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Abstract

We introduce and study in a general setting the concept of homogeneity of an operator and,
in particular, the notion of homogeneity of an integral operator. In the latter case, homogeneous
kernels of such operators are also studied. The concept of homogeneity is associated with
transformations of a measure - measure dilations, which are most natural in the context of our
general research scheme. For the study of integral operators, the notions of weak and strong
homogeneity of the kernel are introduced. The weak case is proved to generate a homogeneous
operator in the sense of our definition, while the stronger condition corresponds to the most
relevant specific examples - classes of homogeneous integral operators on various metric spaces,
and allows us to obtain an explicit general form for the kernels of such operators. The examples
given in the article - various specific cases - illustrate general statements and results given in

the paper and at the same time are of interest in their own way.
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1 Introduction

In this paper we investigate in a general setting the concept of homogeneity of an operator and, in
particular, the concept of homogeneity of an integral operator, and in the latter case, homogeneous
kernels of such operators are also studied.

This study is inspired by the well-known theory of a special class of integral operators, namely,

the class of operators with homogeneous kernels in R” with degree of homogeneity —n. For operators



with homogeneous kernels we refer to the books [11, 12] and the review paper [16]. We recall that the
one-dimensional theory of operators with homogeneous kernels goes back to the Hardy-Littlewood-
Pélya theory; see [10].

The Fredholm theory for operators with homogeneous kernels is well known; integral equations
with such operators have been extensively studied in various settings. First of all, this concerns
the framework of Lebesgue spaces, but now there are also results in the framework of Morrey and
others function spaces, see e.g. [5, 6, 7, 8, 9].

The definition of homogeneity for such integral operators, as customary, is related to the homo-
geneity property of their kernels. Namely, an operator whose kernel is homogeneous with respect
to uniform scalings and invariant with respect to rotations is called an operator with homogeneous
kernel.

However, the concept of homogeneity for an operator, not necessarily integral, is certainly a
more general and broader issue. Even for an integral operator, the integral kernel does not directly
interact with the metric but rather with the measure. The class of transformations which transform
the measure in a way similar to what conformal transformations do is far larger, and it is therefore
natural to study integral operators that are homogeneous with respect to such general, measure
dilations.

At the same time our expectations are that techniques analogous to the classical ones developed
in the preceding works on integral operators with homogeneous kernels will become available due to
the appropriate behaviour of the measure. These expectations are supported by specific examples,
which we also discuss in detail in Section 4.

So, basing the concept of homogeneous operators on measure dilations, given a measure p on
a measurable space M we consider the measure dilation induced by a transformation ¢ : M — M
such that p(p(A)) = Apu(A) for all measurable subsets A C M, where A, > 0 is a constant that
depends only on .

Basically, what we do is the next step from the case in which only measure preserving transforma-
tions are considered. We allow a scalar factor A, in the definition given above, and hence operators
invariant with respect to a group of such transformations are an extension of usual convolution-type
operators, which are known to be originated by invariant measures.

When it comes to a particular, but important case - integral operators, a natural question arises.

How does the concept of homogeneity of an operator correlate with the properties of homogeneity



of the kernel? To clarify this question, we need to introduce the definitions of weak and strong ho-
mogeneity of a function (kernel). The kernel with weak homogeneity generates an integral operator
which is homogeneous in the sense of our definition. At the same time, the most profound results
are obtained for the case of operators with strong kernel homogeneity. In fact, after certain general
considerations, we pass to integral operators with strongly homogeneous kernels, and it is for such
kernels that we obtain results formulated in the most constructive form.

We note that recently the study of special classes of operators, more precisely, integral operators
with one or another property of invariance or symmetry, has acquired significant attention. In this
regard, we would like to mention the studies of the class of so-called Hausdorff operators, see [17, 18]
and [19]. This class of operators differs essentially from operators with homogeneous kernels in a
multidimensional situation, but the two classes are the same in the one-dimensional case. Also,
we mention the paper on the class of Hausdorff - Berezin operators [4] and the paper on the
class of Hadamard-Bergman operators [1, 2]. Operators in the latter class are actually integral
realizations of multiplier operators considered on a space of holomorphic functions, and in fact, it
is a specific example of a class of homogeneous integral operators in our interpretation. We discuss
these operators below among other examples.

The paper is organized as follows. We prefer to go from the general to the particular, formulating
the main ideas and definitions at the most reasonably general level, and further clarifying these
concepts in cases where it is possible to be more specific.

Section 2 is an introductory part, which briefly provides information about classical operators
with homogeneous kernels - the main motivation for this work. There we discuss also the concept
of measure dilations in a general context. Finally, the notions of weak and strong homogeneity of
the kernel of an integral operator are given.

Section 3 contains our main general statements on homogeneous operators and homogeneous
integral operators. It is also the key point of study where the geometry of dilations is involved
in our research. We separate and analyze two cases, which in the text below are designated as
case A and case B. These cases differ in whether or not it is possible to reduce the situation under
consideration to an invariant measure by means of certain unitary transformations. In other words,
whether it is possible to reduce the operator in question to a convolution-type operator on a group.
These two different situations are further explained with specific examples. Towards the end of

the section we consider strongly homogeneous kernels. From this moment on, we drop the word



”strongly” and continue to call them homogeneous kernels, since our next steps are associated with
only such kernels. We obtain a general representation for such kernels, which we use later on in
concrete examples.

Section 4 contains our main particular results that are of independent interest and also serve
as illustrations for theoretical aspects presented in Sections 2 and 3. In this section, we consider
concrete situations in which it is possible to calculate explicitly the corresponding transformations
of the measure and to present with maximum detail the general form of the homogeneous kernel of
an integral operator.

We begin our consideration with the case of the cylinder R x T, and then move on to the study
of homogeneous integral kernels on R?. Here we note the formula (23) which gives a precise general
form of the homogeneous integral kernel. This clarifies the hypothesis that was previously accepted
on the general form of an integral kernel, see Remark 6. As a special example of a class of integral
operators with homogeneous kernels on R2, or more precisely, on the unit disc, we then proceed with
the representation of Hadamard-Bergman convolution operators in the form of integral operators
with homogeneous kernels.

Next, we move on to weight measures on the unit disc and consider two different situations; the
Haar measure corresponding to the the Poincaré disk model D C C, and the classical radial power
weight of Bergman type arising in a number of problems in the theory of functions of a complex
variable. Then we turn to the case of the Lobachevsky space H2. All these cases are embedded
in one general scheme, but in each case the specific calculations differ and quite constructively
illustrate the underlying geometry.

Finally, we come to a very interesting and illustrative example within a discussion on integral
kernels on R™ that are homogeneous with respect to all invertible linear transformations. It appears
that there are no such kernels for n > 2 and instead there is just one such kernel up to a constant
multiplier for n = 2. Further elaboration of the case n = 2 provides a very specific integral operator
(35), whose properties we hope to study in detail in a separate paper. There we also formulate an

open question related to the multidimensional case n > 2.



2 Backgrounds, motivation and general thoughts

2.1 Classical integral operators with homogeneous kernel in Lebesgue

spaces

The one dimensional operators with homogeneous kernels
oo
Kf@) = [ )iy
0
where k(z,y) is such that
k(Az, Ay) = A 'k(2,y), 2,y e RL, A >0,

appeared as counterparts to convolution operators in the following sense: these operators are in-
variant with respect to dilatations, not translations, in contrast to convolutions. At the same
time, these operators are reduced to convolutions via the following isometries between LP (R} ) and

LP(RY), 1 < p < o0,

Wof(t) = e vf(e™), teR, (1)

Wy lg(n) = n rg(—Imn), neR]. (2)

Denote

-

The Hardy-Littlewood theorem states that

1 1
k(l’y)yiidy = / k(:v, 1),%7%(13;7 4+ =1.
}F ]R}F p q

Theorem 1 (See e.g.[12]). Let k < co. The operator K is bounded in LP(RY) with |K| <k, and

|K|| = &k for non negative kernel k(x,y).

The multidimensional operators

Kf(x)= [ k(z,y)f(y)dy (3)

R”

are such that



1. k(Az, \y) = A "k(z,y), A>0, x,y€R";
2. k(w(z),w(y)) = k(z,y) for any w € SO(n).

Some examples are

1 1 T-y
klz,y)=7———F—, O<a<mn; k(zy) = a( )
|| — y|nm =™ + |y \ eyl

Remark 1 In the literature it was customary to say that such kernels k(x,y) depend only on
||, |y| and scalar product x-y. As we show below in the two dimensional case, this is an incomplete
statement. The statement is true if assuming additionally invariance with respect to reflections. But
the general form of such a kernel (without reflections) is in fact presented in (23). See also Remark
6. In higher dimensions n > 2 the discrepancy between the truly general form and merely functions
expressible in scalar products will become even wider, for there are more degrees of freedom neglected
in the latter case (functions of a point on the sphere versus functions of the projection of a point

on a fized axis).

We end this section with multidimensional analog of Theorem 1. Denoting

“Z/ k(er,y)y” vdy, e =(1,0,...,0),

we have

Theorem 2 (See e.g.[12]). Let 1 < p < 00. Let k < 00. The operator K is bounded in LP (R™) with

IK|| < &, and || K|| = & for non negative kernel k(z,y).

The above mentioned results have weighted analogues. Such operators also have connections
to Wiener-Hopf operators, and algebras of such operators together with equations involving such

operators were studied thoroughly, see [12] and references therein.

2.2 Measure dilations

The choice of linear isotropic dilations (scalings) and rotations in the above standard definitions is
natural from a metric space point of view: these are conformal transformations of the Riemannian
manifold R™. The Lebesgue measure arises as the metric-induced measure and behaves appropri-

ately with respect to these transformations, which allows one to make use of variable substitution



techniques in the study of homogeneous integral operators, see Section 3.4 for precise definition of
a homogeneous integral operator.

However, from a conceptual point of view an integral operator does not directly interact with
the metric but rather with the measure. The class of transformations which transform the measure
in a way similar to what conformal transformations do is far larger, and it is therefore both natural
and interesting to study integral operators that are homogeneous with respect to such general,
measure dilations, in the expectation that techniques analogous to the classical ones will become
available due to the appropriate behaviour of the measure.

More precisely, the definition of a measure dilation (or simply dilation for the rest of the paper)

is as follows.

Definition 1 Given a measure 1 on a measurable space M, a measure dilation is a transformation
w: M — M in the appropriate category (measurable space automorphism for a measurable space,

homeomorphism for a topological space, diffeornorphism for a manifold etc.), such that

n(p(A)) = Apu(A)  (or simply pop = A,pu)

for all measurable sets A C M, where A\, > 0 is a constant that depends only on .

Note that in the archetypical setting of M = R"™ in the definition above it would be customary
to write A7 in place of Ay, but since the dimension will not always be well-defined in our general
setting, we do not follow that tradition.

It is easy to see that the set of all such ¢ comprises a group, which we denote by Dil(M, u).
The map ¢ — A, gives a group homomorphism X : Dil(M, u) — R, (character).

In the majority of cases the group Dil(M, ) will be too large to work with, and we will consider a
subgroup G C Dil(M, ) instead. The character A will have a kernel ker A C G, a normal subgroup,
and transformations ¢ € ker A will preserve the measure p, similar to rotations in the classical
situation. However, a canonical factorization of G (or Dil(M, i)) into a product of ker A and another
subgroup B will not always exist in full generality, and we will not be able to unambiguously speak
of a subgroup B C G of actual dilations, i.e., those performing the non-trivial dilations A, # 1.
Therefore, we will simply call all ¢ € Dil(M, p) dilations.

In case G is a Lie group and A a is Lie group character, one can show that the semidirect

factorization G = ker A ¥ R does hold, and this may be used in certain applications.



In order to enhance the group theoretical language to be used in the paper, instead of writing
M >z~ p(xr) € M we will write M 5 & — gz > M for g € G, i.e., a left action of the group G
on the space M. We will assume that this action is transitive, i.e., for every x,y € M there exists
g € G such that gr = y; otherwise the implications to be derived in this paper would hold in each
G-orbit separately, independently of each other. Here we will not address the question whether
or not a transitively acting G exists. For instance, in the category of topological spaces, if M is
a rigid space then Dil(M, ) = @) a priori. The basic definitions and facts about group actions on
abstract sets, topological spaces and smooth manifolds can be found in monographs [13], [14] and
[15], respectively.

Note that the particular case when G C ker A corresponds to the G-invariant measure p on M.
Invariant measures are widely studied in non-commutative harmonic analysis and representation
theory. Measure preserving transformations are also relevant in the subject of incompressible flows.

Relaxing the strict measure preservation to allow a scalar factor, as in the definition given above,
is thus the simplest natural step beyond the scope of invariant measures, and operators invariant
with respect to a group of such transformations are thus an extension of usual convolution-type
operators.

We will see below that in many cases the LP-theory of such operators can be effectively reduced

to that of convolution-type operators, see formulae (6) and (8).

2.3 Homogeneous integral kernels: strong and weak homogeneity condi-

tions

One of the main subjects of study in this paper is measurable functions K which serve as inte-
gral kernels for integral operators K, and satisfy certain homogeneity conditions with respect to a
transitively acting group G of dilations in the measure space (M, 1) (see Subsection 2.2).

We will operate with two slightly different homogeneity conditions applied to a kernel K.

Definition 2 We say that a function (a kernel) K satisfies weak or strong homogeneity condition

provided the following statements hold, correspondingly:

e Weak:

(Vg € G) (,u®2 —a.e. (z,y) € M x M) K(gz,gy) = /\1gK(a:,y) (4)



e Strong:

(V(x,y) e M x M) (Vg € G) K(gx,gy) = );K(x,y) (5)

Correspondingly, to the fulfilment of the above weak or strong conditions, we will call the corre-
sponding kernel K weakly homogeneous or strongly homogeneous. Later on we will omit the word
"strongly” and use only the abbreviation "homogeneous kernel” for those kernels satisfying the strong

type condition (5), see Remark 3 for precise statement on this issue.

It is clear that the strong condition implies the weak one. We will see later in Theorem 3 that
the invariance of the integral operator K with respect to the group of dilations G (or homogeneity)
is equivalent to the weak homogeneity condition (4), but our most explicit results will require the
stronger condition (5), see Subsection 3.6. In order to fill the gap between these two, weak and
strong, notions of homogeneity, we may need to assume for instance, that M is a decent topological

space and K is continuous p-a.e. But this issue will not be addressed in the present work.

3 Dilations, homogeneous operators and homogeneous inte-

gral operators

3.1 Dilations

Hereinafter F € {R,C} (this means either F = R or F = C ) will be fixed and for a measure
space (M, ), and the symbol L(M, ) will stand for the F-vector space of measurable functions
f + M — F (more precisely, equivalence classes up to p-null subsets, as usual). We will work
in a fixed subcategory of measure spaces, and Aut(M) will stand for the group of appropriate

self-morphisms. Denote (recall that)
Dil(M, p) = {p € Aut(M)| pop=2Aop, A, >0}

This gives a group character A : Dil(M, 1) — R4. Then ker A C Dil(M, ) is a normal subgroup.
Let G C Dil(M, u) be a subgroup that acts transitively on M. The transitive action of G by
measurable space automorphisms allows us to represent M as the homogeneous space G/H with

G-invariant measurable structure, where H C G is a non-normal subgroup.



Henceforth we will deal with the measure space (G/H, i) where pu(g.) = Agu(.) and A : G — Ry

is a character. Here we will distinguish between two essentially different situations:

e Case A: H C ker A

e Case B: H ¢ ker A

In Case A, X gives a well-defined function A : G/H — Ry. We will assume that this function
is measurable with respect to the G-invariant measurable structure on M = G/H. This can
be guaranteed if we equip Dil(M, u) with an appropriate measurable structure and require that
A : Dil(M,u) — Ry is measurable. This should be true in all cases of interest. Now we can

introduce the measure i on G/H by setting

. 1 . 1 ~
di(z) = —du(z), dp(gr) = —du(gz) = di(z), Vze G/H,
/\x /\gac
and we see that [i is G-invariant.

We can introduce for p > 0 the linear operator U, : L(G/H, i) — L(G/H, i) by setting
U, f(z) = A2 f(x), YeeG/H, VfeL(G/H,p). (6)

This will give a unitary operator LP(G/H, ) — LP(G/H, i), and recall that all the above said is
valid in the Case A.

In Case B we will not be able to reduce p to an invariant measure, and this will have implications
for homogeneous integral operators to be discussed below, see Remark 5.

Let us note that at this level of generality, any abstract groups G, H C G and any character
A : G — Ry can figure in this construction. Indeed, take a left-invariant measure py, on G (for
instance, the left Haar measure on G taken with discrete topology) and define the measure i on
G by d;;(g) = ), for all g € G. Then define the measure u on G/H by p = fi o q5', where
qy : G — G/H is the standard quotient map which is measurable and G-equivariant. It is easy to

check that G C Dil(G/H, p).

10



3.2 The geometry of dilations

Define the set
Xy ={aH| aHa 'NH ¢ ker A} C G/H.

It can be described also as
Xy={xecG/H| GheH)hzt=2 A I #1}.

If we denote temporarily by ¢ : H x G/H — Ry x G/H x G/H the measurable map (h,z) —
(An, ha, ), then we can see that X]’j\, is the projection onto the second component of the preimage

¢~ 1(Y) of the measurable set
Y = Ry \{1}) x diag(G/H x G/H) CRy x G/H x G/H.

This shows that X7 is a measurable set.
It is clear that in Case A above X7 = ). In Case B we have X} # 0, because 1H € Xj) holds
automatically. In fact, it is easy to check that X} is invariant under the action of N(H) and the

transformation aH — o 1 H,
Xj =NH)Xy, (YaH € G/H)a 'H € X},

where N(H) is the normalizer of H in G. In particular, N(H)H C X3 is always true, and the
action of H on N(H)H is trivial. In many practical situations we will have N(H)H = X} and/or
u(Xp) =0.

Denote by M, = G/H \ X} the “regular” part of G/H, which is again a N(H)-invariant and
aH +— a~!H-invariant measurable set. Let py : G/H — H\G/H be the standard quotient map,
which induces by pushforward a measurable structure on H\G/H. We will write H\M., = py(M.,)
and H\X} = py(X3), which are measurable sets such that H\G/H = H\M, U H\X}). Note also
that p [n(m)m s injective.

It is tempting to define a measure v = popy' on H\G/H. However, in Case B we will discover
that v(A) € {0, +oo0} for every measurable set A C H\G/H, which renders the measure v less than

useful. Nonetheless, the notion of a v-null set in H\G/H thus defined is always sensible.

11



Consider the relation ~ on the space M, x F given by
(aH,a) ~ (bH,B) < (Hh € H) b=ha AN a=\,3, V(aH,a),(bH,3) € M, xF.

It is easily checked that ~ is an equivalence relation. Denote 7 = M,/ ~ and let q : M, XxF — T
be the quotient map. We will write [aH, a]~ = q.((aH,«)) for (aH,a) € M, x F. Define the map
w: T — H\M, by n([aH,a]~) = HaH for all [aH,a]~ € T, which is easily seen to be surjective.

Moreover, if we define an F-module structure on 7 by
B-laH,a]l~ = [aH, Bal~, VB ETF, V[aH,a]~ €T,
then q. is easily seen to be F-linear, and
m(B-[aH,a]~) = w([aH,a]~), VB EF, VaH,a]~€T.
Another way to see this would be to define a left H-action on the F-line bundle M, x F by

h(aH,a) = (haH, A“) , VheH, Y(aH,a)e M, xF,
h

and set T = H\(M, x F). Thus, T is an F-line bundle over H\M,. Moreover, T has a measurable
structure inherited from M, x F, and the projection 7 is measurable. If L(M,,p) and L(T,v)
stand for the F-vector spaces of measurable sections in the line bundles M, x F and 7 up to u-a.e.

and v-a.e. zero sections, respectively, then we can define the following F-linear map p : L(7,v) —

L(M,, 1),
pls|(aH) = (aH,«), s(HaH)=[aH,a]~, YaH € M,, Vse L(T,v).

That this map is well-defined follows by the transversality of the H-action on M, X F.

Introduce the following class of functions,

Fh= {F € L(G/H,p)| (voeG/H)(he H)F(ha) = ;}LF(J;)} .

12



It is clear that if F' € F7 then Flyy =0and Fly, € p(L(T,v)). Thus,
Fy={F e L(G/H,u)| F=F,U0, F.€pL(T,v))}. (7)

3.3 Homogeneous operators

Consider the so-called quasiregular representation of G on functions over G/H by pullback,
L, f(z) = f(g"'z), Vxe€G/H, VgeG, VfeFM.

Since for every measurable function f : M — F we have
u((Lg £)710)) = plg - F71(0)) = Agu(f71(0)), Vg€ G,

the image of a p-a.e. vanishing function in L, vanishes p-a.e. Thus, for every g € G this gives a
linear operator L, : L(G/H, u) — L(G/H, ).
Note that in Case A, for every g € G the operator L, satisfies

U,L, =X)L, U,, VgeG, VpeR,,

where U, is given by (6). Also, the operator L, : L?(G/H, ji) — L*(G/H, i) is unitary, g € G.

Definition 3 Let D C L(G/H, ) be a vector subspace. Consider a linear operator K : D —
L(G/H). We will say that K is homogeneous if D is Lg-invariant,

L,(D) C D,
and K commutes with Ly on D for all g € G,
KL, f=LsKf, VfeD, Vged.
In Case A, for p > 0 denote ]Sp = U,(D) and observe that ]Sp is Lg-invariant,

Ly(D,) =L, U,(D) =\ * U,Ly(D) CD,, VgeG, VpeR,.

13



Define for p > 0 the unitarily transformed operator IN(p = UpKU;1 : f)p — L(G/H, ), which
satisfies

LKy f=L,U, KU, ' f=X " U,L,;KU ' f =X 7" U, KL, U, ' f
=U,KU, 'Ly f=K,L,f, VfeD, VYgeG, VpeR,. (8)

Thus, in Case A the operator ﬁp is a general G-invariant (convolution-type) operator on G/H
studied in non-commutative harmonic analysis.

Note that in Case B such a reduction to G-invariant operators is not possible. In some sense,
homogeneous operators represent a generalization of convolution-type operators, and a more explicit

relation between the two will be seen in what follows.

3.4 Homogeneous integral operators

An operator K : D — L(G/H, ), with D C L(G/H, ;1) as before, will be called an integral operator
if there is a measurable kernel function K € L(G/H ® G/H, u®?) such that

K f(z) = / K(z,y) f(y)du(y), p—ae zeG/H, VfeD. (9)
G/H

Note that if the integral kernel K is singular, as is the case in Example 4.4 below, then the integral
in formula (9) may not converge in the usual, absolute sense. In that case, in order to make sense

of K as a singular integral operator, one needs to specify a precise conditional convergence scheme.

Definition 4 Let D C L(G/H, u) be a vector subspace. A homogeneous integral operator K : D —
L(G/H) is an integral operator of the form (9) which is also a homogeneous operator as defined

above in Definition 3.

We will need a separation condition for the domain D, namely, that there exists a sequence

{f}3>, C D such that

(VF € L(G/H, p) | (Vk € N) / F(@)fu(@)du(@) = 0| = F=o0. (10)

G/H

It will be shown that this condition is easily satisfied in the most relevant situations.

14



Theorem 3 Assume that D separates points in L(G/H, ) as in (10) and Ly(D) C D for allg € G.
Then the integral operator K with integral kernel K defined by formula (9) is homogeneous if and
only if K satisfies the weak homogeneity condition (4), which in the case under consideration takes

the form:

(Vg € G) (,u®2 —a.e. (z,y) € G/H x G/H) K(gz,gy) = %K(m,y). (11)

g

Proof: For every f € D let Xy C G/H be the p-null set on which the equality (9) does not hold.

= Assume that K is homogeneous,

(Vo€ G) (¥ €D) (Vs CG/H) 1(Vyy) =0 A (F2 ¢ Vyp) LK f(2) = KLy f(a).

Define

o0 oo o0
Vo = U Vg,Lg—l fior Ug= U gXLg—l for W= U Xpy Vg eG,
k=1 k=1 k=1

where {fr}72, C D are from (10). Then by c-additivity of p,

Z VoL g1 fk =0, M(Ug) < Z/’I’(QXLQ—I fk) =0,
k=1 k=1
Z (X5)=0, VYgegq.

Take an x € G/H \ (V, UU, UW,). For all k € N we have

1 mggXLg71fk 1
LyKL, s fu(2) = KLy s fulg '2) = /K<g £,9) Lyt fu(4)dn(y)
G/H
_1 _1 TEVa L 1k aceka
~ [ K@ e n @) 2 KA [ K@)
G/H G/H

whence

15



By separation property (10),

K(z,y).

(3vy ce/H) wY))=0 A (WEYC) Kigwg7y) =

A

g—l

Denote Y, = {(z,y) € G/H x G/H| y €Y}, whence

p2) = [ v )ute) =o.
G/H
It follows that
M®2(((Vg UUg UW,) x G/H) UYQ) =0,

so that the equation in the statement (11) holds p®2-a.e.

< Assume that

(Vo€ €)(32, CG/Hx GIH) 4 (Z)=0 A (V(a,y) & Z,) Klgr,g) = 3 K(.y).

Denote
Z3 ={y € G/H| (z,y) € Z,}, Y, ={vcG/H| w(Z3)>0}, VgeG, VaueG/H,

and observe that

W2 = [ n(Z3)duta) =0,

so that u(Y,y) =0forallg € G. Fixag € G and an f € D, and take any x € G/H \ (9X;U Xy, s U
Y,-1). Then

LK f(r) = K f(g~'a) "2 / K(g~ "2, y)f(y)d(y) = / K(g 'r.g7'2) (g 2)dulg ™" 2)
G/H G/H

¢ XL, 5

zZ€Y _1
— [ K e LA du) [ K L fedn(z) KLy /(). (12)

G/H G/H
But
n(gXy U Xy, pUYy1) < u(gXy) + p(Xu, p) + p(Yy-1) =0,
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which means that (12) holds for p-a.e. = € G/H, and thus LyK f = KLg f in the sense of
L(G/H, p). O

Remark 2 Note that the separation property (10) is used only in the sufficiency implication of

Theorem 3. Therefore the necessity part in Theorem 3 remains true without assuming the separation

property (10).

3.5 On a sufficient condition for the separation property

In this section we want to give a reasonable sufficient condition for the separation property (10) to
hold for the domain D C L(G/H, u) of an integral operator K with locally integrable integral kernel
K. We will do this for the most common case where G/H is a locally compact, Hausdorff, second
countable space with its Borel measurable structure. This is always true if G/H is a manifold
with countably many connected components, or when G is a locally compact, Hausdorff, second

countable topological group, and H C G a closed subgroup.

Lemma 1 Let X be a locally compact, Hausdorff, second countable space, and let u be a Radon
measure on X. There exists a sequence {fr}52, C Co(X,R) of compactly supported continuous real

functions such that
(VF e L(X,u) | (Vk € N)/F(m)fk(x)du(m) =0 = F=0.
X

Proof: We first note that X is o-compact, and therefore we can arrange for a sequence {K,,}52

of compact sets such that

(VneN) K, € Ko, | Ko =X
n=1

Then C.(X,R) has the inductive limit topology

Co(X,R) = | J Co(Kn,R), Co(Kn,R) ={f € Cc(X,R)| suppfC K}, VYneN.

n=1

Each Cy(K,,,R) is a subspace of the separable metric space C(K,,R) with uniform norm, and is

therefore separable. Let {f;}72, be the union of countable dense sets in all Cy(K,,R), which is
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thus dense in C.(X,R). Now suppose that F € L(X, u) is such that
(Vk € N)/F(w)fk(x)d,u(x) =0.
b'e

Then F € LL (X, u). For otherwise 3z € X such that YA C X open,

loc

o EA = |F(z)|dp(z) = +oo.
/

By density, ko € N such that fi,(z) # 0. By continuity, 3A, C X open such that
1
A RAYYAY (VCE S Ao) |fk0(.’IJ)| > §|fk0($0)| > 0.

But then
J1E@Ilfy @)du(o) > 515 wo)l [ 1F@)ldntz) = +oc.
Ag Ao

in contradiction to F fy, € L'(X, u). Now that F € L] (X, ), we have that the linear functional

loc

C.X,R) S f s /F(x)f(m)d,u(m) eC

is continuous, and since it vanishes on the dense set { fx}32;, it is identically zero. That this implies

F =0 (u-a.e.) can be shown by classical arguments. [J

Now if the space G/H is locally compact, Hausdorff and second countable, and if the integral
kernel K € Ll (G/H x G/H,u®?) (or at least K(z,.) € Ll (G/H,p) for p-a.e. z € G/H) then

there is no loss of generality in assuming that C.(G/H,R) C D. Therefore the separation property

(10) can be satisfied with the sequence {f;}72, from Lemma 1.

3.6 Homogeneous (strongly homogeneous) integral kernels

Let K € L(G/H x G/H, u®?) be the integral kernel of an integral operator K : D — L(G/H, )
as in (9). We saw that the homogeneity of the operator K is equivalent to the weak homogeneity
condition (4) for the kernel K. But in order to derive our most important and applicable results

we will need the stronger homogeneity condition (5).
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Remark 3 From this moment on, we will drop the word ”strong” and call the kernels which satisfy
(5) homogeneous kernels, since our next steps are associated with just such kernels. Consider
a modification of the weak homogeneity condition (4) where the order of the two quantifiers is

reversed,

(u®2 —a.e. (z,y) € G/H x G/H) (Vg € G) K(gz,gy) = )\tK(x,y).

If Z C G/H x G/H is the u®?-null set on which this homogeneity property does not hold, then it

is easy to see that both Z and G/H x G/H \ Z are G-invariant. In particular, assuming K|z =0
does not alter K in the setting of L(G/H x G/H, u®?) on one hand, and provides

(V(z,y) €G/H x G/H) (vg e G) K(gz, gy) = A1gK(gg,y) (13)

on the other hand. This will therefore be our definition of a homogeneous integral kernel. Note that

formula (18) is the same as (5) specified for M = G/H.
In order to avoid misleading let us also clarify for the reader’s convenience the following issue.

Remark 4 Regarding the above said, let us recall that a weakly homogeneous kernel corresponds
to a homogeneous (integral) operator (Theorem 3), and homogeneous kernels (previously referred
to as strongly homogeneous kernels) generate a subclass of integral operators which of course are
homogeneous operators in the sense of our definition. Thus, according to our definition, an integral
operator with a homogeneous kernel is necessarily a homogeneous integral operator, but the converse

is mot true in general.
That (4) does not always imply (5) can be seen in the following example.

Example 1 Let G =R, H = {0}, du(z) = dz and A\ = 1. Consider K : R? = R given by

0 ¢ — =z—y— |T—
K(z,y) = f y— Ly y— |-yl

1 else

For everyr € R set K,.(z,y) = K(z+r,y+r) for all (x,y) € R%. Then u(F~1(0)) = u(F,-1(0)) = 0,
thus F(z +r,y + 1) = F(z,y) for p-a.e. (z,y) € R, as in (11). However, for a fived (x,y) € R?,
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the condition F(x +r,y + 1) = F(z,y) for all v € R implies
(VreR) ytr—ly+rl=y—-1ly] VvV y+r-ly+r/Fz—y—|z—y]

= (VreR\Z) y+r—ly+r]£z—y—|z—yl,

which can hold only if x — 2y € Z (otherwise take r = x —2y). Thus, the condition F(x+r,y+r) =
F(x,y) for allr € R holds only on the zero measure set where x —2y € Z, which is as far as possible

from the statement (13).

However, conditions (4) and (5), in the current context written in the form (11) and (13),
respectively, are expected to be equivalent under practically reasonable assumptions on K.

The next theorem provides a general form for homogeneous (strongly homogeneous) kernels.
Further in Section 4, in each specific case we will supply more explicit representations of this

general form.

Theorem 4 A function K € L(G/H ® G/H, ) satisfies the strong homogeneity condition (5) if

and only if
F(a=1bH)

K(aH,bH) = ———

Y(aH,bH) € G/H x G/H, F € Fy. (14)

Proof: Let K satisfy condition (5), and here we refer to its form as given in (13). Define F' €
L(G/H, i) by setting
F(aH) = K(1H,aH), YaH € G/H.

For every (aH,bH) € G/H x G/H choose g = a~! to find that

1 1
K(aH,bH) = A—K(1H7a_1bH) = /\—F(a_le).

a a
Moreover,

K(1H,aH) F(aH
F(haH) = K(1H,haH) = K (h1H, haH) = (A’“ ) _ <; ), VaH € G/H, Vhe H,
h h

showing that F' € Fp. Conversely, let K satisfy (14). Then

F(a~'bH) K(aH,bH
K(gaH,gbH) = (“A bH) _ (“A’b )7 V(aH,bH) € G/H x G/H, Vg€ G,
ga g
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as desired. J

Remark 5 In this light, the description (7) implies that homogeneous kernels are generally expected
to exhibit exceptional or singular behaviour on X7y in Case B. Also, the dimension of the space of
all homogeneous kernels is the cardinality of H\M,. In particular, if H\M, is a single point then

there is up to a scalar factor a unique homogeneous kernel.

4 Homogeneous integral kernels and homogeneous integral
operators over some domains

Given a concrete measure space (M, u), there will generally be infinitely many possible choices of
transitively acting G C Dil(M, u) to work with, but describing any one of them explicitly may
not be an easy job. It will often be associated with solving functional or differential equations
resulting from the condition p o ¢ = A p. Once G is fixed (then so is \), the passage from original
local coordinates on M to those adapted to the homogeneous space structure G/H may be another
challenge, which is necessary in order to translate the general results about homogeneous kernels to
the original local coordinates. Often these two tasks can be accomplished simultaneously by finding
a measure space isomorphism with another measure space (M ,i1), for which the problem has been
solved before.

Below we will discuss typical examples where both dilations and homogeneous integral kernels

can be found explicitly.

4.1 Homogeneous integral kernels on the cylinder R x T

Let us consider the case of the cylinder M = G = R x T with global coordinates g = (z,6) and
composition law

(22,02)(2y,0y) = (22 + 2,0, + 0, mod 27). (15)

Every character A of G is then the product A = A2 of a character A1) of R and a character A(?)
of T. The latter is a compact group and cannot have non-trivial real characters, so that A(?) = 1.

On the other hand, the group R has only real characters of the form
A = vz e Ry U{0}. (16)
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For a non-trivial character, the exponent w > 0 can be fixed to w = 2 (for conformity with standard
notations) by coordinate transformation z — wz/2 (which is a group automorphism), so that
without loss of generality we can take

)\(279) = 622. (17)

The measure dilated according to this character is dju(z, #) = e**dzdf. Now the strong homogeneity

condition (5) becomes
K(zz+a,0,+¢ mod 27;2,+a,0,+¢ mod 2m) = ez_Q‘IK(z:w,930;2.,,,9?/)7 V(a,) € RxT, (18)
and its explicit general solution is, in accordance with formula (14),
K(2g,02;2y,0y) = e % 5 F(2; — 24,0, — 6, + 20 mod 2m), (19)
where F' € Fpy = L(G, ) is arbitrary.

4.2 Homogeneous integral kernels on R?

Consider M = R? \ {0} with polar coordinates (r,6) and G = R x T with group coordinates (a, ¢)

acting by dilations and central rotations,
(a,p)(r,0) = (7,0 + ¢ mod 27). (20)
The measure in question is the Lebesgue measure du(r,8) = rdrdf (or any normalization thereof),

and the expansion coeflicient is

du(e®r,0 + ¢ mod 2m) 9
A = = e 21
(©:9) dp(r.6) ‘ 2y

The strong homogeneity condition (5) in this language becomes

1
K(e“ry, 0, + ¢ mod 2m;ery, 0, +¢ mod 27) = @K(rm,ﬂx;ry,ﬂy), Y(a,p) € G. (22)

The action of G on M is simply transitive, and the identification M ~ G is done through the dif-
feomorphism (r,0) = (e*, ¢). With this identification the homogeneity condition (22) is transferred
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to the cylinder exactly as the condition (18), of which the general solution (19) can be rewritten in

polar coordinates as

K(ry,04;7y,0,) = rxlryF (:z,@w — 0, + 21 mod 27r> . (23)
Remark 6 Note that the literature on the subject of integral operators with homogeneous kernels
on R? (or R™) contains statements that a homogeneous kernel K (z,y) is a function of |z|, |y| and
the scalar product (x,y) = |z||y| cos(6; —8,). We can see from formula (23) that this is not correct.
Indeed, a direct inspection will show that any periodic function of 6, —0, would work, not necessarily
a function of cos(8y, — 0,) which is contained in the scalar product. Perhaps the discrepancy comes
from the confusion between the rotation group SO(2) and the full orthogonal group O(2). If we
insist that the kernel K be invariant not only under rotations but also reflections then, indeed, one
has to restrict to even functions of 6, — 6,,, which must be functions of cos(0, — 6,). However, here

we do not consider reflections, and therefore, the correct formula is (23).

4.2.1 Hadamard-Bergman convolution operators

As an example of a class of integral operators with homogeneous kernels on R?, or more precisely,
the unit disk D ¢ C = R2, we consider the so-called Hadamard-Bergman convolution operators

introduced in [1] (see also [2, 3] for some generalizations),
Kf(:) = [ gw)fm)dutu), zweD.
D

where f, g € Llloc(]D), w) and p is the Lebesgue measure normalized such that the measure of D is 1.

Performing a change of variables to £ = zw we can rewrite the above integral as
1 3
K= [ () 1@,

|z|-D

Set M =D\ {0} and introduce the kernel function K € L(M x M, u®?) by

1 (@ .
P g Zz ) if |UJ|<|Z|,
K(zw) = ) PP (%)

0 else.
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Then we can see that

K f(z) = / K (2, w) f (w)dps(uw).

D
If the cylinder group G = R x T acts on M C R? as in formula (20) then in complex variables it

becomes

(a,p)z = etz Vze M, VY(a,¢)<€QG.

It can be easily checked that

1
K (e z e T"w) = eTuK(z,w), Vz,we M, V(a,p)€GqG,

in full accord with formula (22). Thus, Hadamard-Bergman convolution operators are integral

operators with homogeneous kernels.

4.3 Homogeneous integral kernels on a disk in R? with a radial measure

Let M = (0,R) x T C R? be an open disk with radius R € (0,+occ], with M = D\ {0} and
M = R?\ {0} being the most important cases. We will work in the polar coordinates (r,8) on M,
such that r € (0, R) and 6 € [0,27). Consider a radial measure p on M given by

du(r, 0) = M, (24)

where 7 : (0, R?) — [0,400) is an a.e. positive locally integrable function. We are looking for a

group action of G =R x T on M by radial dilations and rotations as
(a,0)(r,0) = (re(r;a),0 + ¢ mod 27), V(r,0) € M, V(a,¢) € G. (25)

This is, of course, not the only form of action for a group of dilations that can be considered for the
measure /i, but is arguably the most natural one. The dilation condition u((a, ) -.) = Aa,e)u(.)
can be written as

'7(713)7'* dr, = )\(a7w)’y(7’2)7‘d7",

which is an ordinary differential equation for the function r — r.(r; a) for every fixed a € R. Instead

of solving this equation we will look for a transformation M > (r,0) — (p(r),0) € (0,00) x T such
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that the measure p is transformed into the Lebesgue measure,

y(r¥)rdr = pdp.

Denote by I'c : (0, R?) — (0,+00) the strictly increasing function

Te(t) = /tv(s)ds +C

for all C' € R that make I'c everywhere positive. This gives our desired solution p(r)? = I'c(r?).
Then (M,u) ~ T'c((0,R?)) € R\ {0}, so that in coordinates (p,f) our problem is reduced to
Example 4.2. But in R\ {0} we already know how the radial dilations act,

(a,9)(p,0) = (e"p,0 + ¢ mod 2m), V(p,0) € R\{0}, V(a,¢)€G,
which brings us to the equations

Fc(rQ) = 62“Fc(r2), re(r;a) = I‘El (e2eT¢(r?)), Vre (0,R), VaeR. (26)

*

In this way every admissible choice of the parameter C gives a 1-parameter group of dilations of
the measure p. And for a fixed C, we can ask ourselves what the general form of a homogeneous
integral kernel is. Since we already know the answer in coordinates (p, #), namely, formula (23), all

we need to do is to translate it to the original coordinates (r, ),

1 Le(r?)
K(ry,03;1y,0,) = ————=F m,ﬁx — 0, +2r mod 2w |, VY(rg,0,),(ry,0,) € M.
Le(ri)Te(ry) ey

(27)
Below we will apply this procedure to a few particularly interesting cases.
4.3.1 The Poincaré disk D C C

The Poincaré disk model is the unit disk D C C equipped with the Riemannian metric

dzdz

2 __
= e

(28)
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If we switch to polar coordinates z = re*? then the corresponding volume form (measure) will be

rdrdf

du(r,0) = IR

(29)

Let us take M =D\ {0}. In terms of formula (24) this corresponds to

1 1
v(t) = Fo(t) = — +C, ¥te(0,1), C>-1

Formulae (25) and (26) give as the action of dilations as

1
(a,gp)(r,@)(\/162a(11T2+C)_C,9+g0 mod27r>7 Y(r,0) e M, V(a,p) €.

In the limit case C' = —1 this simplifies to

e’r
14 (e?* — 1)r2

(a,@)(r,@z( 0+ mod271‘>7 Y(r,0) € M, V¥(a,p) € G.

In complex coordinate z = re*” this becomes

a-+10
(a,0)z = c_~ :
Vit P

By formula (27), the general form of a homogeneous integral kernel is

Vze M, V(a,p)€QG.

= +C
== +C

K(T’Z,GZ;TU,,QM): ! F

(2 0) (2 10

Setting G(n, eY) = F(n,6 mod 27) we can write this kernel in complex variables as

,0, — 0, + 27 mod 27

1
1 T t+tC w
K(zw) = ol | =E— 2 vawe M
W +C \zw|

V(e +©) (s=tem +)
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In the limit case C' = —1 this simplifies to

K@W%ZJGM%UWWG<V1szw>’V%w€M.

|zw| lw|\/1— |22 |zw]
4.3.2 The disk D C C with weighted Bergman measure
Let us take M =D\ {0} with measure p, depending on a parameter « € (—1,+00) as follows,

(a+1)(1 —r?)%rdrdd

™

dpie(r,0) =

In terms of formula (24) this corresponds to
V() = (a+1)1 =% Te(t)=—-1-0)**"+C, Vte(0,1), C=>1.

Formulae (25) and (26) give us the action of a dilation (a, ) € G as

1

(a,0)(r,0) = (\/1 —(C—=e2[C—(1—7r?)+)** T §+ ¢ mod 27r> , Y(r,0) e M.

By formula (27), the general form of a homogeneous integral kernel is

1
V(€= (1 —=r)ot ) (C— (1 —r3)>T)

K(Tzaez;rwaew) =

C— (1= r2)att
xF (\/C’ _ (1 _ T?ﬂ)a—‘rl 79Z - ew + 27 mod 27T> 9 V(T2792)7 (’I’w79w) S M7

or in complex variables,

1
V(€= (1= [ (C = (1 = [w]2)oFT)

C—(1—|z2)e+t 2w
M
XG<¢C—O—HFW“’MM o Yrwed

where G(n,e?) = F(n,0 mod 27).

K(z,w) =
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4.3.3 Lobachevsky space H?

Lobachevsky space H? can be seen as the positive sheet of the 2-sheet hyperboloid of unit vectors

in Minkowski space R12. That is,
H? = {(z,y,2) e R®| 22=1+2>+y> z€][l,00)}. (30)

We introduce hyperbolic polar coordinates (r,6) as follows. If (n,6) are polar coordinates in the

plane (z,y), i.e.,

n=+z2+y%? x=mncosh, y=nsinb, (31)

then we set z = coshr? for r € [0,00). The measure 1 corresponds to the normalized surface area

from the induced Riemannian metric,

V222 — 1dzdf du(r,0) sinhr72v/2 cosh? r2 — 1rdrdf
77 /"L r’ = .

2 ™ (32)

du(z,0) =
In terms of formula (24) this corresponds to

y(t) = sinh /2 cosh® t — 1,

To(t) = +C, Ve (0,1),

cosh#v/2cosh2t — 1 In (\/ 2cosh®t — 1+ \/icosht)
2 B 202

- In(1++v2) 1

- 2\/§ 2'
An explicit formula for Fal, and thus for the action of dilations, does not seem to be feasible. Yet a

direct substitution of I'¢ into formula (27) will yield an explicit form for the homogeneous integral

kernel, which we will not write out here.

4.4 GL(n)-homogeneous integral kernels on R"

As an instructive example of a Case B situation let us consider integral kernels on the Euclidean
space homogeneous with respect to all invertible linear transformations. Namely, let M = G/H =
R"\ {0}, G = GL(n), H = Aff(n — 1) ~ GL(n — 1) x R"~! and du(x) = dx, n > 1. In this case
we have \; = |detg| for all g € G. We note that A\|g # 1, so that we are in Case B. The first
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important step is to find X7}, which is the set of all z = aH € G//H such that the equations
aha ' =n', deth'#1, h,h' € H

have a solution. For n > 2 we find that Xﬁ = G/H and thus M, = ), which means that there

exists no non-trivial homogeneous kernels. For n = 2 it turns out that
A _ 2 _

whereas H\M, is a single point set. This shows that there exists a unique homogeneous integral

kernel K up to a scalar factor. If we take 1 = F, € p(X(T)) then we find

F(a~'bH) _ ) yagy for [z.9]#0,

K(2y) = K(oH,bH) =

0 else,

where the cross-product [z,y] = 21ys — zoy;. Formally, the corresponding homogeneous integral
operator K should act as

; (34)

$1,$2

/f Y1, Y2 dyldy2

but this integral converges for a.e. x only for f = 0, and thus does not define a sensible integral
operator.

On the other hand, if we take only orientation preserving linear transformations, or matrices
with a positive determinant, G = GLT(n) and H = Aff*(n — 1) ~ GL"(n — 1) x R"™!, then
for n > 2 we still have Xy = G/H and no non-trivial homogeneous kernels, whereas for n = 2
formula (33) remains valid but H\M, is a 2-point set. This shows that we have a 2-dimensional
space of homogeneous integral kernels K. To be more precise, the constant factors can be chosen
independently for two possible orientations of the frame {x,y}, or equivalently, two possible signs

of [z, 9],

[fL] for [x,y] >0,

K(l’,y) =

mg for [z,y] <O,

0 else.
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If we choose the factors Cy to have opposite signs then we will have the same problem as in (34),
i.e., non-integrability. In order that the integral converges at least conditionally, we need to choose
C,.C_ > 0. In particular, there is up to a constant a unique homogeneous integral kernel K

antisymmetric with respect to [z, y], given by

== for [z,y] #0,
K(l‘7y) =

0 else,

and the corresponding integral operator K acts as

1:13'1:2

/f Y1, Yo dyldUQ, (35)

for all f for which the integral makes sense conditionally. Note that if we formally restrict to
29 = 1 and y2 = 1 (no integration over ys) then we find the Hilbert transform, up to a constant
factor. Thus, we can think of the operator K as an extension of the Hilbert transform to R?, which
arises naturally as the unique (up to a constant factor) operator with antisymmetric integral kernel
homogeneous with respect to all orientation preserving linear transformations.

The operator (35) after a change of variable can be written in the form

K f(z1,22) _—*/ Tngg/fn En)d

1 1 /
—— = [ f(s)di(s) | d&, 36
il v ] D
R Le
where L¢ = {(t1,t2) € R? : t; € R, = &t} is the line in the plane depending on ¢ € R, and dl is
the length element. Therefore, at least formally, the operator K is a composition up to a multiplier

—w—’rl of the Hilbert and Radon transforms

_ T T2
K f(aa2) = = -H mmnwa](m). (37)

As we have already mentioned in the Introduction, the operator (35) is of interest on its own side
and we plan to study its properties in detail in another paper. It is obvious that the image of this

operator is always a homogeneous function of order —1, so it cannot be bounded, say, in Lebesgue
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LP spaces. The study of this operator in another type of spaces can be a natural subject for
investigation.

However, there is one more general question inspired by the content of this subsection, which
we will formulate as an open problem.

Open problem: As noted above, in the case n > 2 there are no non-trivial kernels homoge-
neous with respect to all (orientation preserving) linear transformations. However, undoubtedly,
the narrowing down of the group of transformations will give nontrivial kernels with certain char-
acteristics. An interesting question therefore is: what would be a natural choice of a subgroup
G € GL*(n) for n > 2 that produces an essentially unique homogeneous integral kernel K similar

to the case n = 2 above, and what properties does the integral operator with that kernel possess?

5 Conclusion

The paper introduces, investigates and systematizes the concept of a homogeneous operator in a
general context. Conditions for the homogeneity of the integral operator are given and questions of
the weak and strong homogeneity of the kernel of the integral operator are discussed. In a sense,
this work aims to provide a clear definition of the above objects and relations between these notions.
Operators with homogeneous kernels, which arise in numerous applications in the multidimensional
and one-dimensional cases, have been thoroughly studied. The one-dimensional case also goes back
to the Hardy-Littlewood-Polya theory. Thus, this subject of research has a long history. However,
as far as we know, there has never been an attempt to formalize the concept of a homogeneous
operator, and that of a homogeneous integral operator as an important particular case. The general
study in this paper is followed by a number of specific examples, each of which may be a candidate
for independent study. We expect that this work will give inspirations for new research in the
theory of operators and applications, and shed light on the nature of homogeneous operators and,

in particular, homogeneous integral operators.

6 Acknowledgements

The work was done at the Regional Scientific and Educational Mathematical Center of Southern

Federal University with the support of the Ministry of Education and Science of Russia, agreement

31



No. 075-02-2021-1386.

7

Data availability statement

The authors confirm that data all generated or analysed during this study are included in this

article.

References

1]

Karapetyants, A., Samko, S. Hadamard-Bergman convolution operators. Complex Anal. Oper.

Theory 14, 77 (2020). https://doi.org/10.1007/s11785-020-01035-w

Aghekyan, S., Karapetyants, A. Weighted Hadamard-Bergman convolution operators. OTHA
2020, Part I — New General Trends and Advances of the Theory. Springer Proceedings in
Mathematics and Statistics. Volume 357. p. 1-20.

Karapetyants, A., Samko, S. Variable order fractional integrals in variable gen-
eralized Holder spaces of holomorphic functions. Anal.Math.Phys. 11, 156 (2021).
https://doi.org/10.1007/s13324-021-00587-0

Karapetyants, A., Samko, S., and Zhu, K. A Class of Hausdorff-Berezin operators on the unit
disc. Complex Anal. Oper. Theory 13, 3853-3870 (2019). https://doi.org/10.1007 /s11785-019-
00934-x

Umarkhadzhiev, S.M. Integral operators with homogeneous kernels in grand Lebesgue spaces.

Math Notes 102, 710-721 (2017). https://doi.org/10.1134/S0001434617110104

Lukkassen, D., Persson, LE. and Samko, S.G. Some sharp inequalities for integral operators
with homogeneous kernel. J Inequal Appl 2016, 114 (2016). https://doi.org/10.1186/s13660-
016-1037-9

Samko, N. Integral operators commuting with dilations and rotations in generalized Morrey-
type spaces. Mathematical Methods in the Applied Sciences. Volume 43, Issue 16. Special Issue:

Operator Theory and Harmonic Analysis.

32



8]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

O. G. Avsyankin, On integral operators with homogeneous kernels in Morrey spaces. Eurasian

Math. J., 12:1 (2021), 92-96

O. G. Avsyankin, Invertibility of multidimensional integral operators with bihomogeneous

kernels. Math. Notes, 108:2 (2020), 277281

G. H. Hardy, J. E. Littlewood, and G. Polya, Inequalities, Cambridge University Press, 2nd
Edition, 1988.

N.K.Karapetiants and S. G. Samko, Equations with an Involutive Operators and Their Appli-

cations, Rostov University Publishing House, Rostov-on-Don, 1988 (in Russian).

N.K.Karapetiants and S. G. Samko, Equations with an Involutive Operators and Their Appli-

cations, Boston, Birkhauser, 2001.
S. Lang, Algebra, 3rd edition, Springer, 2002.
G. Folland, A Course in Abstract Harmonic Analysis, 2nd edition, CRC Press, 2015.

G. Rudolph and M. Schmidt, Differential Geometry and Mathematical Physics, Part I: Mani-

folds, Lie Groups and Hamiltonian Systems, Springer 2013.

N.K.Karapetiants and S. G. Samko, Multi-dimensional integral operators with homogeneous

kernels, Fract. Calc. and Applied Anal. 2 (1999), 67-96.

A. Lerner and E. Liflyand, Multidimensional Hausdorff operator on the real Hardy space, J.
Austr. Math. Soc. 83 (2007), 79-86.

E. Liflyand and F. Méricz, The Hausdorff operator is bounded on the real Hardy space H*(R),
Proc. Amer. Math. Soc. 128 (2000), 1391-1396.

A Karapetyants, E. Liflyand, Defining Hausdorff operators on Euclidean spaces. Mathematical
Methods in the Applied Sciences. Volume 43, Issue 16 Special Issue: Operator Theory and

Harmonic Analysis

33



