us introduce a number of basic notations. We denote the el-
ements of RY by # = (x1,...,74), the multiplication of a vector € R? with
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a scalar p € R by px = (px1,...,pxg) and the dot product of z,y € R? by

-y =zy1 + -+ xqya. Let |z] = /2?+ .-+ 22 We denote the Banach

space of all functions summable in the Lebesgue sense on the measurable set
D C R? by L(D) with the norm

1 fllpy = /D |f ()] da.

Also, as usual, Lo (D) denotes the space of the essentially bounded measurable
functions on D, equipped with the sup-norm, C"(D) the space of the functions
with continuous partial derivatives up to order n, C°°(D) the space of infinitely
differentiable functions and C'B(D) the space of all bounded functions on D. If
a norm is taken on the whole space R?, we shall skip the function domain in the
subscript of the norm.

Definition 2.1 (Shapiro [18, Definition 9.3.1.1]) A homogeneous Banach
space (abbreviated HBS) B on R? is a Banach space of Lebesgue measurable
functions on R? with norm || o ||, satisfying the conditions:

(a) The translation is an isometry of B onto itself, i.e. for fi(x) = f(x — 1),
where f € B and t € R?, there hold f; € B and ||fi||5 = || f||5;

(b) The translation is continuous on B, i.e. for all f € B and t,ty € R? there
holds limy—, [|.fe — fuollB = 05

(¢) The functions of B are uniformly locally integrable, as there exists a con-
stant c¢p such that for all f € B there holds

£l o740 < ca || flB-

Two functions in B are considered equivalent if they coincide almost everywhere
in the Lebesgue sense.

The concept of HBS’s is due to Shilov [19], but also earlier Bochner and
Neumann [2, Definition 1] followed a similar abstract approach to define the
almost periodic functions (see also the references cited there and [18, p. 200]).

Let B be a HBS on R? and M (R?) denote the space of all finite Borel
measures ;¢ on R? with the norm

HmM=/|ww
Rd

The convolution of a function f € B and a measure u € M(R?) is defined by

frdute) = [ fa =) duy),
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as the integral is the Lebesgue-Stieltjes one, or, equivalently, Bochner’s gener-
alization of the Lebesgue-Stieltjes integral of vector-valued functions (cf. [18,
Lemma 9.3.2.2].

As is known (cf. [18, Theorem 9.3.2.3]), f * du(z) exists almost every-
where, belongs to B and

1S dpllz < [ulla 1]l (1)

In particular, for an absolutely continuous measure du(y) = k(y) dy with k €
L(RY) we have

ke f(@) = [ ks =) dy

and
k= flls <[kl fllB (2)

Also, for a € R? and b € R we shall denote by u(a + 2) and pu(bx) respectively
the measures p(a + E) and p(bE), where E is a Borel set on RY. In particular,
we set fi(z) = p(—x).

Let S = S(R?) denote the Schwartz space of rapidly decreasing functions
on R? and S’ be its dual — the space of tempered distributions. Conditions (a)
and (c) of Definition 2.1 imply that any HBS on R is continuously embedded
into S (cf. [18, p. 207]). Indeed, let B be a HBS on R? and f € B. Then

7y = [ fnla)de. nes. Q
defines a continuous linear functional on S. To show this, one can observe that
|/ ()] 2
f:z:na:da:'g/ ——=—dx sup |(1+ |z|*)"n(z)|.
[ Sm@de| < [ o de sup (14 )" @)

It is easy to show that the first term on the right above is finite for n > ng =
[d/2] + 1. Indeed, on RZ = [0,00)¢ we have for any N € N

N N
/ / 2f(55)| 3 dxl...da:d
0 0 (1+5L'1++$d)n

B N-1 /81+1 Sd+1 |f(l')| d d
5;,=0 V51 54 (1+ i+t xd)
7=1,....d
Nl 1 s1+1 sq+1
< x)|dxy...dz
= (1+3%+"'+53)n/51 /Sd | f(z)| dxq d
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Due to (a) and (c) of Definition 2.1 each integral is bounded by cg|| f|| 5, whereas

N-1 1

SJZO (I+si+--+57)
j=1,...d

n<cd VN

with some positive constant ¢y because 2n > d.
Thus we have established that there exists a positive constant ¢z such
that

Tr(n)| < el flls sup (1 [z)an(2)], neS. (4)
Te

Consequently, Ty € §'. Henceforth, we shall write simply f(n) instead of T(n)
for n € S. Actually, f(n) is well-defined by (3) for any locally summable 7 such
that (1 + |z|?)"n(x) is bounded.

Given a function 1) € C*°(R?), which is polynomially bounded, and T €
&', the tempered distribution 9T is defined by

vT(n)=T(n), nes.
In particular, if f € B, then

vt = [ f@w@nia)de. nes.

moreover, this relation is meaningful for any locally summable and polynomially
bounded function v, not necessarily belonging to C*(R).
We denote the Fourier-Stieltjes transform of a measure p € M(R%) by

@(u) = / e T du(z), ue R
R4
In particular, the Fourier transform f of a function f € L(R%) is given by
flu) = fl@)e *“®dz, ueR
Rd

Next, to recall, the Fourier transform T of a tempered distribution 7' is the
tempered distribution defined by

T(n)=T(@H), nes.

In particular, we have for f € B
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Now, observe that given f € B and pu € M(R?), the convolution f * dy is in B
and hence it is a tempered distribution. For its Fourier transform in the sense of
distributions, we get by Fubini’s theorem and basic properties of the convolution
and the Fourier transform that

fxdu(n /f*du )n(z) de = Rdf(m)ﬁ*d,&(:n)dx

= f(A*di) = f((ndp)y") = f(ndp)

= d#f(n)» ne S.
Thus, we get
frdup=dpf, feB, peM®RY, (5)

in the sense of distributions.
We shall also make use of the following function sets

D ={neS: suppn is compact},
D ={ne LRY : supp7 is compact}.

Both ® and D are dense in L(R?) as well as in any HBS on RY. We shall shortly
denote the support of a function or measure n by S,,.
We shall consider convolution operators J, , : B — B, defined by

Tunb@) = [ 1= o), = <R (©)

where p > 0, 11,(y) = p(py) and p € M(R?) is such that

/Rdd,uzl. (7)

Young’s inequality (1) implies that J, , is bounded, as moreover, the family
{Ju,p}p is uniformly bounded:

1 TupfllB < lliollar 118 = el 1 fllB Ve B, ¥p>0.
As is known (see [6, Theorem 3.1.6, Problem 3.1.16] and [18, Lemma 9.2.2.1]),

Jim |f = Jupflle=0 VfeB. (8)

We are interested in the rate of the convergence in (8). A helpful tool
for error estimates is the so-called K-functional. The one we shall use is defined
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as follows. Let X be a Banach space and D an operator acting on a subspace
thereof. Set D1(X) = {g € X : Dg € X}. Then the K-functional is defined
for f € X and 7 > 0 by

K(f,7;X,D) = nf{||f —gllx + 7 Dgllx : g €D (X)}.

In [9, Theorems 3.6 and 3.8] we presented certain Fourier transform based suf-
ficient conditions for establishing direct and strong converse estimates of the
error of convolution operators by means of such K-functionals. Though there
we considered only convolution operators constructed by means of absolutely
continuous measures, the proof of [9, Theorem 3.6] combined with the fact that

@p(u) = c/i;\z(p_lu) actually gives the following criterion.

Theorem 2.2. Let B be a HBS on RY and J,, , be defined by (6) with
p € M(R?), which satisfies (7). Let also the following conditions be satisfied:

(i) D(n*g)=Dnxg=n*Dg, neD(LRY), geD(B);
(ii) D=YL(R?)) is dense in L(R?);
(iii) Dy =i, 1€ DHLRY);
(iv) 1 —dp =) dX, where A € M(R%);

(v) ¢ is positive-homogeneous of order k > 0, i.e. Y(pu) = p“(u) for all
p>0 and u € RY,

Then for all f € B and p > 0 we have
If = Jupflls < cK(f,p"; B,D)

with some absolute constant c.

This theorem is based on the fact that (i)—(v) imply the functional
equality
g—Jupg=p "Dgxdr, Vge ®_1(B) Vp > 0.

For details we refer the reader to the proof of [9, Theorem 3.6].

It was Butzer [3] (cf. also [6, Chapters 12 and 13]) who introduced Fourier
transform methods in approximation theory to establish saturation results for
convolution operators on L,(R), 1 < p < 2, and extend them for p > 2 by
duality arguments. Also, Shapiro [17] (or [18, Section 9.4] and [6, Section 13.3])
used such an approach to relate the errors of two convolution operators. In [9]
we essentially followed the same ideas in establishing direct and strong converse
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estimates of the error for convolution operators by K-functionals in any HBS.
Let us also point out that Jan Boman applied distribution theory to treat sat-
uration of convolution operators in L,(R%), 1 < p < oo, in [18, Appendix IJ.
More references are given in [9].

In the present paper we continue this research and consider a natural
definition of the differential operator D via J, ,, which readily yields most of the
hypotheses of Theorem 2.2. It is similar to that of the infinitesimal generator of
a semi-group of operators. Given a measure u € M(R?) with (7) and a function
¢ : (0,00) — C\{0} with lim, .o ¢(p) = 0 we set for g € B (cf. [6, Definition
13.4.3 and (13.4.1)])

J. q—

Dyspg = s- lim, W7 (9)
where the limit is taken in the B-norm. Note that thus defined D, 4 commutes
with the convolution, i.e. satisfies (i) of Theorem 2.2. We shall show in Section
4 that it possesses property (iii) too, as ¥ has property (v) if ¢ is of the optimal
magnitude. There we also give a criterion for establishing (ii), which is closely
related to (iv) and (v). Before this, in Section 3 we consider how fast ¢ can van-
ish. Each time we study first the HBS L(RY) and then try to extend the results
to any HBS. For one thing, in L(R?) it is possible to establish the strongest
results. For another, this is the most important case as far as properties (ii) and
(iii) in Theorem 2.2 are concerned.

Let us point out that the error of an approximation process, which is gen-
erated by a semi-group of operators, was characterized in any Banach space by
means of its infinitesimal generator and the related K-functional by Butzer and
Berens [4] (see also [6, Section 13.4] and the references cited there), Ditzian [7]
and Ditzian and Ivanov [8, Section 5]. But the technique used by these authors
is different. Also, in [8, Theorem 9.6] the error of an approximation operator,
which does not possess the semi-group property, is characterized precisely by a
K-functional in a class of Banach spaces that includes the HBS’s. Let us men-
tion that the results we establish here can be extended to this broader class of
spaces (see Remark 4.5 below).

3. The optimal rate of convergence

Results concerning the saturation of convolution operators (see [6, Chap-
ters 12 and 13] and e.g. [9]) show that generally their approximation rate cannot
be arbitrary high. As a matter of fact, the sufficient conditions considered in
the literature cited above reveal that the saturation (optimal) order is closely
connected with the quantity 1 — c/lﬁ(u) (u — 0) (cf. especially [6, (12.3.4)]).
Note that due to (7) we have c/l,t\J,(O) = 1. In this section we shall formulate
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assertions, which show that generally the optimal order of ¢ is |1 — d//\i(pfla)\
with an appropriate a € R%.

First, we consider the simplest and the prototype of all HBS’s — L(R%),
and then proceed to the general case. As we mentioned, stronger results are
valid for L(R?).

Proposition 3.1.  Let J,, be defined by (6) with p € M(R?), which
satisfies (7). Let a € R? be such that there erists gy € @;;(L(Rd)) with go(a) #
0. Then there exists a positive constant ¢y such that

|6(p)] = coll —du(p~'a)|, p=>1.

Proof. Since {¢(p)|lgo — Jupg0llz}, is convergent as p — oo, then
there exists a constant ¢; such that for all p > 1

190 = Jupg0llz < cre(p)]- (1)

Further, using basic properties of the Fourier-Stieltjes transform, we get

1

190(w) — du(p™ w)do(w)| < llgo — Jupgoll, ueRY, (2)

which, in particular, implies the estimate
—_ 1
1 —du(p~a)| < o) 190 = Jupgollz. (3)

Now, combining (1) and (3) we deduce that
C1
|90(a)]

11— du(pta)| < ()|, p>1;

hence the assertion of the proposition. ]

Remark 3.2. This proposition implies that if |¢(p)| = o(|1—@(p‘1a)\)
for each a € RY, a # 0, then D;,;(L(]Rd)) CCand D,y =0.

Remark 3.3. Let us note that results similar to those above hold in
the case of the HBS L,(R%) with 1 < p < 2 as well. Then we have to use the
Titchmarsh inequality (see e.g. [6, Theorem 5.2.9]) in the place of (2). This
observation expands to the Lipschitz and Besov spaces built on the basis of
Ly(RY) for 1 < p < 2 as they are continuously embedded in the corresponding
Ly(RY).

We can establish similar results in the general case of an arbitrary HBS
under certain stronger hypotheses. Below we present two such assertions.
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Theorem 3.4. Let B be a HBS on RY and J,, , be defined by (6) with
p € M(RY), which satisfies (7) and has compact support. Let a € R be such
that there exists gy € D;;(B) of compact support with go(a) # 0. Then there
exists a positive constant cy such that

6(p)| = coll — du(p~a)l, p=1.

Proof. First, g9 € B yields that gg is locally integrable and since it has
compact support, we get that go € L(R?); hence go € CB(R?). Also, let us
add that J, ,g0 € L(R?) because gy € L(R?), as moreover, Ju,pgo is of compact
support because both u and gg are. Further, observe that conditions (a) and (c)
of Definition 2.1 imply that for each bounded measurable subset S of R¢ there
exists a constant cs such that there holds

Iflles) < esllfllz,  f € B. (4)

Therefore, we have for all p > 1

190 = Ju.pg0ll = 1190 = Ju.pg0llL(s) < esllgo = Ju,pg0llB; (5)

where
S =S, + Upel0,1] 0S5y

Next, just as in the proof of Proposition 3.1 it is established that there exists a
constant ¢; such that for all p > 1 we have

190 = Jupg0llB < cild(p)]- (6)

Now, by (3), (5) and (6) imply the assertion of the theorem. ]

Remark 3.5. In passing, let us mention that a certain converse in-
equality about the rate of approximation of the operator .J, , can also give the
optimality result of the preceding assertion. More precisely, suppose that gg
satisfies the hypotheses of Theorem 3.4 and the measure u € M(R?) of total
mass one satisfies the relation

/ [dul < llgo — JupgollL)y, P> po, (7)
R4\ pB

where B is a ball in R? that contains the support of gg and a neighbourhood of
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the origin.? Then we get by Fubini’s theorem and (7) that for all p > po
90 = ool sy = | dr

oo 00 ot =)

<laoll | ( [ antote - y>>|> dy

< llgollz. / dy. / dy
B Rd\ pB

< llgoll 2o /de- llgo — Jupg0ll L),

as we have used that z € R?\2B and y € B imply p(x — y) € R\ pB. Therefore
by (4) we infer that there exists a constant ¢ such that for all p > py

190 = Ju.pg0ll = ll90 — Ju.pgollL2B) + 190 = Tup90l L(rt\28)
< cllgo = Ju,p90ll -
Now, the inequality -
6(p)| = ¢|1 — du(p™"a)|
follows for p large enough as in the proof of Theorem 3.4.

4. The form of the differential operator D, 4

It turns out that D, 4 similarly to ¢ has a simple description in terms of
the Fourier transform of the measure u. Returning to the sufficient conditions
for saturation and direct estimates of the error of J, , (see e.g. [6, (12.3.5)] and
Theorem 2.2 or [9, Theorem 3.6]), we see that it is reasonable to expect that the
Fourier transform of D, 4g is of the form 1) g, where the function t(u) is closely
related to the quantity

dp(p~'u) — 1
o(p)
Moreover, as we shall see below, 1 actually belongs to a very narrow class of
functions when we consider ¢ of the generally optimal order of |du(p~ta) — 1]
with an appropriate a.
Again we shall first consider the simplest case of B = L(R?%).

Proposition 4.1.  Let J,, be defined by (6) with pn € M(R?), which
satisfies (7). Set U={u € R?: g(u) =0 Vg€ D;;(L(Rd))}. Then
du(p~'u) — 1
— (1)
pooe 9(p)

*Note that every measure of compact support satisfies (7).
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exists as a finite number for each u € RI\U. Set for u € R?

dpp Tty -1

lim —————  if the limit exists,
oy =% o

0, otherwise.

Then D, 5g(u) = ¥(u)§(u), u € RY, for each g € D;;(L(]Rd)).

IfD;%b(L(Rd)) is dense in L(R?), then the limit (1) exists for eachu € R?
as the convergence is uniform on every compact set; hence (u) is continuous
on R?,

Proof. The proof is based on the standard arguments used to establish
Proposition 3.1. For all g € @;;(L(Rd)) and u € R? we have

dp(p~tu) — 1 _— T g —
’Wgs’mw—ﬂwmw B8 Dgg| 0. poo ()

S ‘
L

For each ug € RN\U we fix g € @;;(L(Rd)) such that §(up) # 0 and derive from
(2) that the limit (1) exists for u = ug. Further, for every u € R¥\U we derive
again by (2) that

—

Duoy(u) = p(u)g(u) Vg€ D, (L(RY)). (3)

Similarly, (2) implies for v € U that D/M?)g(u) =0 forall g € @;;(L(Rd)) and
(3) again holds.
To establish the last assertion of the proposition we just need to fix in
(2) a function g such that |g| > 1 on the given compact set. ]
Conversely, if the function ¢ is the Fourier transform of a function in
L(R?), then ¢ belongs to the domain of a differential operator of the type Do
More precisely, we have the following.

Proposition 4.2.  Let ¢ € C’(Rd)Abe positive-homogeneous of order
k >0 and g € L(R?Y) be such that 1§ = G for some G € L(R?). Let also
A € M(RY) be such that dA(0) # 0 and

1—dp=pdA. (4)

Finally, let ¢ : (0,00) — C\{0} be such that lim, o p*¢(p) = —dA(0). Then
g e @;’;(L(Rd)), as moreover, D, »g = G.
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Proof. Using (4) and the homogeneity of ¥, we get

(Pt -2) =~ BL D g

o(p) P o(p)
B _a(pflu) Fily) — IV (u

where we have set £(p) = —cﬁ(O)/(p”(b(p)) and \,(y) = d/X(O)*l)\(py). By the

uniqueness of the Fourier transform this implies

Jupg — 9 /
= =f(p)GxdX,.
o(p) (®) g

Now, we have
Jupd =9 _ G

‘ ¢(p)

If p — oo, the first term on the right above tends to 0 because the measure
dA\(0)71\ satisfies (7), and the second term tends to 0 because £(p) — 1 and
Young’s inequality implies

<G = G=dX,llL + [€(p) = 1 [|G * dXy | .-
L

IG ANl < INllaz Gl = [dAO)| Il 1G] V.

Thus g € D, 4 (L(RY)) and D, 49 = G. u

Remark 4.3. This proposition provides a technically elementary tool
for verifying condition (ii) of Theorem 2.2. In particular, if (u) = |u|® or
P(u) = |ur]® + -+ + |ug|® with £ > 0, then routine considerations show that
S C D;@(L(R%), and hence condition (ii) of Theorem 2.2 is satisfied. Further,
Proposition 4.11 below implies that if ¢ is of the optimal order, then 1 is positive-
homogeneous.

The results above can be extended in a certain sense for Lp(Rd)7 1<p<
2. We shall not go into details but rather go on to the general case.

In an arbitrary HBS, if the measure p has compact support and © C
D;;(B), then just as in the proof of Theorem 3.4 and Proposition 4.1 it is
established that the limit

T
d(u) = lim M’
pooo B(p)

exists for each v € R?, as the convergence is uniform on every compact set, and
for each g € D, we have D, 59 € L(R?) and D, 3g(u) = 1 (u)§(u), u € R
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To extend this result to the general case we can avail ourselves of the fact
that the elements of any HBS are tempered distributions and use the Fourier
transform in the distributional sense.

Theorem 4.4. Let B be a HBS on RY and J,, , be defined by (6) with
w € M(RY), which satisfies (7) and du € C?"4(R%). Let us set

P

dp(p~tu) — 1
o(p)

ueRd,

wp(“) =

and assume that the the limit ¢(u) = lim, o0 ¥,(u) ezists for each u € RY
as, moreover, ¥ € C2nd(Rd) and there exist naturals ng;, k = 0,...,2ng and
7 =1,...,d, such that

ak
sup |(1+ \u|2)_"’f’f—k (Yp =) (w)| =0 as p— oo. (5)
ucRd 8u]

Then ) is polynomially bounded and there holds

—

Dyugg = vg, g€ D, L(B), (6)

in the sense of distributions.

Proof. It is clear that v is polynomially bounded. Let us proceed to
verifying (6). Relation (4) shows that strong convergence of a family of elements
of the HBS B implies its weak convergence as tempered distributions. Thus we
have for each g € @;;(B) and 77 € S that

m}(n) _ @M,¢g(ﬁ) _ plggo g * dﬂp;?p))_ g(ﬁ) (7)

Thus by (5) we arrive at

—

Do) = lim g(ipn). (8)
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Next, let us observe that for z € R?

(L2 | (v — )n)" ()|
<@+ 1" ) (W — )n) (2)]

d 2ng

= (d+ 1™ (¢ — o)) () + (=)™ (;ugnd((% - ¢)U)> (z)

j=1 J

a?nd
< (d+ 1" 1 — )llz + Z gnd —¥)n)
d 2ng ’
<Y sup (1 iy 2 () ().
j=1 k=0 ueR? uj

where the constant c is independent of p. Consequently, by condition (5) we get

sup (1+ |2[%)"|((p — )0 (2)| =0 as p— oo 9)
Now, (4), (8) and (9) imply (6). [

Remark 4.5. The last theorem remains valid for every Banach space
B of functions on R?, which is continuously embedded into S’ and satisfies (b)
of Definition 2.1 (but not necessarily (a) and (c)). Let us recall that for a given
distribution f its translate f;, t € R?, is the distribution defined by

fitn) = f(n—), nesS.

Let for the sake of simplicity consider only absolutely continuous measures
dp(z) = €(z) dz with £ € S. Then f x £ is the distribution given by

frln)=f(lxn), nes.

Actually, f*¢ € C®(R%) and it as well as all its partial derivatives are polyno-
mially bounded. Condition (b) of Definition 2.1 implies that f % ¢ is the strong
limit of Riemann sums in B; hence f x ¢ € B.

For a multi-index a = (a1, ...,aq) € N& we set |a| = a1 +--- + a4 and

Hlel

D= —— — |
Ot - - 0z y?

Let us assume that for each multi-index « there exists a non-negative integer n,,
such that {(1+]u|?) " D), (u)}, converges to a bounded function uniformly on
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R?% as p — oo. Then v(u) = lim,_,0 ¥, (u) exists for each u € RY, ¢ € O (RY),
as D% is polynomially bounded for each multi-index «. Further, for each
n € Ng and each multi-index o we have by the Leibniz formula that

suﬂg (L + |ul>)"D*(¢m — ) (u)|
ueRd

= sup [(1+[ul)" ) capD’ (¢ — ) (u) D Pr(u)
ucRd B<a

< sup sup |(1 4 [uf*)" " D* P (u)
BLaucR4

X 3 cas sup [(1++ [u2) 7 DX (4 = 15,) ()

B<a ucRd
with some positive integers c,3, and consequently,

sup |(1 + [u|*)*D*(yn — ¥,m)(w)| = 0, p— oo,

u€R4
for each nn € S. Thus for each 1 € S the family {¢,n}, converges as p — oo to
¥n in the topology of S. Next, since B is continuously embedded into S’, we
again have (7) for g € D;;(B) and hence

—

Duog(n) = lim g(yn) = g(vn) =vg(n), nes

Thus finally

Dyog = v¥g.
Approximation in similar spaces was considered by Ditzian and Ivanov [8, The-
orem 9.6] by means of a different argument based on duality (cf. [9]).
Quite similarly to Proposition 4.2, using (5), we establish the converse of
Theorem 4.4.

Theorem 4.6. Let B be a HBS on R%. Let 1 EAC'(]Rd) be positive-
homogeneous of order k> 0. Let g € B be such that g = G for some G € B.
Let also i, \ € M(R?) be such that d\(0) # 0 and

1—du =1 d.
Finally, let ¢ : (0,00) — C\{0} be such that lim,_,o p"¢p(p) = —cﬁ(()). Then
g€ @;;(B) as, moreover, D, 49 = G.

Remark 4.7. Note that any positive-homogeneous function is polyno-
mially bounded.
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In the conditions of Theorem 4.4, if, for example, g € L(R?), relation (6)

implies that actually m is a function. As a matter of fact, this is so even
under a little bit milder restrictions on .

Theorem 4.8. Let B be a HBS on R and J,,, be defined by (6) with
p € M(RY), which satisfies (7). Let the limit

ot dp(p~tu) — 1
Y= T 0

exist for each u € R% as the convergence is uniform on the compact sets. Then
for each g € D;;(B) N L(R?) we have that D, 39 € Leo 10c(R?) as

o —

Dpog(u) =Y(u)g(u) ae.

Hence, ®/M\¢g can be corrected on a set of measure 0 to a continuous function.
Proof. As we have noted in (7), for g € fD;;(B) and n € S we have

. Ju,pg(x) —g(z) . _ -
tim [ DI gy de = [ Dy ety e (10)

which, in view of the relation

dp “Ly) — u) — glu
/ dulo™ ) = 1 o) du:/ o9 =900 o
R4

o(p) Rd o(p
with g € L(R?Y), yields that
. dp(p~'u) —1 L, /
1 wdu= [ D, du 11
Y P

for any g € D;;(B) NLRY) andn € S. Let g € D;%b(B) ND. Since

b dp(p~tu) — 1
v = e )

uniformly on the compact sets, we get for each g € D;;(B) ND and nes

[ pwsntdu= [ D90t du (12)
]Rd ]Rd

Next, since g is continuous and bounded, it is a tempered distribution and
(12) says that the continuous linear functionals ¢§ and D, 49 on S are equal.
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Consequently, for g € @;;(B) such that g € D we have mq =1g. To extend
this relation to any g € D;;(B), we shall make use of a locally finite partition
of unity in R? {¢;}. Let & = (j, ¢; € SND. Then for any g € D;’;(B) N L(R%)

=Y 63=>"Ga=> (xg.
J J J

Clearly, (j* g € D. Also, it is easy to establish that (*xg € D;ld)(B), as
moreover, D, 4(¢; * g) = (j * D, 49. Indeed, we have by Young’s inequality

Jup(Cj*g)_Cj*g <Jupg_g )
: —¢i*D x| —=>——-D
‘ ¢()0> q] w9 5 CJ ¢()0> .09 5
Jupg — g
<Gz || 72— = Dusg|| —0, p— oc.
/ é(p) o B

Thus, (j*g € D;;(B) ND and by what we have already established above, we
get

§iDugg = (G * Dupg)” = (Dug(G+9))" =¥ G g =& 9g.
Summing the last relation in j and taking into account that 1§ € C(RY), we

complete the proof of the theorem. |
In the applications it is easy to check that

du(p~'u) — 1
o(p)

is uniformly convergent on the compact sets when p — oo, or even that condition
(5) holds. However, in an arbitrary HBS, it can be shown that we necessarily
have a weak* limit and convergence a.e. on bounded sets.

Theorem 4.9. Let B be a HBS on RY and J,, , be defined by (6) with
p € M(RY), which satisfies (7). Let there exist a ball By C R? with center at 0
and constants co and pg such that

|du(p~"u) — 1] < colé(p)l, u€Bo, p > po. (13)

Then for each g € D;}b(B) ND we have that ®/u\¢>9 € Loo(R?) as

— dp(pTlo) — 1
Dysg=w"-lim —————— g;
e poo P(p)
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hence there exists a sequence {pp}o2 ;1 with limy, o pp, = 00 such that

T - du(pptu) — 1,
D w) = lim —2 <~ §(u) a.e.

Moreover, if D C D;}Zb(B), then for each bounded set S C R? there exists a
sequence {pn}5° 1 with lim, o0 pp = 00 such that the limit

—~
i Wlon ) — 1
n—00 #(pn)

exist a.e. in S.

Proof. First, let us observe that the hypotheses of the theorem imply
that for any compact set K there exists a positive number pg such that

dp(p~'u) — 1
o(p)

Let g € @;;(B) ND. Then we have

<c uwek, p=>pk.

du(p~lo) =1
o) 7

<clglie, »=ps,
Lo

Now, the weak* compactness theorem for L, (see e.g. [11, Theorems 4.12.3 and
4.14.6]) implies that there exists a sequence {p,}>>, which tends to infinity,
and a function G' € Lo (R?) such that

o1
-1
G v i WP 0) =1
n—00 o(pn)
Next, as in the proof of Theorem 4.8 we deduce from (10), (11), (14) and the
uniqueness of the weak* limit that D,, 49 = G € Loo(RY).

The second part of the theorem follows from basic properties of conver-
gence of weak type (see e.g. [13, Chapter 5, §4, Theorem 8§]). [

(14)

Let us turn our attention to the explicit form of ¢ (u) for ¢(p) = c/l,L\L(p*1 =
1. As we have seen in the previous section, the optimal order of convergence is
of such a form. We shall use the following lemma.

Lemma 4.10. Let 7 :[0,00) — C be continuous, 7(0) =0 and 7(y) # 0
on some interval (0,¢). Set
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as the convergence is uniform on the finite closed intervals. Then ¥(u) = u”
for some real k > 0.

Proof. ¥ is continuous on [0,00). By the definition of ¥ we get for
a,b>0

L 7(aby)
V(ab) = T =)
= lim 7(aby) lim 7(by)
y—0+0 7(by) y—0+0 T(y)
= U(a)¥(b).

Also, ¥(z) # 0 as ¥(1) = 1. Consequently, there exists a complex number &

such that ¥(u) = u”, u > 0. Finally, since ¥(x) is continuous at 0 and ¥(0) = 0,

we get kK > 0. ]
The next proposition shows that

C tm dp(p~tu) — 1
) = Jim =

satisfies property (v) of Theorem 2.2 if ¢ is of the optimal order.

Proposition 4.11.  Let u € M(R?). Let also dA,u(O) = 1 and there
exists a € R? such that du(ya) # 1 fory € (0,1). Set

W) = lim 1070

, U € Rd,
pe0 1 —du(pta)

as the convergence is uniform on every compact set. Then 1 is continuous and
positive-homogeneous of positive order.

Proof. For a positive real o and any v € R? we just have

1 —dp(op?
W(ow) = Tim L= LoPT )
P01 —du(pta)

_g- -1 _g- -1
= lim L= dplop ) C/l'lj(ap ) lim 1= dlopa) dulop™a)

P 1 — dp(op~'a) P71 —du(p~a)
= o) (u)

with some k > 0. At the last step we have applied Lemma 4.10 with 7(y) =
1 —dp(ya). ]
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5. Direct estimates for convolution operators

The result concerning the form of the Fourier transform of D, 4 as well
as certain facts about the representation of a function as the Fourier transform
of another allow us to strengthen Theorem 2.2 in two cases, which are important
for the applications.

Theorem 5.1. Let B be a HBS on R and J,, , be defined by (6) with
p € M(R?), which satisfies (7). Let there hold the representation

1= du(u) = (u) dro(u), u € B,

where B C R? is a neighbourhood of the origin, ¥ € C(R%) N C™¢(RN{0}) is
positive-homogeneous of order k > 0, ¥(u) # 0 for u # 0, Ay € M(R?) and
3/\\0(0) # 0. Finally, let ¢ : (0,00) — C\{0} be such that lim, o p"¢(p) =
—ﬁo(o), Then there exists a constant ¢ such that for all f € B and p > 0 we
have

Hf - J,u,prB < CK(f7 pi,%Ba D,u,(;ﬁ)'

Proof. The assertion follows from Theorem 2.2 with D = D, 4. As we
have already observed in Section 2.3, D, 4 satisfies condition (i) of Theorem 2.2.
Property (iii) follows from Proposition 4.1 as we take into consideration that

—~

Cdp(pTtw) =1 p(p w)ddo(p )
R - N0
e do(p )

Further, using \p, Jan Boman constructed in [18, Appendix I, p. 259]
a measure A that satisfies (iv). Then by Proposition 4.2 and [18, Appendix I,
Lemma 1(b)] we get that Dc D;;(L(]Rd)), which verifies (ii).

Finally, (v) is included in the hypotheses of the present theorem. |

Remark 5.2. The condition g}\O(O) # 0 is quite natural. It provides
the optimality of the exponent . The results in Section 3 yield that the best ap-
proximation order we can generally get is |du(p~ta) — 1| = [¥(p~ta)d o(p~ta)l,
a # 0, and hence

du(p~ta) —1
i |~ "a) — 1

p—00 pF

= [yp(a) dro(0)].

So, if EXO(O) # 0, then k is the largest possible.
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Combining Theorem 5.1 with ¢(p) = —c/ij\o(())p*"‘, Boman’s result, cited
in its proof, and Theorem 4.6 we arrive at the following optimal upper estimate
of the error of the convolution operator.

Corollary 5.3. Let B be a HBS on R? and J,,, be defined by (6) with
p € M(R?), which satisfies (7). Let there hold the representation

1= dp(u) = ¥(u) dro(u), u € B,

where B C R? is a neighbourhood of the origin, v € C(RY) N C™¢(RN{0}) is
positive-homogeneous of order k > 0, ¥(u) # 0 for u # 0, Ay € M(R?) and
dX\o(0) #0. If g € B is such that g = G for some G € B, then there holds

19 = Jupgllz < cp ™Gl Yp >0,

where ¢ is a constant, whose value is independent of g and p.

The last theorem and its corollary do not include the important for the
applications case ¥ (u) = |ug|["* + -+ + |ug|"® with ki1,...,kg > 0. To cover it,
we establish the following assertion.

Theorem 5.4. Let B be a HBS on RY and J,, , be defined by (6) with
p € M(RY), which satisfies (7). Let there hold the representation

1— dp(u) = (u) dro(u), u € B,

where B C RY is a neighbourhood of the origin, Ao € M(R?) as c/Z}\O(O) # 0,
Y € C(RY N C’d(Ri) is even in each variable, positive-homogeneous of order

k>0, ¥(u) #0 foru#0,

lim & 1 -0 —0 q1
Ujy1—>00 8“1-.-8'&]' w(u) =U, J72=0U,..., ,

and

o 1
vy ... 0y <w(v)

/ sup ) ‘ du < o0
RENB [v;|>uj,

1<j<d
for some neighbourhood of the origin B' C B. Finally, let ¢ : (0,00) — C\{0} be
such that lim,_,o p"¢(p) = —dAog(0). Then there exists a constant c such that
for all f € B and p > 0 we have

Hf - Ju,prB < CK(f7 p_H;Ba Du,d))'
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Proof. The proof is similar to the one of Theorem 5.1. We need only to
consider in greater detail the verification of conditions (ii) and (iv) of Theorem
2.2. Let w € S be even in each variable, equal to 1 on B’ and equal to 0
on RN\B. Following Jan Boman [18, Appendix I, p. 259], we make use of the
representation

1— dps(u)
P(u)
= w(u) dro(u) +

1 — dpi(u)
P(u)
(1—dp(u)), ueR%

1 — dp(u)

ow W

+ (1= w(u))
1—w(u)
()

Since

w(u) dro(u) = ((27) "% * dro)~ (u), u € R,

to establish (iv) it is enough to show that 6(u) = (1 —w(u))/1(u) is the Fourier-
Stieltjes transform of a measure of M(R?). To this end, we observe that

* < 99(vy, . .., vq)
= (—1)¢ —
O(ut,...,uq) = (—1) /|u1 </|ud| vy ... 0vg dvg dvy

and apply the criterion [20, Theorem 4.11] (cited in [14, Theorem DJ).
To establish (ii) we again shall show that © C D;;(L(Rd)) by means of

Proposition 4.2. Let g € D and w € D be even in each variable and equal to
1 on the support of g. Then g = pwg. Again e.g. by [20, Theorem 4.II] we
prove that Yw = h with some h € L(R?%). Then h§ = m as h*g € L(RY). m

Seemingly the most specific condition in Theorems 2.2, 5.1 and 5.4 is
the representation (iv) (either globally or locally). Also, it has played the most
important role in our considerations. Butzer and Konig [5, Theorem 3] (or
see also [6, Proposition 12.3.8]) showed for convolution operators on L(R) with
an absolutely continuous measure p that if ||f — J,,f|lL = O(p™") for some
f € L(R) such that there exists limj,|_o lul f(u) # 0, then there exists A €
M(R) such that (iv) of Theorem 2.2 is valid with ¢ (u) = |u|®. Repeating
verbatim their argument and applying (4), one can extend this assertion to
any HBS on R at least for measures of compact support. The same proof can
actually be carried out in the multivariate case too as we observe that Phillips’
generalization [15, Theorem 1] of Bochner’s well-known representation theorem
[1] (see also e.g. [6, Theorems 6.2.1 and 6.2.2]) can be extended to measurable
functions on R%. As a matter of fact a much stronger result of Rosenthal’s [16]
yields this generalization. Thus we arrive at the following assertion about the
necessity of condition (iv).
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Theorem 5.5.  Let B be a HBS on R and J,, be defined by (6)
with p € M(Rd), which satisfies (7) and has compact support. Let there exist
g0 € L(RY) of compact support such that

lg0 — Jupg0llz = O(p™")

and there exists (as a finite number)

lim 4 (u)go(u) # 0,

|u| =00

where ¢ € C(R?) is positive-homogeneous of order k > 0 and 1(0) = 0 iff u = 0.
Then there exists A € M(R?) such that

—

1 — dp(u) = ¥(u) di(u), ueR.

6. Generalized multivariate singular integral of Picard

We finish by illustrating the established general results on two versions
of the Picard singular integral for multivariate functions.

Let B be HBS on R?. The generalized multivariate singular integral of
Picard of the function f € B is defined by

Cunt@) = [ carton)fla—u)d. o€,

where the kernel ¢;,, € L(R?), k > 0, is given by its Fourier transform

éd,,‘i(u) u < Rd.

gk
The operator Cy , is of the form (6) with pu(y) = cax(y) dy. Let a € R? with
la| = 1. Set

p_’{

1+ p*r’

hence |p(p)| ~ p~" for p > 1. We write that two functions are ~ iff their ratio
is uniformly bounded between two positive constants.
We have for each u € R?

o(p) = éd,n(pfla) —1=—

W) = lim éd,n(p_lu) -1
vl =0, ¢(p)

= [u|F.
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Further, we calculate

Jul”

1= dpi(u) = f‘u,ﬁ = ¢(u) dp(u), ue R (1)

Now, Theorem 5.1 with A\g = p, B = R? and v and ¢ as set above implies that
there exists an absolute constant ¢ such that

If = Crpflls < cK(f,p™" B, Dyup) (2)

for any f € B and p > 0.
Let us note that (1) means that (cf. [9, Remark 4.5])

9—Crpg=p"CipDuosg, g€ D;;(B), p >0,

through which it can be shown that (see [9, Remark 3.9]) the converse of (2)
also holds, that is,

Hf - Cn,pf”B > CK(f, P_K;Ba‘Du,¢)

with some absolute positive constant c. Thus, we have established the following
characterization of this multivariate form of the generalized singular integral of
Picard.

Theorem 6.1. Let B be a HBS on R®. Then for f € B and p > 0
there holds

||f - CH,prB ~ K(fa P_H;B>'Du,¢)7

where p(y) = car(y) dy.
Given any functions ki, ..., kg, which are summable on R as

R
we can define a multivariate convolution operator J, on a HBS on R? by
d
Jof(@) = ot /R T stewie—ydy, «crt
j=1

In particular, we can define a multivariate form of the generalized singular in-
tegral of Picard by setting

d
Cropf(x) = p* /Rd [ertpy) fz—y)dy, = eR™
j=1
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If we put

d
du(y) = [ erwlwy) dy,
j=1

then C~’K7p adopts the form (6). The Fourier transform of p is

d

an(w) =TT o

o LA gl

Leta = (1,0,...,0) € R We have again ¢(p) = du(p~'a)—1 = —p~"/(1+p~*)
and |¢(p)| ~ p~" for p > 1. Further, we calculate

dp(p=u) — 1

Y(u) = lim dplp” ) =1

= |ug]® + -+ |ug|®.
R ud

Similarly to the first case but by means of Theorem 5.4 we derive the following
upper estimate.

Theorem 6.2. Let B be a HBS on R?. Then for f € B and p > 0
there holds

||f - én,f)fHB < CK(f: p_H;B7Dﬂv¢)’

where ¢ 1s an absolute constant and

d
dp(y) = [ erely;) dy.
=1

Relation (6) holds for the differential operators D,, 4 associated with the
two versions of the Picard operators defined above for even k’s. In Theorem 4.4
one can set ny ; = max{f — [k/2],0}, where r = 2¢.
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