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Convergence in variation and a characterization
of the absolute continuity

Abstract

We study approximation results for a family of Mellin integral opera-
tors of the form

Tuf)(s) = [ Kot f(st) L, s e RY, w>0,
RLY (t)

where {Ky }w>o is a family of kernels, (t) := Hivzl ti, t = (t1,...,tn) €
]Rf, and f is a function of bounded variation on IRf The starting point
of this study is motivated by the important applications that approxi-
mation properties of certain families of integral operators have in image
reconstruction and in other fields. In order to treat such problems, to work
in BV —spaces in the multidimensional setting of IR} becomes crucial: for
this reason we use a multidimensional concept of variation in the sense of
Tonelli, adapted from the classical definition to the present setting of ]Rf
equipped with the Haar measure. Using such definition of variation, we
obtain a convergence result proving that V[T, f — f] — 0, as w — +o0,
whenever f is an absolutely continuous function; moreover we also study
the problem of the rate of approximation. In case of regular kernels, we
finally prove a characterization of the absolute continuity in terms of the
convergence in variation by means of the Mellin-type operators {Tw f }w>o.

Key-words: Mellin integral operators, convergence in variation, absolutely continu-
ous functions, multidimensional variation
AMS subject classification: 41A35, 41A25, 26B30, 26B99, 26D10

1 Introduction

In this paper we investigate the approximation properties of the following nonlinear
family of Mellin-type integral operators:

v

T = [ Kl fe0) T m

w >0, s=(s1,...,5n) € RY :=]0, +00)", where st := (s1t1,...,sntn) and (t) :=
Hf.vzl t;, for f belonging to the space of functions of bounded variation on IRY. In
particular we will prove that, under suitable assumptions on the kernel functions, if f
is absolutely continuous, then

V[Twf— f] =0, w— +o0, (I1)

and furthermore
V[Tuf = fl=0w™"), w— +o0,

0 < a < 1, for functions belonging to a Lipschitz class of Zygmund type. Moreover,
in the case of absolutely continuous kernel functions, it is possible to prove that the
convergence result (II) can be reversed, so that we obtain a characterization of the
absolute continuity on IRf in terms of the convergence in variation of the operators



(I). In order to do this, a crucial step is to use a notion of absolute continuity (the
log-absolute continuity), introduced in [1], which is proved to be equivalent to the
classical one (see Section 5). These results contain, as particular case, the case of
linear integral operators (see [2]). We point out that the present nonlinear setting is
not only important from a mathematical point of view, allowing to develop a more
general treatment of the theory, but it is also useful in several applications to describe
nonlinear processes that cannot be approached by means of linear integral operators.

The set of bounded variation functions plays an important role, apart from a
mathematical point of view, for the applications implied by several families of integral
operators acting on this space. For example, when these operators are used in order
to reconstruct images, the setting of BV —spaces is suitable to describe jumps of grey-
levels of the image since, from a mathematical point of view, they are represented
by discontinuities (see also, e.g. [3, 4]). Among the families of integral operators
above mentioned, the Mellin type operators are particularly important because of
their applications in optical physics and engineering (see, e.g., [5, 6, 7, 8]). Indeed
they revealed to be useful for signal reconstruction when the samples are not uniformly
spaced, as in the classical Shannon Sampling Theorem, but exponentially spaced: in
fact such model is useful to represent situations in which information accumulates near
the time ¢ = 0 (see, e.g., [9, 10]). On the other hand, the importance of Mellin analysis
is well-known, not only in approximation theory (we refer to [11, 12] for an extensive
theory about Mellin operators, while, for other results about homothetic-type and
discrete operators in various setting, one can see, e.g., [13, 14, 15, 16, 17, 18, 2, 19,
20, 21, 22]), but also in several other fields, because of its wide applications (see, e.g.,
[23, 24, 25, 26]).

In order to treat the case of Mellin integral operators, the most natural way to set
up our study is to work in IRY endowed with the Haar measure u(A) := L)t de,
where A is a Borel subset of IRY.

Another important role is played by the multidimensional setting and, in view of
the frame in which we work, we will use the multidimensional concept of variation
introduced in [2], that is inspired by the Tonelli approach (see [27], and also [28, 29]).

Finally we recall that approximation problems in BV —spaces were studied in
the literature from several points of view, by means of different notions of varia-
tion, such as, e.g., the classical variation ([30]), the distributional variation ([31]; see
[33, 32, 34] for the definition), the Musielak-Orlicz p—variation ([35, 36, 37, 13]), the
Riesz ¢p—variation ([38, 39]) and others. In the multidimensional case, results in this
direction can be found, for example, in [40] and [41, 42] (nonlinear case) for a new
multidimensional concept of p—variation by means of the classical convolution integral
operators.

The paper is organized as follows: after a preliminary section (Section 2) where
the main definitions and notations are presented, together with the assumptions of our
study, Section 3 contains the main convergence results. In Section 4 the problem of
the rate of approximation is studied while, in Section 5, we prove the characterization
of AC'—functions. Finally, in Section 6, we present some examples of kernel functions
to which our results can be applied.

2 Definitions, notations and assumptions

We will work with functions f : RY — IR of bounded variation, using the multidi-
mensional variation in the sense of Tonelli introduced in [2], that takes into account



of the multiplicative group structure of ]Rf . In order to recall the definition, we now
introduce some notations.

Given I = [T, [ai,b;] C RY, I} := [a},b}] will denote the (N — 1)—dimensional
interval I} := [I;z;lai, bi], obtained deleting by I the j—th coordinate, so that I =
[}, b]] x [aj,b;]. In a similar way we put xj := (1,...,%j-1,%jt1,...,2n) € RY
for x = (z1,...,7y) € RY, so that x = (x},z;) and f(x) = f(x},z;), for f: RY — IR.

By Lt (IRY) we will denote the space of all the functions f : RY — IR such that
f]Rf |F(£)[{t) "t dt < 400, where (t) := Hivzl ti, t = (t1,...,tn) € RY (u stands for
the Haar measure on IRY u(A) := [ (t)"! dt, where A is a Borel subset of RY), in
order to point out the difference with the usual Lebesgue space L' (]Rf ).

In order to define and compute the multidimensional variation on an interval I =
Hf.vzl[ai,bi} C RY, we first consider the Jordan variation of the j—th section of f,
namely Via, »,1[f(x},-)], xj € I}, and then we define the (N —1)—dimensional integrals

b} , dx’;
B (1) 1= [ Vil 5. N 5

where (x;) denotes the product Hi\f:L#j Zs.
We now compute the euclidean norm of the vector (®1(f, I),...,on(f,)), i.e.,

N 3
(f,1) = {Z[‘I’j(f,f)]Q} ;

Jj=1

where we put ®(f,I) = +oo if ®;(f,I) = oo for some j = 1,...,N. Then the
multidimensional variation of f : RY — IR on I C IRY is defined as

Vi[f] :=supy_ ®(f, Jy),

1=1

where the supremum is taken over all the finite families of N —dimensional intervals
{J1,...,Jm} which form partitions of I.

If we now pass to the supremum over all the intervals I C IRf , we obtain the
variation of f over the whole space IRf , namely

V[f] = sup Vi[f].
ICRY

Definition 2.1 By BV(RY) := {f € L,(RY): V[f] < 400} we denote the space of
functions of bounded variation on ]Rf

Let us notice that, if f € Li(IRf) is of bounded variation on IRY, then the
sections f(x},-) are of bounded variation on IRy and Vi, [f(x}, )] € LL,(RY ™), ae.
x; € IRf_l.

Definition 2.2 A function f : RY — IR is said to be absolutely continuous on I =
vazl[ai,bi} C RY if, for every j =1,2,..., N and for every € > 0, there exists § > 0
such that

S BY) = ) a")] <,
v=1



or a.e. x; € RY ™" and for all finite collections of non-overlapping intervals [a”, 7] C
[ j + pping ;
laj,bs], v=1,...,n, for which Y ._ (8" —a”) < J (see, e.g., [43, 44]).

Now, by AC’(IRf) we denote the space of functions f : ]Rﬁ — IR which are of bounded
variation and absolutely continuous on every I = Hﬁil[ai, b;] c RY.

We now introduce the family of integral operators that we will use in the present
paper in order to obtain approximation results for BV —functions.

Given f € BV(IRY), let us consider the nonlinear Mellin integral operators defined
as

dt
M) = [ | Kule ) T M)
my
w>0, s € IRﬁ, where st := (s1t1,...,sntn). Here {Kuw}w>o0 is a family of kernels

Kw:]Rf x IR — IR of the form
Ku(t,u) = Ly(t)Hy(u), t€RY, ueR,

where Ly, : RY — IR and H,, : R — IR is such that H,(0) = 0.
We assume that the following assumptions are satisfied:

Kw.1) L, :RY — TR is a measurable essentially bounded function (i.e., || Lw||zee <
+00) such that L, € L (IRY), ||Lw||LL < A, for an absolute constant A > 0,

and / Lw(t)ﬂ =1, for every w > 0;
R (t)

Kw.2) for every fixed 0 < 0 < 1,

dt
/H L)l 55 0,

as w — 400, where 1 = (1,...,1) denotes the unit vector of RY;
Kw.3) denoted by Guw(u) := Hy(u) —u, u € IR, w > 0,
ViG]

m(J) — 0, asw — 400,
uniformly with respect to every (proper) bounded interval J C IR, i.e., for every
€ > 0, there exists w > 0 (depending only on ¢) such that, for every w > w,
VJ [Gw]

m(J)
length of J).

< g, for every (proper) bounded interval J C IR (m(J) denotes the

In the following we will say that {K. }w>o0 C K if the above conditions K,,.1) —
K..3) hold.

Remark 2.3 We point out that assumption K,.3) implies that {H'Lu}w>0 satisfies
asymptotically a Lipschitz condition. Indeed, for example in correspondence of ¢ = 1,
by K. .3) there exists w > 0 such that for every w > w, V;[Gw] < m(J), uniformly

with respect to J C IR. Hence, for every u,v € IR, v < u,
[Huw(u) = Huw(v)| < [Huw(u) = u— [Hw(v) = v]| + |u— vl 1)
<Vl (Gl + v — v < 2u — o],

for every w > w.



3 Estimates and main convergence results

We first prove that, under the above assumptions, the operators T\, f are asymptoti-
cally well-defined on IRY for every f € L, (IRY).

Proposition 3.1 If f € L}L(IRf) and {Kw }wso satisfy K..1) and K,,.3), then there
exists W > 0 such that, for every w > W, (Twf)(s) < +oo, for every s € RY.
Moreover, Ty f € LfL(]Rf), for every w > w.
Proof By K,.1) and (1), taking into account that H.,,(0) = 0, there exists w > 0
such that

dt

@@ < [ @I )

+

dt
2/]Rf w(t )Hf(st)lﬁ <2 Lwllzee|[fllpy, < 400,

for every s € ]Rf and w > w. Moreover, by the Fubini-Tonelli theorem and K,.1),

ds dt\ ds
/MI(T (s )I<S> < /lRf (/}RN |Lw(t)|Hw(f(st))|<t>> o)

+

ds \ dt
2/][11ﬁ L (e)] (/mw If(st)<s>) o

N
2| Ll Iflly < 2A[f[lpy < +oo.

IA

IN

O
The next estimate proves that, asymptotically, the nonlinear integral operators (I)
map BV (IRY) into itself.

Proposition 3.2 If f € BV(IRY) and {Ku}w>o satisfy Kw.1) and K,,.3) then there
exists w > 0 such that, for every w > w,

V[Twf] < 2AV([f].

Proof Let I = Hf’zl[ai, b;] be an interval in RY and let {Ji,...,Jn} be a partition
of I, with Ji, = T2, [Mas, M o), k=1,...,m. It {s7 = Pa,,...,sf = P} isa
partition of [®a;,*) b;], for every j = 1,...N, k = 1,...m, then, for every sj € I},

by (1) there exlsts w > 0 such that, for every w > w,

Si = Y NTwf)(sh,5) = (Twf)(s], 857

_ Zl " Kw(t,nf(s;',s;-‘))% [t ))%
<>/ )6 ) — (o)1
< 2/M|Lw(t);|rtf(s;7sj f(s) st 1)|<%

- Q/IRN L (E)] Vitwray, 00, [rtf(s;,.)]%’

+



where 7, f(s) := f(st), s,t € IRY, denotes the dilation operator. Hence, passing to
the supremum over all the partitions of [(k)aj,(k) b1,

dt

|Lw(t)] V[(k)aj’(k)bj] [th(s;, )]E

’
Viora, aon (D& <2 [ .
Applying now the Fubini-Tonelli theorem, for every j =1,..., N,

(k>b;

®;(Tuf, i) < 2 / /
W | Jmy

v ds}; dt
2 X LN —L Y| Ly -
/| . A)a; Vira o 565 35 LB G5

dt
- Z/M DICYFATMCIE T

By a Minkowski-type inequality, for every k£ = 1,..., m we have that

OTuf,li) < 2{2 </]R N¢j<rtf,Jk>|Lw<t>|ft">>}

Jj=1 +

dt | ds}
Lw(t)|‘/[(k>aj,<k>bj][th(S;n')]} :

1
2

) 2 dt
< 2/1111 {;[éj(th,Jk)] } |Lw(t)|E

dt
= 2 enf AL @I
RY (t)
Finally, summing over k = 1, ..., m and passing to the supremum over all the partitions
{Jl,...,Jm} OfI,
dt

Vil <2 [ Vi@
R (t)
and hence, taking into account of the arbitrariness of I C RY and K,.1),
VITuf) < 2Ll VIS) < 24 VI,
0O

In order to prove the main convergence theorem we need a result about the con-
vergence in variation of (Hy o f — f).

Proposition 3.3 Let us assume that f € AC(RY) and that K,.3) holds. Then
wHI—EooV[Hw of—f]l=0.
Proof The proof is similar to the proof of Lemma 2 in [30]. O

As an immediate consequence of the previous result we have the following Propo-
sition:



Proposition 3.4 If f ¢ AC(RY) and K.,.3) holds, then (Hy o f) are asymptotically
equibounded in variation, i.e., there exists w > 0 such that, for every w > w,

V[Huw o f] < 2V[f].

Proof As a consequence of the additivity of the classical Tonelli variation, it is easy
to see that V[fi + fo] < V[f1] + V[fa], for every fi, f2 € BV(IRY). Hence V[Hy o f] <
V[Hwo f — f]+ V[f] and the thesis follows since, by Proposition 3.3, there exists w > 0
such that, for every w > w, V[Hy, o f — f] < VIf]. O

We are now ready to establish the main convergence result by means of the oper-
ators (I).

Theorem 3.5 If f € AC(RY) and {Kuw}wso € Kuw, then

Jim VITLf = f]=0.
Proof With the same notations of Proposition 3.2 we can write, by K,.1),

Sj = Z\(wa)(S}asj = f(sh ) = (Twf)(sG, 857 1) = f(sh, 857

< 2/ )| Hu(F (585, 45)) — Hu(£(s),54)) — Hu(F(s5e), 2 7'8))) +
- Hu(f(S) |—+Z / wOI[Ho (78], ) = (85, 50) +

- [Hw<f<s;-,s;“>>ﬂf(s;,s;“l)])(%t>

< /}R VOVt 000 (70 ) = (H© D) N5

v [ IO o [ o f = NlEh s

By the Fubini-Tonelli theorem, for every j = 1,..., N, there holds

dt

®(Twf = f,Jk t)\q’j((Tc(HwOf)—(HwOf))ka)Q

Lo(8)|®;(Hu o f — 1, m%

N
" /}R$|

and so, by a Minkowski type inequality,

dt

ST~ 1. 0) < /}RiILw(t)<I>((Tt(Hw0f)—(Hw0f)),Jk)<t>
dt
" /}R$|Lw(t)q’(Hwof_f>Jk)<t>~



Hence, summing over k£ and passing to the supremum over all the possible partitions
{J1,...,Jm} of I, and then over all the intervals I C RY,

VI =1 < [ ILe@Vin(ao f) = (e DI

¥ (&)

dt
+ /M Lu(®VIHa o f = 155

Taking into account that, by the properties of variation,

VIir(Hwo f) = (Hwo f))] < VIn(Hwof) = 7fl+VIrnf - fl+ V[Huwo f— f]
2V[Hyo f = fl+VIrf - fl,

we have that, for every 0 < § < 1,

Vs = 1)< [ 1ul®)l (VI o f = 1+ Vird = £1) 7+ AVIHw 0 f = f

; )
soavitof =+ (f v @V a5
=I5+ I+ Is.

(2)

Let us now fix € > 0. About I;, by Proposition 3.3 there exists w > 0 such that, for
every w > W, V[Hy o f — f] < 55, and so It < §. About Iz, by Theorem 1 of [2],

there exists ¢ €]0, 1[ such that, if |1 —t| <9, V[th f1< and so

3A’

Iy < o \Lw(t)lf
3A |1—t|<5 >

Finally, by K..2) there exists @ > 0 such that, if w > @, f|17t|>3 | L (t)
(w.lg, V[f] #0), and so

w\m

‘ ) < ]

B @IV
11-t|>3 (t)
PR (3)
=2V Ly(t)|— < =
2V]/] /‘I_M| Ol <5
Hence we conclude that
V[wa - f] < g,
for every w > max{w, w}. O

Remark 3.6 We point out that, in Proposition 3.3, it is actually sufficient to assume
that f € BV(IRY) and that the sections f(x},-) are continuous for almost every
x; € IRi’ ~1. We prefer to assume the stronger condition that f € AC(IRY) since this
is the case for the main result (Theorem 3.5) in which such Proposition is used.



4 Order of approximation

We will now study the problem of the order of approximation for the family of integral
operators (I). In order to do that, first of all we need to modify the assumptions on
kernels. In particular, instead of K,,.2) and K,,.3), we will assume that, for 0 < o < 1,

Ky.2) for every 6 €0, 1]

dt Ca
/‘H‘>5 [Lufe)| 5 = 0(w™), w— +2c,

(i.e., {Lw }w>o0 are a-singular);
Kuw.3) denoted by Gu(u) := Hy(u) —u, u € R, w > 0,

ViG]
m(J)

=0(w™?), asw — +0o0,

uniformly with respect to every (proper) bounded interval J C IR, i.e., there
Vi [Gw]

m(J)

exist w > 0 and N > 0 such that, for every w > w, < Nw™ ¢, for every
(proper) bounded interval J C RR.

In the following, we will say that {Ky }wso C Ky if Ku.1), Ku.2) and K,,.3) are
satisfied.

Moreover, as it is usual in such problems, we will assume that the function f be-
longs to a Lipschitz class which takes into account of the multidimensional variation
and the multiplicative setting of IRY, namely,

VLipN(a) ={f€ AC(]Rf) :Virf — f] = O0(logt]), as [1 —t| — 0},

where we put logt := (logti,...,logty), t € RY.

We first need to establish a stronger result with respect to Proposition 3.3.
Proposition 4.1 Let assume that f € AC(RY) and that Ko.3) holds. Then

MEIEOOV[Hw of = fl=0(w™ "), w— +oco. (4)

Proof Again, the proof is similar to the proof of Lemma 2 in [30], taking into account
of assumption K,.3). O

Theorem 4.2 Let us assume that f € VLipN(oz), {Kuw}w>o C Izw and that there
exists 0 €]0,1[ such that

e dt _ —a
[, e osel® 55 = 0w™) %)
as w — 4o00. Then
VITuf - f]= 0w ™),

as w — +o00.

10



Proof By (2) and (3) of Theorem 3.5 we have that, for every ¢ €]0,1[ and w > 0,

V[Twf ~ f] §3AV[Hwof,f]+/ll_ |<5V[th*f]\Lw(t)I%
dt
+2V[f] ll_t|>6|Lw(t)|®,

Since by assumption f € VLip™ (), there exist M > 0 and & €]0, 1] such that V[r f —
f] < M|logt|*, for |1 —t| < §. Hence, if we take 0 < § < min{6,6}, by K,.2), (4)
and (5), we conclude that

o dt
VITwf - fl<3AV[Hyo f— f]+ M |Lw(t)|[logt|*
[1-t|<5 (t)
dt a
Pl [ Ll = 0w ),
[1—t|>6 (t)
for sufficiently large w > 0, taking into account that V[f] < +oo. ]

Remark 4.3 Similar considerations to Remark 3.6 hold for Proposition 4.1 and The-
orem 4.2.

5 A characterization of the absolute continuity

In this Section we will prove that, in case of regular (AC) kernel functions, the converse
of the main convergence result (Theorem 3.5) holds. In order to do this, we will use
the following equivalent concept of absolute continuity, introduced in [1]:

Definition 5.1 A function f : IRf — IR s said to be log-absolutely continuous on
I= Hf\;l[ai,bi] C RY if, for every j = 1,2,..., N and for every € > 0, there exists
0 > 0 such that

S OIF(,8Y) = ), a)| <,
v=1

for a.e. x; S ]Rf_1 and for all finite collections of non-overlapping intervals [, 8¥] C
laj,bs], v=1,...,n, for which Y. _, (log(8") —log(a)) < 6.

As an immediate consequence of Proposition 3.5 of [1], we have that f : ]Rf - R
is log-absolutely continuous on I = vazl[ai, b;] ¢ RY if and only if it is absolutely
continuous on I, hence the two notions of AC-functions are equivalent.

The advantage of using the previous concept of absolute continuity, with respect to
the classical one, is that the theory becomes significantly simplified. Indeed, taking into
account of the Haar measure p, the definition of the log-absolute continuity reveals to
be more natural and more suitable in order to study some problems for Mellin integral
operators in the setting of the multiplicative group structure of ]Rf equipped with the
logarithmic measure p.

In particular, using the log-absolute continuity, we are able to prove that, if the ker-
nel functions {L. }w>o are absolutely continuous, so are, asymptotically, the integral
operators (I).

Proposition 5.2 If f € BV(IRY), {Lu }wso are absolutely continuous on every inter-
val I C RY and K,.1) and K,,.3) are satisfied, then Ty, f € AC(IRY), for sufficiently
large w > 0.

11



Proof Let us notice that, by a simple change of variables, we may write

t

(Twf)(s) = /}RN L (;) Hw(f(t))ﬂ

(t)

We first prove that, for w > 0 large enough, T, f is log-absolutely continuous on every
1= vazl [ai,bs] C Rf . Let us notice that, by the equivalence of the two concepts of
absolute continuity, { L. }w>0, are log-absolutely continuous on I. Therefore, let us fix
€ > 0 and a collection of nonoverlapping intervals in [a;, b;], {[@”, 8]} =1, such that
S (log(BY) —log(a”)) < 8, where ¢ is the number of the log-absolute continuity

v=1
of Ly (x},-) in correspondence to & := a.e. Xj € ]Rf_l7 forj =1,...,N:

(6)

13
QHfHLlli ’
here, without any loss of generality, we assume that || f|| L # 0, since the other case
is trivial. Then, using (6), it is possible to write

n

S (Tuf) (5, 87) — (Tuf) () )] <
v=1
n t/‘ t tl' t
H, Lo -2,-L)—L, (2,2~
< [, ety (2)-w(32)
log () — log (&)
th ot thot €
Ly J,i — Ly 4771 I,
(x; 6“) ( au>‘< 2071z

Now, by (1), which is implied by K,.3), and taking into account that H,(0) = 0,
there exists w > 0 such that, for every w > w, |Hy (f(t))| < 2|f(t)|, and so

dt
()

Taking into account that >_7_, < §, by the log-absolute conti-

nuity of L., on I,

>

v=1

S T f) (x5, 87) — (Twf)(x), ") <&,

/

a.e. x; € IRf_l: this means that, for every w > w, (Twf)(x]},) is log-absolutely
continuous on I, and hence absolutely continuous on I. The thesis follows taking into
account that, by Proposition 3.2, T, f € BV (IRY). a

Another step in order to get the characterization is to prove that the space of the
absolutely continuous functions is a closed subspace of BV (IRY) with respect to the
convergence in variation.

Proposition 5.3 AC(IRY) is a closed subspace of BV (IRY) with respect to the topol-
ogy generated by the convergence in variation.

Proof We have to prove that, if (fn)nen is a sequence of functions in AC(IRY) such
that limy,— 40 V[fn — f] = 0, then f € AC(IRY). Since, by the properties of variation,
VIf] < VIfa — f] + V[fn] < 400, for some n € N, it remains to prove that f is
absolutely continuous on every I C IRf, i.e., for every I C IR{X and j = 1,..., N,
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f(x},-) is absolutely continuous a.e. xj € RY ' Let us fix I = H;V:I[aj7bj] c RY
and j =1,..., N, and notice that

;o dx ~ (- dx;
0< /IRfl V[aj,bj][(fn = (x5, )]@ = I}Sﬂgg’l /13 V[aj,bj][(fn (5, -)] <x;>

= sup Pi(fn—f, 1) < sup D(fn—f1)

’ N-1 N
IjC]RJr ICRY

< sup sup > @(fu — £, k) = VIfu — J,

ICIRﬁ D

where D represents the set of all the possible partitions {Ji, ..., Jp} of the interval I.
Hence we have that

li Vi i A 7

e Ry [ajvbj][(fn = (x5, )}@ =Y, (7)

which implies that, for every € > 0 there exists m € N such that, for every n > n,
V[aj,bj][(fn _f)(xg>)] <g, (8)
!

a.e. x; € IRf_l. Indeed if, by contradiction, there exists a set of positive measure
Al C ]Rf_1 and € > 0 such that, for every m € N, there exists n > . for which
Via; b1 [(frn — f)(x], )] > € for every x; € A}, then

dx’; dx’
[ Vsl = DEN > [ Vgl = D55 > e,
RrRY 1 <Xj> A

N <Xj>

which is in contradiction with (7).

Now, let us fix ¢ > 0: by (8) there exists n € N such that Vi, »1[(fn—f)(x},)] < 5,
a.e. xj € RY™'. Moreover, since f, € AC(IRY), there exists § > 0 such that, if
{la”, BY]}o_; is a family of nonoverlappling intervals in [aj, b;] such that >-7_ (8" —
a¥) < 4, then P _ | fu(x}, BY) — fu(x),0”)| < 5, ae. xj € RY ™', Therefore

ST B = £ ) < DTN = fa) (&5, BY) = (F = fa) (), 0") |+
+ 3l BY) = fulxf, 0|
< Vi, w1 = O &G+ D (), 87) = fulx), )| <e,

a.e. xj € RY ™', that is, f(x},-) is absolutely continuous on [a;, b;], a.e. xj; € R} .0

We are now ready to prove the equivalence between the absolute continuity and
the convergence in variation by means of the operators (I), for AC-kernels.

Theorem 5.4 Let f € BV(IRY) and let {Kuy}wso € Kuw be such that {Ly }wso are
absolutely continuous on every interval I C ]Rﬁ Then f € AC(IRf) if and only if

Jm VT f — f]=0.

13



Proof Taking into account of Theorem 3.5, we have just to prove the sufficient part.
Now, by Proposition 5.2, T, f € AC(IRY), for sufficiently large w > 0, and therefore,
if limy— 400 V[Twf — f] = 0, f turns out to be absolutely continuous, by Proposition
5.3. a

The previous result shows that, also in the case of nonlinear Mellin-type integral
operators, the situation is the same as, for example, in the case of the classical con-
volution operators, where it is possible to get the equivalence between convergence in
variation and absolute continuity by directly using the usual notion of AC-functions
(see, e.g., [30]).

Remark 5.5 We point out that, assuming as it is usual in the nonlinear setting (see,
e.g., [13, 30, 42]) a strong Lipschitz condition on {Hy }wso, then Proposition 5.2 and
all the estimates of Section 3 hold for every w > 0, with suitable constants, without
assuming K,,.3).

6 Examples

We point out that is not difficult to find examples of kernel functions which fulfill all
the assumptions of the previous theory.
For example, let us consider the kernel functions H.,(u) defined as

Hy(u) =

utew—1,0<u<l,
u+eﬁ71, u>1,

(we extend the definition of Hy(u) in odd-way for u < 0). Then

ew —1, 0<u<1,
Gw(u)_{eu}u—1 u>1

and obviously G, (u) is increasing in [0, 1], decreasing in [1,+o00). Hence, for every
[a,b] C [0,1], taking into account that the exponential function is Lipschitzian with
Lipschitz constant e on [0, 1],

‘/[a,b] [Gw} o 6% — 6% E
m([a,b]) b—a w

IN

— 0

as w — +o0o. Moreover, since e is also Lipschitzian with Lipschitz constant e on
[1,4+00), for every [a,b] C [1,+00),

VionlGu] _ e —ets _

m([a,b]) b—a wab -0

<

glo

as w — +oo. If [a,b] is such that 0 < a < 1 < b, it is sufficient to notice that
Va0 [Gw] = Via1)[Gw] + Vi1,5[Gw]. This implies that K.,.3) holds. Obviously, such
kernels satisfy also assumption I~(w3) with a = 1.

About {Lw }ws>0, surely one can consider an approximate identity, so that K,.1)
and K,,.2) are satisfied. Besides this example, there is also another important class
of kernels {Ly }w>o for which all the assumptions for the rate of approximation are

14



satisfied, i.e., the Fejér-type kernels with finite absolute moments of order o (0 < a <
1). Such kernels are of the form

Lo(t) =w™ L"), teRY, w>0, 9)

where L € L}, (IRY) is such that f]RQ’ L(t)g—; =1and t¥:= (t¥,...,tN).

This condition is the natural reformulation (see also [31]), in the multiplicative
setting of ]Rf with the Haar measure, of the classical Fejér-type kernels on IR™.

The case of Fejér-type kernels is important since, in the classical frame of IR
equipped with the Lebesgue measure, all the assumptions for the rate of approximation
are implied by the finiteness of the absolute moments of order a (0 < o < 1).

Also in the present frame it is easy to see that assumptions K,.1) and I~(w2) are
satisfied if m(L, @) < +oo, where the absolute moments of order « are defined by

o dt
m(L,a) = /1R§\_’|10gt| |L(t)|®

Indeed the following Proposition ([2]) holds:

Proposition 6.1 If {Ly}wso are of the form (9) and m(L,a) < 400, 0 < a < 1,
then

(a) |Lw(t)\ﬁ =O0(w™"), as w — +oo, for every & €]0,1[;
[1—t|>6 (t)

(b) | Lo (t)]| logt|°‘d—t =O0(w™"), as w — +oo, for every 6 €]0,1].
1-tl<s (t)

We finally point out that there are several classes of Fejér-type kernels for which
the absolute moments are finite. Among them, the Mellin Gauss-Weierstrass kernels
(see [2] and, e.g., [45, 13] for their classical version), defined as

N
Gu(t) = w—Ne_wzllogﬂQ, teRY, w>0
m2
(see Fig. 1(a)), the Mellin Picard kernels, defined as

N
ey L) s
2r> I'(N)

, teRY, w>o0,

(see Fig. 1(b)) where I' is the Euler function (see [45, 13] for their classical version),
and others.
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(a) Mellin Gauss-Weierstrass kernels G1o(z, y) (b) Mellin Picard kernels Pig(z,y)

Figure 1: Example of kernels on R%
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