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Abstract

We present a general method for establishing quantitative Voronovskaya-type estimates of convolution
operators on homogeneous Banach spaces of periodic functions of one real variable or of functions on
the real line. The method is based on properties of the Fourier transform of the kernel of the operator.
We illustrate the elegance and the efficiency of this approach on two convolution operators—the Riesz
typical means, and, in particular, the Fejér operator, and the generalized singular integral of Picard. A
noteworthy feature of the former is the fact that, though the operator itself is saturated, the convergence
in its Voronovskaya-type estimate can be of an arbitrary fast power-type provided that the function is
smooth enough in a certain sense.

1 Introduction

Let X be a Banach space, R C R is not bounded above and £, : X — X, p € R, be a family of uniformly bounded linear operators
such that
s-lim L,f =f VfeX.
p—00

The limit above is taken in the norm of X, that is,
lim ||£pf—f||X =0 VfeX.
p—00

Each such family {£,},ez and a function ¢ : R — R such that lim,_,, ¢(p) = 0 and ¢(p) # O for every p € R define a
differential-type linear operator D on some linear subspace of X by the relation

Df :=s- lim ﬁ.
p=oo @(p)

We are interested how fast the convergence above is for f, which is smooth in a certain sense. That leads us to the problem of
evaluating

I£of —f —¢(P)Dfllx
for smooth f. It is especially important to consider this problem when ¢ is taken to be of the same magnitude as the optimal
approximation order of £,. To recall, the optimal approximation order of an operator is the fastest rate it can approximate a
function which it does not reproduce. With this choice of ¢, D can be used to describe the saturation class of £,,, that is, the
set of functions which the operator approximates with the optimal approximation order (see e.g. [12, Definition 12.0.2]). We
refer the reader for a short discussion on this general setting to [11, Sections 3.4 and 4]; detailed exposition can be found in [12,
Chapters 12 and 13] and [13].

The most well-known result of this type is due to E. Voronovskaya and concerns the Bernstein operator [40]. To recall, the

Bernstein operators or polynomials of degree n € N, of f € C[0, 1] are defined by

B,f(x):= Zn:f (S) (Z)xk(l —xX)" %, xe[0,1].
k=0

Voronovskaya [40] (or see e.g. [15, p. 307]) showed that if f”(x) exists at some point x € [0,1], then

x(1—x)

Jim n(B,f (x)— £ () = T £ a1
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moreovet, if f € C2[0, 1], then the convergence in (1.1) is uniform on [0, 1]. The first result of this type for convolution operators
seems to be established by Natanson [25] (or [26, Chapter X, § 3, Theorem 3], or [12, Section 2.5, Problem 7 and Proposition
12.2.9]) for the singular integral of the de La Vallée-Poussin (see [31, p. 355]).

Various estimates from above of the rate of the convergence in (1.1) have been established until now; see [22], [5, Section
4.3] and [21] for accounts of them. A characterization of this rate was established in [21]. Such results are usually referred to as
Voronovskaya-type estimates or inequalities. General Voronovskaya-type estimates were established in [1, 16, 22, 29, 39]. A vast
amount of Voronovskaya-type estimates for concrete operators has been published.

The purpose of this paper is to present a general approach to proving Voronovskaya-type estimates for convolution operators
on homogeneous Banach spaces of 27t-periodic functions and of functions on R. The proofs of the Voronovskaya-type inequalities,
either general or for concrete operators, found in the literature, are most often essentially based on Taylor’s formula or analogues
thereof. The method we will apply uses the Fourier transform.

In the case of periodic functions it can be expressed by means of multipliers. Buchwalter [3, 4], but more fully Sunouchi
[32, 33] (see [12, Section 12.6/Sec. 12.2]), used it to establish direct estimates for convolution operators of periodic functions.
Trigub [35] (or [38, Sections 6.4.2 and 7.1.12]) developed independently a comparison principle for the error of multiplier
operators based on the same basic approach. He and students of his used it to prove direct and strong converse inequalities for
the rate of approximation of trigonometric operators. Recent instances of such results can be found in [36], the references cited
there, and [24, 37]. An analogous comparison principle for convolution operators of functions on R¢ was formulated by Shapiro
[30, Section 9.4].

This approach was introduced to problems in approximation theory concerning convolution operators in L,(R), 1 < p < 2, by
Butzer [7, 8, 9, 10] (see [12, Section 12.6/Sec. 12.3]) and [12, Chapter 12]. Then the results were extended for 2 < p < oo by
duality [12, Chapter 13]. More background information on how these general ideas were applied can be found in [18, Section
3.3].

A very good feature of the Fourier transform method for treating approximation convolution operators is undoubtedly its
elegance and efficiency. However, it can be used only to establish global estimates.

The contents of the paper are organized as follows. In Section 2 we will present the necessary preliminary notions and their
properties. Section 3 contains the main results of the paper—general assertions yielding quantitative Voronovskaya-type estimates
in the general class of the homogeneous Banach spaces of periodic functions and of functions on the real line. In the last section,
we illustrate the general results on two convolution operators—the Riesz typical means and the generalized integral of Picard.

2 Convolution operators on homogeneous Banach spaces

We will consider a rather wide class of Banach spaces of real or complex-valued functions of one real variable. It includes the
Lebesgue L,-spaces, 1 < p < 00 of 2r-periodic functions and the space of the continuous 27-periodic functions, equipped with
their standard norms, as well as their forms for functions defined on R—L,(R), 1 < p < 00, and the space of the uniformly
continuous and bounded functions on R, again with their standard norms:

1/p
Wl = U If(x)l"dX) , 1<p<oo,
Ifllca = sup Lf ()l

where [ =[—m, ] or I = R. At some instances, for convenience, a normalizing factor is introduced to the integral.
The Sobolev spaces

Wpr’27T ={f GAC{O_CI(R), fMe L,[—m,n], f is 2m-periodic}, 1<p<oo, reN,,

where AC]? (R) denotes the space of the functions on R, which are m times differentiable and f, f',..., f (m are absolutely
continuous on every interval [a, b], with the norm

WF s, = 1 ey + 1l e

and the space C;  of 27-periodic functions, which are r times continuously differentiable on R with the norm

”.f”CZ'r = ”f“c[fn,rc] + ”f(r)”C[ch,rr]

as well as their analogues for functions on R are homogeneous Banach spaces, too. Thus the results below cover also the
simultaneous approximation by convolution operators.

We will consider the homogeneous Banach spaces of periodic functions and of functions on R separately for simplicity. The
cases of periodic functions and functions on R as well as their multivariate generalization can be treated together as it was done
in [18].

We begin with the less abstract homogeneous Banach spaces of periodic functions.
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2.1 Periodic functions

We denote the Banach space of all real or complex-valued 27t-periodic functions, which are Lebesgue integrable on T := [—, 1)
by L(T), the norm being given by

f lzery := f If Gldx = —J If()ldx.
Definition 2.1. (Katznelson [23, Definition 1.2.10]) A homogeneous Banach space (abbreviated HBS) B(T) on T (or of 27t-periodic

functions) is a linear subspace of L(T) having a norm || o ||5(r, under which it is a Banach space such that:

(a) The translation is an isometry of B(T) onto itself, i.e. for f,(x) := f(x —t), where f € B(T) and t € T, there hold f, € B(T)
and ”ft”B(T) = ”f”B('JI‘);
(b) The translation is continuous on B(T), i.e. for all f € B(T) and t, t, € T there holds lim,_,, [|f; — f, llzcry = 0;

(c) B(T) is continuously embedded in L(T), i.e. there exists a constant b such that for all f € B(T) there holds ||f ||, <
bllf llzery-
The convolution of f,g € L(T) is defined by

fxglx):= %f fx—t)g(t)dt, xe[—m,m).

Let B(T) be a HBS of 27 periodic functions, f € L(T) and g € B(T). Then, as it was established in [30, Theorem 9.3.2.3] (or
see [23, Chapter I, Section 2, Problem 13]), f * g(x) is defined a.e. as the integral is the Lebesgue one, belongs to B(T) and
ILf * gllpery < If lloemy g By 2.1

We will consider approximation operators formed by means of the convolution with functions from a periodic approximate
identity. We recall its definition.

Definition 2.2. (e.g. [12, Definitions 1.1.1 and 1.1.4] or [23, Definition 1.2.2]) The family of functions {k,(t)},cy, is called a
periodic approximate identity if it satisfies the conditions:

(a) Forall n € N, we have k, € L(T) and
1
— | k,(t)dt=1;
— f (Ddt=1;

kllymy <M VneN;

(b) There exists a constant M such that

(c¢) Foreach 0 < 6 < T, there holds

lim J |k,(t)|dt =0
200 Jes<|tl<n)

Let L(R) denote the Banach space of the Lebesgue integrable functions on R, equipped with the norm

The function k, (t) is called a kernel.

”f”L(]R) :=f If ()| dx.

f k(t)dt=1

generates a kernel k,, n € N, on T, which satisfies Definition 2.2, by (see [12, Proposition 3.1.12] or [23, VI.1.15])

Each function k € L(R) such that

k(t):=2m > nk(n(t +2jm)). (2.2)

j=—00
Given a periodic approximate identity {k,(t)},cy, , We consider the bounded linear operators of J, : B(T) — B(T), n € N,,
defined by

Jnf(x) :zkn*f(x)) xe[_TC?TE)'
By virtue of Young’s inequality (2.1) and Definition 2.2(b), we have
Ik, *f”B(’]I‘) < ”kn”L(’]I‘) ||f||3(11‘) < M”f”B(']I‘) Vn;

thus {J, },,en, is a family of uniformly bounded linear operators mapping B(T) into B(T). In addition, we have (see [23, Theorem
1.2.11], [12, Theorems 1.1.5] and [38, Section 1.3]; cf. [27, Theorem 5] and [28, p. 67])

s—nlinolanf =f VfeB(T).
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2.2 Functions defined on the real line

Similarly to the periodic case, a class of Banach spaces which naturally generalizes the classical L,(R), 1 < p < 00, and the space
of uniformly continuous and bounded functions on R can be introduced.

Definition 2.3. (Shapiro [30, Definition 9.3.1.1]) A homogeneous Banach space (abbreviated HBS) B(R) on R is a Banach space
of Lebesgue measurable real or complex-valued functions on R with norm || o ||z, satisfying the conditions:

(a) The translation is an isometry of B(R) onto itself, i.e. for f,(x) := f(x—t), where f € B(R) and t € R, there hold f, € B(R)
and ”ft”B(]R) = ||f||B(R)§

(b) The translation is continuous on B(R), i.e. for all f € B(R) and t, t, € R there holds lim,_,, |If, — f,, llz®) = 0;

(c) The functions of B(R) are locally Lebesgue integrable, as there exists a constant b such that for all f € B(R) there holds

1
J If(ldx < blIf llp)-
0

Let B(R) be a HBS on R. The convolution of f € L(R) and g € B(R) is defined by

frglx)= J flx=y)g(¥)dy,
R
as the integral is the Lebesgue one. As it was established in [30, Theorem 9.3.2.3], f % g(x) is defined a.e., belongs to B(R) and

ILf * gllpwy < 1 llocry € B cry- 2.3)

As in the periodic case, we will consider approximation operators formed by means of the convolution with functions from an
approximate identity. Its definition is similar. Let R, := (0, c0).

Definition 2.4. (e.g. [12, Definitions 3.1.1 and 3.1.4]) The family {k,(t)},cg, is called an approximate identity on R if it satisfies
the conditions:

(a) For all p >0 we have k, € L(R) and
J k,(t)dt =1;
R

lkollymy <M Vp >0

(b) There exists a constant M such that

(¢) For each 6 > 0, there holds

lim J |k, (t)|dt =0.
P Jitle=8)

The function k,(t) is called a kernel. More generally, the parameter p can vary in some set R € R, which is not bounded above.

An easy and important for the application way to generate an approximate identity on R is the following. Let k € L(R) be

such that
j k(t)de=1.
R

Then, as it can be straightforwardly seen, k,(t) := pk(pt), p > 0, defines an approximate identity on R.
Just as in the periodic case, given an approximate identity {k,(t)},cz, on R, we can define the bounded linear operators
J, : B(R) = B(R), p > 0, defined by
Jof(xX):=k,*f(x), x€R.

By virtue of Young’s inequality (2.3) and Definition 2.4(b), we have
||kp *f”B(]R) < ||kp||L(]R) ”f”B(]R) < M”f”B(]R) Vo >0;

thus {J,} g, is a family of uniformly bounded linear operators mapping B(R) into B(R). In addition, we have (see [12, Theorems
1.1.5 and 3.1.6], [23, Lemma 1.2.2 and Theorem 1.2.11], [30, Corollary 9.2.4.1 and Section 9.3.3] and [38, Section 1.3])

s—plirgonf =f VfeBR). 2.4
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3 Voronovskaya-type estimates

We will demonstrate that Voronovskaya-type estimates for convolution operators in homogeneous Banach spaces follow easily
form properties of the Fourier transform of its kernel.
For f € L(T) its Fourier coefficients are given by

s

f(m):= L flx)e™dx, mez,
27

T

and for f € L(R) its Fourier transform by
f(u) = J flx)e ™ dx, u€R.
R

The theorems below are application of the simple idea on which [18, Theorems 1.1 and 1.2] are based. This approach was
used in [18] to derive sufficient conditions that imply direct and one-term strong converse inequalities by means of K-functionals
for convolution operators in homogeneous Banach spaces. These conditions concern the Fourier transform of the kernel of the
convolution operator. They were further considered in [19, 20].

3.1 Periodic functions
Theorem 3.1. Let B(T) be a HBS of periodic functions, {k,},e, satisfy Definition 2.2 and
J.f i=k,xf, fe€B(T), neN,.
Let D,G : Y — B(T), where Y C B(T), be such that for every f €Y there hold:
Df(m) =4y (m)f (m), mez, 3.1
and
Gf(m)=0(m)f(m), mez, 3.2)

with some v, 0 : Z — C.
Finally, let there exist ,7 : N, > R, and ¢, € L(T), n € N, such that

ky(m) —1— @(n)yp(m) = ©(n)8(m)l,(m), mez, (3.3)
and
”en”L(']I‘) < L5 ne NJr: (34)

with some absolute constant L > 0.
Then for all f €Y and n € N, there holds

lTof —f —@(@)Df|lgery < LITMIIGS llpery-
Proof. Equation (3.3) imlpies for any f € Y
ke, (m)f (m) — f (m) — (W (m)f (m) = ©()E,(M)O(m)f (m), m € Z;
hence by virtue of the formula g/*\h = gil, g,h € L(T), and (3.1)-(3.2), we arrive at
(ky# f —f —@()Df)(m)=1(n)(l,*Gf) (m), meLZ.
In view of the uniqueness of the Fourier coefficients, the last relation yields
kyx f(x)=f(x)—@(n)Df (x) =t(n)l,xGf(x), x€T.

(Certainly, the above equality generally holds a.e.)
Consequently, taking into account Young’s inequality (2.1) and (3.4), we get the assertion of the theorem. O

In the case of approximate identity with a kernel of the form (2.2), the statement of the theorem is more concise.
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Corollary 3.2. Let B(T) be a HBS of periodic functions, k € L(R) with

j k(t)de=1,

J.f i=k,xf, fe€B(T), neN,.
Let D,G : Y — B(T), where Y € B(T), be such that for every f €Y there hold:
Df(m)=1(m)f (m), mez,

k,, be defined by (2.2), and

and
Gf(m)=0(m)f (m), mez,
where 1), 0 : R — C satisfy the relations
Y(u) =n*Pw) and O(nu)=nPO), neN,, ueR, (3.5)

with some a, 3 € R.
Finally, let there exist £ € L(R) such that

kwW—1—y @) =06wl(w), uck. (3.6)
Then for all f €Y and n € N, there holds

1€l ()
< P Gl per-

Juf —f == Df

B(T)

Proof. We set
£(6):=2m > nb(n(t +2jm)).

J=—0Q
By [12, Proposition 5.1.28], we have lz:l(m) = k(m/n) and Z;(m) = @(m/n) forallmeZand neN,.
Therefore, (3.5) and (3.6) with u = m/n yield (3.3) with ¢(n) :=n* and 1(n) :=n"".
By [12, (3.1.24), ()], we have ||, ||,y < ||€|| () for all n € N, ; thus (3.4) holds with L = [|£|| g,
Now, the assertion of the corollary follows from Theorem 3.1. O

3.2 Functions defined on the real line

Let B be a linear space. For an operator D defined on a subset of B with values in B, we set D"(B) := {f € B: Df €B}.

Let B(R) be a HBS on R and D be an operator, which is defined on subsets of B(R) and L(R). If B(R) # L(R), we still denote
the action of the operator D on elements of B(R) and L(R) by the same letter. We can do so because usually in the applications D
is defined on every HBS on R by the same operation. We say that D commutes with the convolution if

Dfxg=f«Dg YfeD'B(R)) VgeD ' L(R)). 3.7)
Theorem 3.3. Let B(R) be a HBS on R, {k,},cr, satisfy Definition 2.4 and
Jf:=k,xf, f€BR), p>0.

Let D,G : Y — B(R), where Y € B(R), and D, G : Y; — L(R), where Y; C L(R) is dense in L(R). In addition, let each of the operators
D and G commutes with the convolution in the sense of (3.7). Further; let for every n € Y; there hold:

Dn(u) =y (WH(w), ueR, (3.8)
and
Gn(w) =0Wi(w), ueR, (3.9

with some 4,0 : R — C.
Finally, let there exist ¢, 7 : R, —» R, and {, € L(R), p > 0, such that

ko (W) = 1= 9(P)Y (W) = 7(p)O WL, (1), u€R, (3.10)
and
”ep”L(R) < L; P> 0’

with some absolute constant L > 0.
Then for all f €Y and p > O there holds

o f —f —@(P)Df s < L1t IGS llpm-
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Proof. Just as in the proof of Theorem 3.1 we derive from (3.8)-(3.10) the relation
ko xn(x)—n(x)—¢(p)Dn(x) =1(p), *Gn(x) ae. inR

for every n €Y;.
Consequently, for all n € Y; and f €Y there holds

(ky xm)* f(x) = f(x) = @(p)(DN) * f (x) = T(p)(l, x*Gn) * f(x) ae. inR.
Taking into account that D and G commute with the convolution, we arrive at
n# (ky +f = f —@(PIDf )x) =+ (v(p), xGf)(x) ae. inR (3.11)

forallneyY, and f €Y.
Since Y; is dense in L(R), (3.11) and Young’s inequality (2.3) imply

1% (ko f = f —@(p)DF)x) = 0 * (x(p), *GF)(x) ae. inK
for all n € L(R) and f €Y. In particular, we have
ko#(k,+f —f —@(p)Df —t(p), *Gf)(x)=0 ae. inR

for any o > 0, that is,
Jo(ky % f —f —@(P)Df —7(p)t, +Gf)=0 Yo >O0.
Now, (2.4) with o in place of p yields
ko*f —f —9(P)Df =1(p), *Gf; (3.12)
hence the assertion of the theorem follows by virtue of (2.3). O
Remark 1. The elements of any HBS on R are tempered distributions (see [30, pp. 207-208] or [20, pp. 12-13]). Therefore, if

1) is infinitely many times continuously differentiable on R and of most polynomial growth at infinity, the last theorem can be
stated and verified quite similarly to Theorem 3.1 using the basics of the Fourier analysis for tempered distributions.

Similarly, to the periodic case we get the following form of the assertion of Theorem 3.3.

Corollary 3.4. Let B(R) be a HBS on R, k € L(R) with
f k(t)dt=1
R

Jfi=k,f, feEBR), p>0.

Let D,G : Y — B(R), where Y C B(R), and D, G : Y; — L(R), where Y; € L(R) is dense in L(R). In addition, let each of the operators
D and G commutes with the convolution in the sense of (3.7). Further, let for every n € Y, there hold:

k,(t) := pk(pt), t €R, and

D(u) =yp(W)ilw), u€R, (3.13)
and
Gn(w) = 0i(w), ueR, (3.14)
where 1, 0 : R — C satisfy the relations
Y(pu)=p*P) and O(pu)=pPO), p>0, ucR, (3.15)

with some a, 3 € R.
Finally, let there exist £ € L(R), p > 0, such that

kwW—-1—yw=0w)lw), ueR. (3.16)
Then for all f €Y and p > O there holds
1 lell
Jof =f==-Df|| < —=21Gf lscey
P B(R) P

Proof. The assertion of the corollary is derived from Theorem 3.3 just as Corollary 3.2 from Theorem 3.1, as now we set
£,(t) :== pl(pt) and use that k,(u) = IAc(u/p) and £,(u) = @(u/p). O
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4 Examples
4.1 The Riesz means
As the first example let us consider the Riesz typical means of the Fourier series of f € B(T). They are defined for f € B(T) and

n e N, by

T

Tan()f (x—t)dt, x€[-m,n),

a
)elkf.

Ronf(0)i= 5 J

where the kernel r,, ,, a > 0, is given by
k
n+1

ra)n(t) = Zn: (1—

k=—n

For a = 1 we have the Fejér means.
In case when f is real-valued, we usually represent R, , in the form

Ros=3(1- () a0,

k=0

where
Ao(f, ) 1= %f for,

1 (" 1 ("
Ak(f,x):;f f(t)cosktdtcoskx—k;f f(t)sinktdtsinkx, k> 0.

The differential operator that is naturally associated with the Riesz typical means is the Riesz derivative.
Following its definition in L,(T), 1 < p < 0o, and C(T) (see e.g. [12, Definition 11.5.10]), we can introduce it in any HBS of
periodic functions in the following way.

Definition 4.1. Let B(T) be a HBS of 27t-periodic functions, f € B(T) and a > 0. If there exists g € B(T) such that Iml"‘f(m) =
&(m), m € Z, then g is called the Riesz derivative of f of order a and is denoted by D{® f.

We set

W (B(T)):={f € B(T): 3D} f € B(T), 0< B < a}.

The optimal approximation order of R, , in L,(T), 1 < p < 0o, and C(T) is n=* (see [12, Proposition 12.2.7]). Further, the

limit
s- im n*(Ry,f —f)

exists in the norm of L,(T), 1 < p < oo, or C(T) iff Ddf e L,(T), or D9 f € C(T), respectively, as in this case the limit is

—D{4f (see [12, Theorem 12.2.6 and pp. 445-446]).
General assertions that describe the operator defined by

where J,, is a convolution operator on a HBS on T and lim,_, ., ¢(n) = 0, were stated in [19, Theorem 4.1 and Propositions 6.2
and 6.4] by means of the Fourier transform.

A characterization of the rate of convergence of R, , by a K-functional defined by a slight modification of D% in any Banach
space of periodic functions, satisfying Definition 2.1, (a) and (c), was established in [17, Theorem 2.2] (see also [18, Theorem
5.2]).

The following Voronvskaya-type inequality holds true.

Theorem 4.1. Let B(T) be a HBS of 2m-periodic functions, and a, € R be such that 0 < a < B. Then for all f € WP}(B(T)) and
all n € N, there holds
2+8p —4a

D{fl)f <
sy (A1)

Ra,nf _f+ ”D{ﬁ}f”B('JI‘) (41)

(n+1)e

Remark 2. Let us note that, by virtue of [18, Theorem 5.2], the operator R, , is saturated with saturation rate of n™ in any HBS
of periodic functions, that is, ||R, ,f — flzcr) cannot tend to O faster than n™* as n — oo unless we have the trivial situation
R, .f = f for all n, that is, f = const.

On the other hand, inequality (4.1) can be written in the form

2+88 —4a

(Tl+ 1)/37‘1 ||D(ﬁ}f||B(T))

I(n+1)*Ropnf =)+ D fllgery <
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which shows that, if we set V, ,f := (n+1)*(R,.f —f) for f € W (T), then the error in norm IVorf + D{“}f||3(m can tend to
0 as fast as any negative power of n as n — oo, provided that f possesses a Riesz derivative of order, which is high enough.
Bustamante and Flores-de-Jesus [6, Theorem 4.5 (see also Corollary and 4.1Theorem 4.6)] established a Voronovskaya-type
estimate for the Fejér means R, , in L,(T), 1 < p < 0o, and C(T) with explicit constants in terms of the best approximation of f
and its conjugate. This result implies, among others, the property we described above in the case a = 1.
In the proof of Theorem 4.1, we will make use of the criterion stated below (see e.g. [12, Corollary 6.3.9 and (6.3.9)], or [23,
Theorem 1.4.1 and its proof]). For a function v on Z, we set Av(m) :=v(m+ 1) —v(m), m € Z, and

A%v(m) := A(AV)(m) =v(m+2)—2v(m+ 1) +v(m), meZ.
Theorem A. If v,, n € N, are even functions on Z such that lim,,_,, v,(m) = 0 and there exists M > 0 such that

D (m+1D)|A%,(m) <M VneN,,

m=0

then there exist (even) functions v, € L(T) such that v,(m) =v,(m), m € Z, and ||v,||;(z) £ M for all n € N,

Proof of Theorem 4.1. We apply Theorem 3.1 with k,(t) :=r,,(t), ¥ := WP(T), D := =D, G := D}, p(n) := (n+1)™ and
T(n):=(n+1)".

The definition of the Riesz derivative (Definition 4.1) shows that (3.1) and (3.2) are satisfied with y(m) := —|m|* and
0(m) :=|m|".
Since form e Z
0, m| <n,
Tan(m)—1+ m__ Im n+1"* |n+1| "
(n+1  (n+1)0 | |—/—| — , Im|>n,
m

in order to verify (3.3) and (3.4), we need to show that there exist functions ¢,, € L(T), n € N,, such that

0, |m| <n,

n+17 |n+1)’ 4.2

t,(m)=
- , Iml>n,
m

and ||€,||;(r) is bounded on n.
DeVore [14, p. 67-68] showed that for any a > 0 the sequence

1, |m| <n,

n+1l”

Yo(m) :=
, |m|>mn,
m

satisfies the assumptions of Theorem A; hence there exist functions v, € L(T), n € N, such that ¥,(m) = y,(m), m € Z, and
IV, ll(ry < M for all n with some positive constant M. Using this result, respectively, with # and 8 — a in place of @, we deduce
the existence of functions a,, b, € L(T), n € N,, such that

1, |m| <n, 1, [m| < n,

n+1l° and E(m) ={[n+1] (4.3)

@ (m) =
! , |m|>n, —|  Iml>n,

as, moreovet, ||a,||;ry < M; and [|b,,||,r) < M, for all n with some positive constants M; and M,.
Setting £, := b, — a,, we get functions in L(T) with uniformly bounded L(T)-norms, whose Fourier coefficients satisfy (4.2).
However, since we are interested in getting a concrete and preferably small upper bound of [|£,||,r), we will carry out the
calculations again with some alternations.
Lety>0. Weset forneNyand meZ
1, |m| <n,

n+1|"

Ya(m) = |m| > n
m |’ '

Since the function x7 is convex on [1, 00), then A%v,(m) > 0 for all m > n; hence for any N € N, with N > n+1 there holds

N N
D m+DIAN )= > (m+1)(vu(m+2)—2v,(m + 1) +v,(m))
m=n+1 m=n+1

=(N+1)v,(N+2)—(N+2)v,(N+1)—(n+ 1)v,(n+2)+(n+2)v,(n+1)

Sl+(n+1)(1—(21§)y).
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Thus, we have
. +1Y
> (m+ 1AM, (m) <1+ (n+ 1)(1—(:+2) ) n € N,. (4.4)
m=n+1
Next, we calculate
A%v,(m)=0, 0<m<n—1, n>1,
1\7 (4.5)
v mi=1-(25)
n+2
Relations (4.4)-(4.5) yield
N +1Y
Z(m+1)|szn(m)|§1+2(n+1)(1—(2+2) ) (4.6)
m=0
By elementary calculus we derive the estimate
1
1-x"<c(1-x), xe [5,1],
where
2(1-27)<2y, 0<y<l,
cy:z{ ( )<2y >’1’ “.7)
Y> ry=1
We apply it with x = (n+ 1)/(n+ 2) in (4.6) to arrive at
D (m+1D)|A%N,(m) <1+4y, neEN, (4.8)

m=0

Now, by virtue of Theorem A and (4.8) with y = f3 and y = 8 —a, we get
lagllymy <1+4B8 and |[b,llym <1+4(B—a), neN,

where a,, b, € L(T), n € N, satisfy (4.3).

Thus, as we observed earlier, the Fourier coefficients of the functions ¢,, := b, —a,, € L(T), n € N,, are given by (4.2) and

”en“L(T) < “an”L('ﬂ‘) + ||bn||L(T) <2+8f—4a, neN,.
The assertion of the theorem follows from Theorem 3.1.

Remark 3. In the proof of Theorem 4.1 we actually established that

for all f € WP(B(T)) and n € N,, where 0 < a < f8 and ¢, is defined in (4.7).

Let us explicitly state the Voronovskaya-type estimate for the the Fejér means o, :=R, ,.

2(1 + Cﬁ + Cﬁ—a)
BT) (n+1)8

Ra,nf_f+ ”D{ﬁ}f“B(T)’

Corollary 4.2. Let B(T) be a HBS of 2m-periodic functions, and > 1. Then for all f € WF}(B(T)) and all n € N, there holds

1 8B —2
o.f —f+——=DUf|l < —/——
" B(T) (n+1)

— ||D”3}f||3(1r)~

We recall that, if B(T) = L,(T), 1 < p < 00, or B(T) = C(T), then f € W (B(T))) iff f € AC(T) and (f ) e L,(),
1<p<oo,or (f )/ € C(T), respectively, as DIV f = (f )/ (see e.g. [12, Section 9.3, Problem 3]). Here AC(T) denotes the space

of the absolutely continuous 27-periodic functions, and f is the conjugate of f.

Let us mention that Corollary 3.2 can also be used to prove the Voronovskaya-type inequality for R, , stated in Theorem 4.1.
Besides the results mentioned at the end of Remark 2, a point-wise Voronovskaya-type estimate for R, , with a € N, was
established in [34, § 3]. There a direct inequality and a matching one-term strong converse inequality in the uniform norm by
means of the classical periodic modulus of smoothness were established for even a (a characterization for odd a was given, too).
A global Voronovskaya-type estimate for the Fejér means in Banach space of periodic functions, satisfying Definition 2.1, (a) and

(c), was proved in [17, (11.6)].
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4.2 The generalized singular integral of Picard
The generalized singular integral of Picard of the function f € B(R) is defined by

Capf(x) 1= pf c(pOf (x—0)dt, x€R,

R

where the kernel ¢, a > 0, is given by its Fourier transform
Caw) =1+ ul)

For a = 2 we get the classical singular integral of Picard. In this case we have c,(t) = (1/2) exp(—|t]).

The optimal approximation order of C, , in L,(R), 1 < p < 00, and in UCB(R)—the space of the uniformly continuous and
bounded functions on R, is ¢(p) := p~* (see [12, Propositions 12.4.2 and 13.2.1, and Section 13.2, Problems 1 and 2]).

The differential operator that is naturally associated with the singular integral of Picard is the Riesz derivative. We will
formulate its definition in the strong sense of convergence in the norm of HBSs on R.

For 0 < a <1 and h € R we set

h
0im e () g

2I'(a) sin(mta/2) \ |x +h|l—e  |x|i—@
where I'(a) stands for the Gamma function. Then n, , € L(R).
Also, for h € R, h # 0, we set
1
o > |X| = |h|:
n(x) =4 ©x

0, otherwise,
and
npo(x) :=nu(x +h) —m,(x), x€R.

We have ny,, € L(R).
Let, as usual, [a] denote the largest integer not greater than a € R,.

Definition 4.2. Let B(R) be a HBS on R, f € B(R) and 0 < a < 1. If the limit

. f * nh,l—a
s-lim ———
h—0 h

exists in the norm of B(R), then we call it the strong Riesz derivative of order a of f and denote it by DS{"} f.
For a > 1 the strong Riesz derivative of order a of f € B(R) is defined inductively by

DM (DleUf),  aeN,,
D f =
Ds{a*[a]} (Ds{[a]}f), aéN,.

We set
W (B(R)) :={f € B(R):3IDP'f € B(R), 0< B < a}.

As is known (see [12, (10.5.8) and Theorems 11.2.6 and 11.2.9] and [18, Proposition 4.2]), we have that Ds{“}f € L(R) if

and only if there exists g € L(R) such that |u|* f () = g(w), u € R. Therefore, the Schwartz space of rapidly decreasing functions
on R is contained in W{#(L(R)) for every a > 0; hence W{*(L(R)) is dense in L(R). We also have

(DY @)= [ul*f(w), feWDLR)). (49

The operator Ds(“} commutes with the convolution. This is so because Ds{“} is defined by means of strong convergence and, as
Young’s inequality (2.3) implies, the convolution is a bounded linear operator on each of its arguments, the other being fixed.
As it follows from [12, Theorem 12.3.11], the limit

S_plirgopa(ca,pf _f)

exists in the norm of L,(R), 1 < p < 2, iff Ds‘“}f € L,(R); in this case the limit is equal to —Dj"‘}f. The spaces L,(R), p=1 or
2 < p < oo, and UCB(R) can be treated by [12, Theorems 12.3.1, Propositions 13.2.1 and 13.2.2, and Section 13.2, Problems 1
and 2]; in particular, the operators C, , were considered in [12, Section 12.3, Problem 6, and pp. 503-504].

A general sufficient condition, which implies

s- lim S
p=c0 @(p)
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where J, is a convolution operator in a HBS on R and lim,,_,, ¢(0) = 0, was given in [20, Theorem 4.6] (see also [20, Theorems
4.8 and 4.9] for its necessity).

A characterization of the rate of convergence of C, , in terms of a K-functional defined by means of D'} was established [18,
Theorem 4.4] in an arbitrary HBS on R.

We will prove the following Voronovskaya-type inequality for the Picard operator in any HBS on R.

Theorem 4.3. Let B(R) be a HBS on R and a > 0. Then for all f € W2*(B(R)) and all p > O there holds

llc ”L(R)
apf f + D{a}f < — ”D{za}f”B( R)* (410)
B(R)
We have
“Ca”L(]R) = 1’ O0<a < 2;
and
2(2a—1) T
leallymy < =——csc— <2a—1, a>2. (4.11)
a a

Proof. We apply Corollary 3.4 with k :=c,, Y := W?4(B(R)), Y, := W2 (L(R)), D := —D* and G := D**.

The operators D and G satisfy (3.7).

Further, by virtue of (4.9), we have (3.13) and (3.14) with v(u) := —|u|* and 0(u) := |u|?**. Clearly, they satisfy (3.15) with
B :=2a.

Finally, we have
| |2a

1+ |ule

GW—1+ul*= =ul*c,(u), ueR, (4.12)

which shows that (3.16) holds with £ =c,,.
Now, Corollary 3.4 implies (4.10).
It remains to estimate ||c, [, ). As is known (see e.g. [12, Problem 6.4.5, (ii)]), ¢,(x) = 0 on R for a € (0,2]. Therefore,

leallim =C(0) =1, 0<a<2.

For a > 2, we use the Fourier transform inversion formula (e.g. [12, Proposition 5.1.10, or Problem 6.4.5, (i)]) to get

+00
1
Cu(x)=— cosxu du, x€R. (4.13)
T ) 1+u”
Therefore,
1 (™ du
lea () < = , x€R. (4.14)
T J, 14+u*

We make the change of the variable given by v = (1 + u®)™! in the integral on the right hand-side to arrive at

+00 1
du — ]‘ —1/(1(1 )l/a—ldv
o 1+u* a ),

=l( ) 1r(-3)r@) (4.15)
1 T

a r(1)

= CSC —
a sin E a a

Above B(z,,2,) denotes the beta function and we used the identities

I'(z,)T(z;)
B =17
(21,25) T(z, +2,)
and
Iz)r(1—z)=— , 2¢Z. (4.16)
sin 7tz
We deduce from (4.14)-(4.15) the estimate
1
lc ()] < = cscz, x €R. “4.17)
a a

Let x > 1. Integrating by parts twice the integral on the right hand-side of (4.13), we arrive at the formula

a(a 1) 2092 [T y2e2
co(x) = cos xudu— — ——— cosxudu,
(1 +u®)? mx? ),  (1+u%)
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where we have taken into account that

1 / u[x—l
- | =—q—
(1+u“) (14ue)?

and
1 " a—2 2a—2
( ) =—ala—1) 4 202t .
1+ue (14+u=)? (14+u=)
Consequently,
+00 +00
a(a—1) us2 202 u?e2
< du+— ——du. 4.18
lea ()] X2 Jo (1 +u)? R o (1+ue) “ (4.18)
Just as above, making the change of the variable v = (1 +u®)™! in each of the integrals above, we get
+00 a—2
1 1 1
”—du:—r(1+—)r(1——) (4.19)
o (T4u=)? a a a
and
+oo 2a-2
1 1 1
u—duz—F(1+—)F(2——). (4.20)
o (T+ue) 2a a a

Next, by means of the identities I'(z +1) = 2I'(z) and (4.16), we evaluate the products of the I'-function on the right hand-side:

(-0 -2)- 5o
r(1+§)r(2—§):( —é)r(ui)r(l—é):(a;—j)“ cscg.

We substitute these expressions in (4.19)-(4.20) and derive from (4.18) the estimate

2(a—1
lc (2] < Mcsc E, x>1. 4.21)
ax? a

and

Using that c, is an even function (see (4.13)), and estimating |c,(x)| by (4.17) for x € [0, 1], and by (4.21) for x > 1, we

arrive at oo
2(2a—1) T
llegll gy =ZJ e () dx < TCSC—-
0

Finally, since siny > 2y/m for y € [0, 7t/2], we get the second estimate in (4.11). O

Remark 4. Let us note that, in view of (3.12), (4.12) yields the functional equation
1 1
Ca pf _f +— D(a)f =0 C(x pD{za}f: f € Wza(B(R)): p> 0.
5 pa s pza 5 s

Vorononoskaya-type estimates using the ordinary derivative and the Caputo fractional derivative were given in [2, Chapters
10-13] for the classical singular integral of Picard. These estimates are point-wise or in the L,-norm.
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