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JOINT WEAK TYPE INTERPOLATION
ON LORENTZ-KARAMATA SPACES

MICHAL BATHORY

(Communicated by L. Pick)

Abstract. We present sharp interpolation theorems, including all limiting cases, for a class of
quasilinear operators of joint weak type acting between Lorentz-Karamata spaces over o -finite
measure. This class contains many of the important integral operators. The optimality in the
scale of Lorentz-Karamata spaces is also discussed. The proofs of our results rely on a char-
acterization of Hardy-type inequalities restricted to monotone functions and with power-slowly
varying weights. Some of the limiting cases of these inequalities have not been considered in the
literature so far.

1. Introduction

The generalized Lorentz-Zygmund (GLZ) spaces are very useful when one needs
to find a precise description of the boundedness of the given operator, especially in the
limiting cases (cf. [1], [7], for example). The Lorentz-Karamata (LK) spaces generalize
the GLZ spaces in the sense that the logarithmic-like weight is replaced by a slowly
varying function. The LK spaces were introduced in [6], however the key notion of
the slowly varying function (in the sense of Karamata) is much older (see e.g. [20, p.
186] and references there). It seems that the choice of the LK spaces lead to an optimal
balance between the generality and explicitness of our theorems.

The main results of this paper are formulated in Section 3 and proved in Section 5.
Those are the interpolation theorems for quasilinear operators of joint weak type, i.e.
operators, which are, in certain sense, dominated by the Calder6n operator (see (2.1)
below). This class contains many important operators (e.g. convolution or singular
integral operators) and thus, our results are widely applicable. We will illustrate this
on several examples in Section 7. The assumption that some operator is of joint weak
type allows to reduce the question of its boundedness to the question of the validity
of certain Hardy-type inequality, restricted to non-increasing functions. Thus, the es-
sential part of this paper is to find necessary and sufficient conditions for this kind of
inequalities to hold - this is the content of Section 4. Moreover, since weights appear-
ing in those inequalities are of a special (and yet very general) form (w(x) = x*b(x),
where o € R and b is a slowly varying function) we are able to pinpoint the cases,
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where the restriction of these inequalities to monotone functions plays any role. In
fact, we will show that in most of the cases it is sufficient to apply the known criteria
for non-restricted weighted Hardy inequalities (Theorem 4.5 below) and some rather
elementary arguments. However, there are certain limiting cases where one requires
a different approach to obtain sharp results. It turns out that these problematic cases
can occur only for certain subclass of considered operators; the Hilbert transform is the
canonical example. Thus, the characterization of its boundedness in the limiting cases
is, in a sense, the most challenging and this will be our ultimate goal.

Our work extends the results of several papers. In [1] the authors already use
the notion of joint weak type and develop an interpolation theory for operators acting
between Lorentz-Zygmund spaces over o -finite measure. We, on the other hand, work
with the more general scale of spaces and, perhaps more importantly, we clarify the
connection with the corresponding Hardy-type inequalities, which we characterize fully
and which are certainly of independent interest. This, together with appropriate lower
bounds on the operator, allows us to prove also the necessity of obtained conditions
for its boundedness. In [16] the author gives necessary and sufficient conditions for
the boundedness of several important operators acting between the classical Lorentz
spaces. However, some of the limiting cases (when the Lorentz space index r is 1
or oo) are missing there and the used methods do not apply to them (the case 0 <
r < 1 was eventually described by M. Carro and J. Soria in [4]). Moreover, unlike
in both articles [16] and [1], we discuss also the optimality (or sharpness) of obtained
results (see Section 6). Finally, we extend the theory presented in [7] by considering
more general spaces with ¢ -finite measure and consequently, by proving more general
Hardy-type inequalities for the whole interval (0,o0).

2. Preliminaries

The following conventions are used throughout this paper: oo := 4o, ?—) =0,
£:=0, §:=-oo, for c € (0,00]. We also put o-0 = 0-c0:= 0. The conjugate index
p’ to p €[1,o0] is defined by %—l— # = 1. The symbol y; stands for the characteristic
function of an interval I C R. The abbreviations LHS(#) or RHS(#) are used for the
left-hand side or the right-hand side of the relation (#).

For two non-negative expressions E,F, we shall write £ < F or equivalently
F 2 E if there is a constant ¢ € (0,0) such that E < ¢F and c is independent of
appropriate quantities involved in E, F. Typically, ¢ will always be independent of
functions f,g,h and variables x,f,u, T, but can depend on any other symbol. When
E < F < E, we say that E is equivalent to F and we will denote this by E ~ F .

The decreasing rearrangement

Let (R,u) be a measure space with o-finite measure p. If y(R) < oo, we will
suppose U(R) =1 without loss of generality. We denote by .Z (R, 1) the set of all
scalar valued (real or complex) t-measurable functions defined on R. The symbol
# " (A,B) stands for the set of non-negative, measurable (with respect to Lebesgue
measure on R) functions defined on the interval (A,B), which is always one of the
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intervals (0,1),(1,c°),(0,%). Moreover, the symbols .#*(A,B;|) and .#Z*(A,B;1)
denote the sets of all functions from .# " (A,B) which are non-increasing and non-
decreasing, respectively. By ||Hr( AB)> 1 < r < oo, we shall denote the usual Lebesgue
space norm over (A,B).

The distribution function d of f with respect to u is defined by

d(u, f)(h) =u({x e R:[f(x)| > h}), h=0.

The decreasing rearrangement of f is then given by
F) = (@) = inf{h > 0:d(u, f)(h) <1}, 1€ (0,00).

We say that functions f € (Ry, 1) and g € (R, H2) are equimeasurable if their distri-
bution functions are the same, i.e. if d(u;,f) =d(Up,g). See [2, Chapter 2, Section 1]
for details.

The Calderén operator

Suppose 1 < p1 < p2<eo, 1<q1,q2 <o,
associated with the 1nterpolat10n segment 0 = [(

g€ M (0,00) and all x € (0,0) as

q1 # q2. The Calder6n operator Sg
1 1

Do )i (- iz)} is defined for every

_1 " 1 [ Y A |
Seg(x)=x /o trg(t)dt4+x @ /1t”2 g(r)dr, 2.1
where m = (ql - i)(pi - plz) I denotes the slope of the segment G
Throughout the paper we consider only such operators 7" which take some linear
subspace & of .# (R, ;) into .# (Ry,12). The operator T is quasilinear if there is
k > 1 such that

T(f+&)| <k(Tf|+ITgl) and [T(of)|=|e||Tf],

Uz-a.e. on Ry, for every f,g € & and all o € C. Let us denote Zg the set of all
functions f € .# (R, ;) which satisfy S¢f*(1) < eo. The quasilinear operator T
is said to be of joint weak type (pi,q1;p2,92) (notation T € IW(p1,q1;p2,q2)) if
PDs C P and

(Tf) (x) SSof"(x) Vxe€(0,00) VfeEDs.

Futhermore, we adopt the notation introduced in [7] and write T € LB;(p1,q1;m), or
T € LBy (p2,q2;m), for a quasilinear operator T if, for any f € .#(0,;]), there is
a function g € .# (Ry, ;) equimeasurable with f such that, for all x € (0,0),

" L1
(o)) za [ in o, o (Terwzxm [
0 o
respectively.
If X and Y are two (quasi-) normed spaces, then the symbol 7 : X — Y means
that 7 is bounded from X to Y (i.e. ||Tf|y < || flly forall f € X). Furthermore, the
symbol X — Y stands for id: X — Y.
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Slowly varying functions

The function a € .# " (A,B), 0 # a # o, is said to be slowly varying (s.v.) on
(A,B) if, for each € > 0, there exist functions g, € 4" (A,B;1), g—¢ € #"(A,B;])
such that

tfa(t) ~ ge(t) and 1 %a(t)~g_.(t) Vie(A,B). (2.2)

We denote by SV(A, B) the set of all slowly varying functions on (A,B).

We shall now review some important properties of the slowly varying functions.
The most basic ones contained in the following proposition are used in the paper with-
out reference.

PROPOSITION 2.1. Let a,b € SV(A,B).
(i) All of the functions ab, % a’, t—a(t"), r =0, are slowly varying on (A,B).

(ii) Let [C,D] C [A,B]N(0,00). Then there exist constants ci,cy € (0,00) such that
c1 <alx) < cy forall x €[C,D].

(iil) If ¢ >0, then a(ct) = a(t) for every t € (0,00).

Proof. For (1), (iii), see [10, Prop. 2.2 (1), (ii), (iii)] or [6, Lemma 5.3. (i), (iii)].

Clearly, it is sufficient to prove the assertion (ii) in the case (A,B) = (0,c0). Let
€ > 0. By (2.2), there exists a function g_, € .# " (0,0; |) which is equivalent to the
function x — x~¢a(x). Then, for all x € [C,D],

a(x) = XX~ a(x) ~ xg_e(x) < Dg_e(C) = 2.

The existence of the lower bound then follows from (i) ( % is also slowly varying). [

LEMMA 2.2. Let A € SV(0,0) and r € [1,e9].

(1) If € >0, then

1

57T A1)

~xA(x) and Hz—s—%x(t) ~xEA(x) Ve (0,00).

75(x,%0)

r,(0,x)
(i) Then

Hr%w)

>A(x) and Hr%x(z)

ZA(x) Vxe(0,00).

r,(0.x) r,(x,00)

Furthermore, if Ht‘ A (1)

1)< oo and Ht_%l(t)H R )< oo, then the functions

r7 k)

belong to SV (0,0), respectively.

r,(x700)

XHHt—%x(t)

and x — Ht_%l(t)

r,(0,x)
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Proof. For (i) see, for example, [10, Proposition 2.2 (iv)]. An important conse-
quence of (i) is that every slowly varying function is equivalent to some continuous
function. This fact implies (ii) in the case r = co. When r < oo, we can write

r0x) (/Oxt_%(f)’dl) 'z ()C‘%(x)’/()xldt) T =)

. ( / mt2t7L(t)rdt)r > (xl(x)r / °°z2dt>' ~ A ()

for all x € (0,°). For the last assertion of (ii) see [12, Lemma 2.1. (v)]. O

Ht—%uz)

and

Hfix(z)

LEMMA 2.3. Let R € [1,00), S€ [1,09], A € SV(A,B) and set

Al(x)zfxrlx(z)’?dz and Az(x):/Brl;L(t)Rdz, x€(A,B).

A X

(1) Suppose that

B
/A 1A ()R dr = oo, (2.3)
Then
il =lote L, e
and
il =l L e

forall x € (A,B).
(ii) Suppose 6 € (0,1) = (A,B). Then (2.4) holds for all x € (0,6).
(iii) Suppose 6 € (1,00) = (A,B). Then (2.5) holds for all x € (0,%°).

Proof.

Case (i). We prove relation (2.4) here, the proof of (2.5) is analogous.

If § =0, then (2.4) is in fact an equality. It can also happen that both sides of
(2.4) are identically infinite. In other cases, we use the change of variables T = A;(r)
and (2.3) to get, for all x € (A,B), that

. B _ L
RHS(2.4):</ tlx(z)RAl(z)%ldt> :</A()T%ld1> "~ LHS(2.4).

1

Lal—

Case (ii). We proceed in the same way as in (i) to get

)73 > LHS(2.4)

=l

RHS(2.4) ~ (A1 (x) % — Ay(1)”
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for all x € (0,1). Moreover, since the function 7 — A4 (t)’l% is strictly decreasing on
(0,1), it follows that

S

(Ar(x)" k= A (1)

1

)75 < (e(8)Ai(x)”

=l
=

)5 ~ LHS(2.4)

forall x € (0,8), where ¢(8) = 1—A;(8)%A (1) > 0.
Case (iii) can be proven analogously as case (ii). [

The Lorentz-Karamata spaces

DEFINITION 2.4. Let 0 < p,r < e, a € SV(A,B) and put

7 Ta(t) (1)

. feAMRN).

Hf”p,r;a;(A,B) = r,(A,B)

Let B=1if u(R) =1 and B = oo if u(R) = . Then, the Lorentz-Karamata (LK)
space Lp (R, ) = Ly, .q is defined as the set of all functions f € .# (R, ) such that

HprJ;u;(O,B) <ee.

Using the monotonicity of f* and Lemma 2.2 (i), one can observe that L, ., is

o) = oo, Moreover, if we set
d(t) = Ha||w7(07t), t € (0,B), and if the space Lo oy is non-trivial, then d € SV(0,B)

(see Lemma 2.2 (ii)) and

the trivial space if and only if p = e and Ht_%a(t)

10 wg.8) % [l 7O < 105 Dm0 5 = 10 1w 08

,(0,B
Thus, Le co;q = Les ;¢ and, consequently, in the case p = oo it is natural to assume that
if r=co, then ac.#"(0,B;7). (2.6)

LK spaces contain many of familiar spaces as particular cases. For example, let
01(t) = 1+ [logt|, t € (0,00), and ¢; = ¢;(¢;—;) for all i € {2,3,...} and set .¥ =
[T, ¢, where &; € R, n € N. Then .# € SV(0,0) and L, .« is the general-
ized Lorentz-Zygmund (GLZ) space with the n-th tier of logarithm. In particular, if

o,B,yeR, then L, ., 5= LPJ%W?@ and L, .o := Lp.r;/,"fﬂeg are the GLZ spaces

of Edmunds, Gurka and Opic (cf. [5]) and Lp,r;e‘f‘ is the Lorentz-Zygmund space of
Bennett and Rudnick (cf. [2]). The LK spaces also cover the (generalized) Lorentz-
Zygmund spaces L .4, A = (00, 0) € R?, with “broken-logartmic” function, which
were introduced in [8]. Furthermore, if 1 = X(0,00) 5 then Ly, := Ly ., is the Lorentz
space. Moreover, the space L, (logL)* := Ly, pu is the Zygmund space, and L, :=L, ),
is the Lebesgue space (original definitions and properties of these classical spaces can
be found also in [2]). In the literature also spaces, which are close to L., such as Lg(p,
appear. These spaces are covered by the LK spaces as well (Lg(p =L, I ). Since the
special spaces mentioned above were introduced by different authors at various times,
there is slight inconsistency in their definitions (many functionals can be used to define
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the same space). This is resolved by [7, Lemma 2.2.] (the definitions of the GLZ space
from [7] and of the LK space given here are consistent).

The choice of slowly varying function a is, of course, not restricted to compos-
ite logarithmic functions as .#. For complete information on how various examples
of slowly varying functions can be constructed, see [3, Section 1.3, p. 12]. Note that
a general slowly varying function can also exhibit oscillations of infinite amplitude at

zero. An example of such slowly varying function is a(x) = exp (£ 1 (x)% cos (¢ (x) 5 )) ,

x € (0,00), which is taken from [3, Exercise 1.11.3, p. 58].
Similarly as in [1], we shall also consider sums and intersections of the LK spaces.

DEFINITION 2.5. Let py,p2,ri,m €[1,00], p1 #p2, a€SV(0,00), f € # (R, 1).
Then, we define

[FA T { jj ” i IH?H (i i D1 < P2
/ P2,r2a5( p1oras( )1fp1>p2
and

o rintrareys = I armyouny:

The spaces Ly, r:a+Lp,,r:a and L P1L: aﬂL pa.raza consist of all functions f € .Z (R, u),

such that || £ <o and [|f], < oo, respectively.

(p1,r1)+(p2,r2)3a (p1r1)N(p2,r2)3a

Obviously, this definition enables us to control the behaviour of f* near 0 and
oo independently. Also, it agrees with the usual definition of sum and intersection of
spaces (therefore the notation) up to one exception, when one of the spaces of the sum
is trivial. This exception allows us to properly define, e.g., the space L(logL)+ Le. |,
which is particularly important for Hilbert transform and which, using the usual defini-
tion of the sum, would be trivial (since L..; = {0}). For detailed explanation of this
problematic, see [1].

3. The statement of the main results

If not stated otherwise, we shall assume in this section that 1 < p; < py < oo,
1<q1,q2 <o, q1 # qo, 1 < 1y5,71,51,12,50 < oo and a,b € SV(A, B) If r > s, then

the number p is defined by
1 1 1

p s
To formulate our main results conveniently, we introduce the following quantities. Set
sup b(x)a(x)™' ifr<s

N(r,s,a,b;A,B) = 7AL<X<B . ,
Hx ”b(x)a(x)le ifr>s
p,(A,B)

)

1
sup ||t b(z Ht‘Fat -1 ifr<s
A<xEBH ( ) s,(x,B) ( ) ' (Ax)
L(r,s,a,b;A,B): 1 7 1 i/ I
X Pa(x)" P |t sb(t)’ Ht Za(t)"H)” ifr>s
,(x,B) r(Ax)
p.(A,B)
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and
1 i
su Ht_?bt t7a()! ifr<s
A<XEB ( ) S,(A,X) ( ) r’7(va)
R(r,s,a,b;A,B) = 1 L . . I .
x Pa(x)p f?b(t)’ t 7a(t)"Y|" ifr>s
5,(Ax) 7,(x,B)
p.(A.B)
Furthermore, we put
_1 _1 -1 .
sup Ht sb(t)logT Al ra(r) A ifr<s
Ri(r,s,a,b;A,B) = 1 A<xfB 1 5,(Ax) 1 j,_( X) 7
x Pa(x)P ||t”sb(t)log= t~ra(t)|| ifr>s
( ) () & 5,(Ax) () 7,(Ax) p.(A.B)
RQ(V,S,a,b;A,B)
1 L r .
sup ‘t‘Fbt t 7a(t)”V(t) ogt if r <s
_ A<x<B ©) 5,(Ax) 0)7v() e (x,B
- _1 s 1 ; _1 I
X Ph(x)P ||t 5b(t t 7a(t)”V(t) 'ogt if r>s
Wt b, P e vortess],
where V(1) = [yu'a(u)"du, t € (A,B), and
1 By -1 .
Ra(r,s,a,b;A, B) = ﬂb(z)/ i al| 2 e if = oo,
x h 5.(A.B)
Finally, let
Ri(r,s,a,b;A,B) + Ry(r,s,a,b;A,B) if 1 <15 <oo
) _ Ri(r,s,a,b;A,B) ifr=lorl=s<r<eo
Re(r,5,a,b;:4,B) = Ry(r,s,a,b;A,B) ifl<r<s=oo
R3(r,s,a,b;A,B) if r = oo,

Whenever the context is clear, we shall write just N instead of N(r,s,a,b;A,B)
and similarly for all the other quantities above.

Now we are almost ready to formulate our interpolation theorems. We recall that
we work with the operators acting between (subspaces of) . (R, 1) and A (Ry, 12) .
We shall suppose that p;(R) = ta(Rp) = eo; for the finite measure spaces see Re-
mark 3.7 (i) below. If b € SV(A,B), we put

b.(t) =b(t7), 1€ (A,B),
where m denotes the slope of the interpolation segment ¢ = [(pl17 qil), (plz, qiz)], asso-
ciated with the Calderén operator Sg .
The following theorem is a generalization of the classical Marcinkiewicz interpo-
lation theorem (cf. [2, Chapter 4, Theorem 4.13]) to the LK spaces.
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THEOREM 3.1. Let T € JIW(p1,q1;p2,92) N (LB1(p1,q1;m) ULB2(p2,q2;:m)).
Suppose that 6 € (0,1) and p,q satisfy
1 1-6 0 1 1-6 6
= +

p P1 P_z’ q qi q2

Then
T:Lpra—Lqsp
if and only if
N(r,s,a,b4;0,00) < oo,

The parameter 6 from the previous theorem was restricted to (0, 1), therefore we
refer to this case as to the non-limiting case. The next theorem describes the limiting
case 0 =0.

THEOREM 3.2. Let T EJW(pl,ql;pg,qz)ﬂLBl(pl,ql;m). Then

T:L, rua—L

P17 q1,53b

if and only if
L(r,s,a,b,;0,00) < eo.

The following theorem describes the limiting case 6 = 1 and is completely anal-
ogous to the previous theorem as long as p, < oo.

THEOREM 3.3. Let T € IW(p1,q1;p2,92) "LB2(p2,q2;:m), pa < eo. Then
T:Lpyra— Ly

if and only if
R(r,s,a,b4;0,00) < oo,

When p; = oo, the situation turns out to be more delicate.

THEOREM 3.4. Let T € JW(pi1,q1;%0,q2) NLBy(e0,g2;m) and suppose that (2.6)
is satisfied. Then
T Ly — Ly s
if and only if
- 3.1)

and
Reo(r,8,a,b4;0,00) < oo,

Next, we state results concerning the sums and intersections of LK spaces. We
concentrate on the limiting cases only as the situation in the non-limiting case is obvi-
ous.
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THEOREM 3.5. Let T € IW(p1,q1;p2,92) "\LB1(p1,q1;m) LB2(p2,g2;m) with
P2 < oo,

(i) Then
T:LpriatLpyrya — Loy i+ Loy spp
if and only if
L(rl,Sl,a,b*;O, 1) +R(r2,sz,a,b*; ’oo) < oo,
(i1) Then
T :Lpyri:aNLpyryza — Ly s N Lgy 500
if and only if

L(rl,Sl,a,b*; 7°°)+R(r2aszaaab*;0a 1) < oo,

THEOREM 3.6. Let T € JW(pl,ql;Oo,(h) ﬂLBl(pl,ql;m) ﬂLBz(oo,qz;m) and
suppose that (2.6) is satisfied.

(i) Then
T:Lp riatLooryia — thsl;b + L1127-\'2;h
if and only if
t*%a(t) =oo
72,(1,22)
and
L(r1,81,a,b:0,1) 4+ Reo(r2,52,a,by; 1,00) < oo,
(i1) Then
T : Lpyry:aMLeoryia = Ly 130 MVLgy 530
if and only if

L(rl,SI,a,b*; 7°°) +R°°(r27S27a?b*;0? 1) < .
Let us now make some remarks about the theorems above.

REMARK 3.7. (i) When the underlying measure spaces are finite and q; < ¢q2,
then Theorems 3.1, 3.2, 3.3 continue to hold, provided we replace the interval (0,o0) by
(0,1). The same is true for Theorem 3.4, provided that condition (3.1) is dropped. This
is a consequence of the fact that the Hardy-type inequalities which will be used to prove
the mentioned theorems hold on (0,1) and (0,e0) in the same form (cf. Lemmas 4.1 —
4.4 below).

(i1) It will be apparent from the proofs in Section 5 that the existence of the
lower bounds for the operator 7 is only used to prove the necessity of the corre-
sponding conditions. In other words, if we omit the assumptions T € LBy (p1,q1;m)
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and T € LBy (p2,g2;m), the theorems above still provide sufficient conditions for the
boundedness of T .
(iii) There exist r,s € [1,o0] and a,b € SV(A, B) such that

Ri(r,s,a,b;A,B) + Ry(r,s,a,b;A,B) < oo and R(r,s,a,b;A,B) = oco.
Indeed, let 1 < r < s < o and
a(t) = 6(0) 7600 and b)) =6() 150600, e (0,1),

where < —1 -1 and 0 <y <1 -1 (we prove the statement for (A4,B) = (0,1);
other cases are similar). Then, using the substitution 7 = ¢,(¢), we get

1 ~1
Hf?b*(t)log;—‘

Hf%a(t)

5,(0,x

r,(0,x)

S ORI G

~

1 _1
_ (/ ,L.Os+7/s dT) ) (/ TerdT>
0 (x) o (x)

~ L0 () 0T = L) T S

forall x € (0,1) and thus R;(r,s,a,b;0,1) < oo. Now observe that in our case
1
Alt) Z/M_la(u)’duzﬁz(t)e’“ Vi e (0,1).
0

Consequently, using the substitutions u = ¢ (z) and T = ¢,(¢), we obtain

1 1 r
b, “7a(t)7Ar) 'ogt
Ht O] o0 [IF 7 )7 AW og ], )

1 1 1 1 r

<Al 5 —1-5 0+y - - 07—6r-1

~ Hl b (t) 62(1‘) ’ 5,(0.x) ! gl(l) 62(1‘) Hr’,(x,l)gl(X)
oo 5 lo(x) rl’

_ (/ uS1€1(u)eS+Vvdu> (/ T/(GJrl)dT) el(x)
fl(x) 1

~ 0(X) W) O () = )T S 1 (3.2)

for all x € (0,1) and thus, Ry(r,s,a,b;0,1) < oo holds as well. It remains to show that
R(r,s,a,b;0,1) = c. We can see from (3.2) that

~ 0 (x) "y (x)9Y Wx e (0,1).

Ht_%b*(t) 5.(0.%)

This, together with
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forall x € (0,1), gives

~ 52 (x)y,

H’%b*(t) o ol)

which tends to infinity as x — 0. When » =1 or s = oo, the given example (with the
usual modifications) works as well.

4. Weighted inequalities for integral operators

We will show in Section 5 that the boundedness of T is fully determined by the va-
lidity of certain Hardy-type inequalities that are restricted to non-increasing functions.
The aim of this section is to characterize weights for which these inequalities hold. By
weights, we mean functions from .2 (A, B) that are positive and finite almost every-
where on (A, B). We shall denote the set of all weights by #'(A,B).

First of all, we are going to state Lemmas 4.1, 4.2, 4.3 and 4.4, which form an
essential part of the paper (they are applied to prove the main results). After that, we
review some general criteria and use them to prove the lemmas. The following assertion
will be used to prove Theorem 3.1 (the non-limiting case).

LEMMA 4.1. Let r,s € [1,|, a,b € SV(A,B). Suppose Kk € R and v > u > 0.
Then the following five conditions are equivalent:

(i) N(rs,a,b;A,B) <o

(i) |2+ b0) /A[u'“lg(u)du < [ ast) Ve .4 (A,B);

~

s,(A.B)

r,(A,B)

Gii) |l $b(r) / " () du
A

Slra s

Vet (AB;));
5,(A,B) B)

(4,

B
@) ([ b0) / W5 g () du Vg € 4 (A,B);
t

_1
S [ atsto)

5,(A,B) r(A,B)

) || 5b(0) / | < Hz“”*%a(z) 10 Ve (A,B;)).

~

s,(A.B)

r,(A,B)

The parameter K can be, of course, eliminated by a suitable substitution; we keep
it there just to emphasise that the inequalities above share the same structure. The
following two lemmas describe the case, where u from Lemma 4.1 is zero. They will
be used to prove Theorems 3.2, 3.3 and 3.5 (limiting cases 8 =0, 8 = 1 with py < o).

LEMMA 4.2. Let 1,5 € [1,], a,b € SV(A,B), Kk € R and v > 0. Then the fol-
lowing three conditions are equivalent:

(1) L(r,s,a,b;A,B) < oo}
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.. _1 ! 1 _1
s 3 < 3 r + N
(ii) ||z b(t)/Au g(u)du s> t* ra(t)g(r) B Vge . #"(A,B);
1 4 1
(iii) t’Eb(t)/u"’lf(u)du <l a()f 1) V€. (A,B;)).
A 5,(A,B) 7,(A,B)

LEMMA 4.3. Let 1,5 € [1,|, a,b € SV(A,B), Kk € R and v > 0. Then the fol-
lowing three conditions are equivalent:

(i) R(r,s,a,b;A,B) < oo

B
(i) f%b(t)/ g (u)du < |7 a()g(e) Vg € .4 (A,B);
t 5,(A.B) r,(A,B)
B
i) e 2b(0) [ pde| S [ ratoso) Vf e (4B 1),
! 5,(A,B) r(A,B)

Finally, in the following lemma we consider the remaining and most interesting
case, that occurs when t = v = 0 and the inequality is restricted to non-increasing
functions. It will be used to prove Theorems 3.4 and 3.6 (limiting case 6 = 1 with
p2 =°).

LEMMA 4.4. Let r,s € [1,0| and a,b € SV(A,B). Then

i) [ Wl |l tas) (“.1)
i 5(A.B) r(4.8)
holds for every f € 4 (A,B;]) if and only if
Roo(r,s,a,b;A,B) < oo
and 1
Hf?cz(t) s o when B=oo. 4.2)

Note that, due to the monotonicity of f, the analogy of inequality (4.1) for | /i
is non-trivial only if (A,B) = (1,e) and then it can be converted to an inequality of
the same form as (4.1) on (0, 1), but restricted to non-decreasing functions. Since we
will have no use for such an inequality and since the resulting characterization is not as
interesting, we shall omit it.

To prove the first three of the four lemmas above, we will use the following well
known characterization of weighted Hardy inequalities, for which we refer to [15, The-
orems 5.9, 5.10, 6.2, 6.3, Remark 5.5] or to [17].
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1

_1
s r

THEOREM 4.5. Let vyw € #'(A,B), r,s € [1,0| and let % =

i) [

(i) Then

S el Ve€-#"(AB)
5,(A,B)

if and only if

oo

either r<s and sup ||WHS7(X7B)HV71 YA <%
A<x<B Y

J
7 I

rs’,,(A.,x) v(x) P

or r>s and HW||.Y7(.X7B)HV1
p+(A.B)

(i) Then

S HVg”r,(A,B) Vge .47 (A,B)
5,(A,B)

vt [

if and only if

either r<s and sup [lwl 4y ||"_1Hr’ (rB) <
A<x<B .

/ /

)v(x)JF

I~

< oo,
ps(A,B)

RSN

or r>s and HWHS,(A,X)HV_l J(x,B

Proof of Lemma 4.1. Equivalence of (i) and (ii) follows from Theorem 4.5 with
1
v(t) =t "7 a(t) and w(t) =t H3b(t), 1 >0, 1 € (A, B). Indeed, using Lemma 2.2
(i), we obtain this way that

t_”_%b(t) /t h

| < Hf“ﬁa(t)h(z)

~

Vhe 47 (A,B) (4.3)

5,(A,B)

if and only if N < eo. Condition (i) follows from (4.3) on substituting /(u) = u*"'g(u),
u€ (A,B),where Kk €R and g € .#"(A,B),
Equivalence of (i) and (iv) can be proved analogously as that of (i) and (ii).
Implications (ii) = (iii) and (iv) = (v) are trivial.
Implication (iii) = (ii). Let g € .4 (A,B) and

B
£6) = / g 1€(AB) (4.4)

Then f € .#7"(A,B;]) and we obtain from (iii) that

ruf%b(t)//:uvfl (ABg) du

<

~

s.(A.B)

B
t*“”*%a(t)/t g 4.5)

r,(A,B)
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for every g € .4+ (A,B). To estimate the integral on LHS(4.5), we use the Fubini’s
theorem to get

/ V- l/g deu>// drdu_// 7)dudt

~ /A (2¥ — AV)g(1)dt (4.6)

forall 7 € (A,B). If A#£0, i.e. if (A,B) = (1,c0), then we continue with the estimate
as follows:

1 1 1 t
[ @ =g@dr> [ - Dgar> [ - (Hgmar~ [

1 2 2 2
forall ¢ € (2,0). This, together with (4.6) gives (after simple substitutions)

LHS4.5) 2 4.7)

f”*%b(t) /A[uvg(u) du

s.(A.B)

Now we estimate RHS(4.5) from above. We put oo = —u+v >0 and 3 = 1. We are
going to apply weighted Hardy inequality (iv) with o, instead of u, k, respectively,
and with s = r and b = a, so that N(r,r,a,a;A,B) < e. Thus, by the equivalence of (i)
and (iv), which we have already proved, we get

B
et Mo < tans)| | vee ),
] H(AB) r,(A,B)
This, (4.5) and (4.7) give
t
o) [swad <) veeatap)
A 5,(A,B) )

which can be rewritten (using the substitution g(u) = u*~V"'h(u), u € (A,B)) as (i).
Implication (v) = (iv) can be proved similarly as implication (iii) = (ii) . Indeed,
using test function (4.4) in (iv), we arrive at

t”_%b(t)/tBuV_l (/L{Bg) du

forevery g € .4 (A,B). The estimate of LHS(4.8), corresponding to (4.6), now takes
the form

B B B T B
[w [Camaran= [ [ tg@aude~ [ - mg(x)an
p u t Ji !

>/j(rv_ﬂ)g(r)dr>/3(r —(3)") d‘L’w/ dr

<
5,(A,B)

B
VT a(r) /t g 4.8)

r,(A,B)

for all 7 € (A, g) The rest of the proof is analogous to the proof of implication
(iil) = (ii). O
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Proofs of Lemmas 4.2 and 4.3. One can repeat the proof of Lemma 4.1 (the equiv-
alence of (i), (i), (iii), or (i), (iv), (v), respectively) with u =0. [

The proof of Lemma 4.4 is the most difficult and it will require different ap-
proach than the proof of Lemmas 4.1, 4.2, 4.3. The problem is that the characteriz-
ing conditions for inequality (4.1) restricted to non-increasing functions can be actually
weaker than the characterizing conditions for the same inequality considered for all
non-negative functions (cf. Lemma 4.3 (ii) with ¥ = 0 and Remark 3.7 (iii)). In other
words, the restriction of (4.1) to non-increasing functions has a significant effect on its
characterizing conditions (cf. [7, p. 129] and [7, Remarks 10.5. and 10.8.]). This in
turn means that one cannot prove the sufficiency of those weaker conditions using The-
orem 4.5 and thus, more suitable results are needed - we are going to use the reduction
theorem.

Probably the first result of this kind appeared in [16]. Sawyer’s result can be very
well used in our situation; we will, however, use another result by A. Gogatishvili and
V. D. Stepanov, which is more recent (and easier to prove). We are going to state it here
for an integral operator with general kernel given by

B
Se(0) = [ ktwgdu, g€ MTAB), 1 (4B), “9)
A
where k is non-negative measurable function on (A,B) x (A,B).

THEOREM 4.6. Let 1 <r < oo, 0 <5< oo, v,we #(A,B) and V(t) = [}v,
t € (A,B). Let S be the integral operator (4.9) with the kernel k. Set

K(t,u):/Auk(t,T)dT and §f(t):ABK(t,u)f(u)du, fuc (A,B).

Then
1wSFllam SNV Fllnap VF €4 (A B
if and only if
WK, B)lly (a8 < VIl (4.8
and B
Hng B < Hvl_’VgHr’(AB) Vg e . #"(A,B).

Proof. The theorem is an easy consequence of [1 1, Theorem 2.1]. [

We shall also need a characterization of the boundedness of Volterra integral op-
erators defined by

Vo) = [Keug@dn, ge.a 0), €02, @10

where the kernel k satisfies:

(i) the function (¢,u) — k(¢,u) is non-decreasing in ¢ or non-increasing in u;
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(i) k(t,u) >0 forall t >u>0;
(iil) k(z,7) ~k(t,u)+k(u,7) forallt >u>17>0.

THEOREM 4.7. Let the V be Volterra integral operator (4.10) with kernel k sat-
isfying (i), (ii), (iii). Suppose v,w € #'(0,B), where B=1, or B=co. Then

IwVellsop SIvel.op Yee-#7(0,B) (4.11)

if and only if one of the following conditions hold:

() 1<r<s<oo,

sup |[wk(-,x)||; v, < oo,
0<XEBH G ey 1V 0
—1
sup [Wlls ) ||V kG| 0 <
<X<BH (PSS [ SC D |
(1) 1 <s<r<eo,
! e
v ()P IWk(2) e [V 0 <o
p.(0,B)
[P 1011 e I £ Y g0 [ ) <=

Proof. If B = oo, then the result can be found in [18, Theorems 1, 2].

In the case B = 1, we can prove the sufficiency of conditions (i), (ii) by using the
theorem with B = eo, w = )(o,;)W and by considering (4.11) for every g € .Z*(0,0),
such that g =0 on (1,0). To prove that conditions (i), (ii) are also necessary in this
case, use the same test functions as in [18]. [

Finally, we can start with a proof of Lemma 4.4.

Proof of Lemma 4.4.
Case r = oo. To prove the necessity of the condition R., < oo, we test (4.1) by

f(l/t) = Ha||o_c7l(A7u)7 uec (A7B)a

which is clearly a non-increasing function on (A, B). In this way, we obtain

S || el

. B
t35b(t / u Ha ;1 du
(1) | llall i o(A5) w,(A.B)

=1, (4.12)

_1
<A || (4,B)

S |lale,an lal

which we wanted to show.
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To prove the sufficiency, we use R. < oo (i.e. (4.12)) and the monotonicity of f
to get

B
_1 _ _
LHS4.1) = ||t vb(l)[ u IHan.’l(A’u) Ha||w7(A7u)f(u)du

5,(A,B)

. B
St_Ftham " uH /u_la;ludu
Ol @] [ Nl 0]

= RHS(4.1),
«,(A,B)

< lalean 0, < [0 Nr i

hence the case r = oo is proved.
In the remaining cases, Theorem 4.6 with k(¢,u) = x(,ﬁ)(u)u‘l, v(t) = t‘%a(t)

and w(t) = t’%b(t) , t,u € (A,B), yields that (4.1) holds for all f€.#"(A,B;|) if and
only if

_1 _1
Ht “b(r)log S_(AB)gut a0, (4.13)
and
B r
z—%b(t)/ g(u)logdu 5‘t%a(z)—w(z)g(t) Vg€ .4+ (A,B), (4.14)
t 5,(A,B) r,(A,B)

where V(¢) = [ju"'a(u)"du, t € (A,B). Condition (4.13) translates as (4.2) if B = c.
When B = 1, then (4.13) means that if RHS(4.13) is finite, then LHS(4.13) is as well.
We will now show that this is, in fact, a consequence of Ru(r,s,a,b,0,1) < oo. Indeed,
this is obvious in all cases but 1 < r < s =, i.e. when R.. is defined only by R,. In
this case, using the Lemma 2.3 and the assumption RHS(4.13) < e, we obtain

_ 1 r _ _ 1 L _
[ 7awivirtiosd], 2 P arvort, .l
~ Ht’%a(t) - logl >1logl
AUV

for all x € (0, %) Thus, if Re(r,00,a,b;0,1) < oo, then

o0 > R°<’(V7°O7a7b;07 l) :R2(7‘7°°,a,b;0, 1)
7 a(t)7 V() logt

= s 16]les (0,4)

> sup ||B]|.. o logt.
o 0 (Pl 0.0 108 5

', (x, 0<x<

From that we finally get

LHS(4.13) = |[p(0)log H|.. ) S H||b||w7(07,) log !

< oo,
o,(0,1)

Now it remains to prove that, under condition (4.2), inequality (4.14) holds if and
only if Re(r,s,a,b;A,B) < oo.
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Case 1 < r,s < o. Note that, by the duality (or more precisely, by the sharp

Holder’s inequality, cf. [2, Chapter 1, Theorem 2.5.]), inequality (4.14) holds if and
only if

(4.15)

f%a(t)L’ /g )log Ldu

rb(r) (1)

7 (A B) .Y/7(A,B)

holds forall g € .#Z"(A,B). Now we apply Theorem 4.7 with w(r) = f%a(t) rL’V(t)_1 ,
v(t) = t%b(t)’l, t € (A,B), with r,s replaced by 5,7 and we use Lemma 2.3 to get
that (4.15) holds for every g € .# " (A,B) if and only if Re. < .

Case r = 1. We can rewrite (4.14) as

Slelis Vee#7(AB), (4.16)
s,(A,B)
where .
k(t,u) =175b(t)V (u) " xpy(u)log, 1,uc(A,B). (4.17)
We claim that (4.16) holds if and only if
sup lk(-,u)lly (4 5) < o (4.18)
A<u<B

Indeed, the general result for arbitrary kernels [13, Chapter XI, Theorem 4] implies
that (4.16) is equivalent to esssupy,.g|[k(-,u)|,/ (4 5) < °°, which, in our case, is
equivalent to (4.18). However, let us also give an exphclt proof of this claim, using the
properties of k.

To prove the sufficiency of (4.18), we take g,h € . (A,B) and write

//ktu W) du h(r)dr = //ktu 1) dr g(u)du

< [ M0 0

§esssuka(-,u)|| (A.B) ||hH (A,B) ||g||1 (A,B) (4.19)
A<u<B

Inequality (4.16) then follows from (4.19) by taking the supremum over all % such that
12l (a,5) < 1, using the sharp Holder’s inequality and (4.18).
Conversely, suppose that (4.16) holds. Fix x € (A, B) and test (4.16) with

8xn = nX(Ler%w ne Na
to get

x+%
n/ k(- u)du <1l VrneN. (4.20)
* ¥ (A,B)

We see from (4.17) that k is continuous in the second variable in (A, B). Therefore,

1
n

X+
limn/ k(t,u)du=k(t,x) Vi€ (A,B)

n—oo
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by the fundamental theorem of calculus. Thus, using (4.20) and Fatou’s lemma, we
obtain
x+%
n / k(-,u)du
X

Since the multiplicative constant in (4.21) does not depend on x, we get (4.18).

It is easy to see that the condition (4.18) with k given by (4.17) coincides with
R.. < oo, hence the proof of the case r =1 is finished.

Case 1 =s < r < eo. Instead of (4.14), we will characterize its equivalent dual
version (4.15), which can be rewritten as

1 2 liminf

n—oo

2 Hk(~,x)H,J’(AﬁB). (4.21)
' (A,B)

L

. 1
() V()] / u~b(u)g () log L du
A o

Slglopun:  @22)
B)

)

forall g € .#"(A,B). Itis now obvious that the condition

; '
f?a(t)T’V(t)_l/u_lb(u)logidu
A

<1
r'(A,B)

is both sufficient and necessary for (4.22) and also that it coincides with R. < o in this
case.
Case 1 <r < s=-co. Now (4.15) can be rewritten as
B
| Kewg@an  Slglig Vee st (AB),
A r.(A,B)

where | .
k(t,u)=1"7a(t)7 V() " b(u)ya,(u)logt, tu€(A,B), (4.23)

and we can use the same technique of proof as in the case r = 1. There is one slight
difference that instead of b itself we need to take its continuous representation (from
Lemma 2.2 (i)). This way, we obtain condition (4.18) again, only with 7 instead of s.
To see that this condition coincides with R.. < oo, we use (4.23) to get

o> sup [|k(-,x)|l, a5 = sup b(x)f(x), (4.24)

A<x<B A<x<B

L
r

Ya(t)” V(1) Mogt

where x — f(x) := Hf is a decreasing function in (A,B).

7, (x,B)
Now observe that

b)S (%) S bl a ) F () S NBS Nl a) S N1F Nl apy VX E (A, B),

and hence, using (4.24), we obtain

o> sup k(- x) ||, (4 5) R 16l a5 SUP |Dl] a0y f(X),

A<x<B 0<x<oeo

which is precisely R.. < oo. This finishes the proof of the case 1 < r < s = and of
the lemma. [
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5. The proofs of the main results

First we shall prove the following simple lemma.

LEMMA 5.1. Let r,s € [1,0], a,b € SV(A,B) and suppose that (2.6) is satisfied.
Then

N(r,s,a,b;A,B) <min(L(r,s,a,b;A,B),R(r,s,a,b;A,B),Re(r,s,a,b;A,B)) .

Proof. The inequalities N < L and N < R follow easily from Lemma 2.2 (ii). The
inequality N < R.. is a consequence of the estimates

’t%b(t)log’t—‘

> || e)

log2 Vx € (2A,B
o og x € (24,B),

-4 5 -1 !
Hz 2 a(t) V(1) logt

> |7 aty v log2  Vxe(4,B),

-1
', (x,B) Hr’,(2x,B)
Lemma 2.3, assumption (2.6) and of Lemma 2.2 (ii)). [

Proof of Theorem 3.5. First of all, we are going to show that the assumptions

T €IW(p1.q915p2:92) (5.1
and
T € LBi(p1,ri:m) NLBy(p2,q2;m) (5.2)
imply that
(Te) g < llg*lla Ve A (R, ) (5.3)
is equivalent to
1Saflls SIFlla Vet (0,003 ), (5.4)

where |||, and ||-||z are some rearrangement-invariant quasi-norms on . (0,c0)
(that we specify later on). Indeed, using (5.2) and (5.3), we get

ISaf1lp SI(T8)"llg S Nglla = Iflla  Vf €7 (0,09),

where g € .#(Ry,1;) is equimeasurable with f. To prove the opposite implication,
use (5.1) and (5.4) to obtain

I(Te) s S ISog"llp S llg"lla Ve € A (Ris ).

Thus, the question of the boundedness of T is reduced to the characterization of
(5.4).
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Case (). Now |||, = H'||(171~,r1)+(172~,r2);a and [|-|, = ||'||(111’S1)+(112-,52);b' If we make
a temporary assumption that m > 0 (i.e. g; < g2) and use the substitution 7 =¢", then

11 11
16/l grs)+(ansn)e = || TEOScf@)||  + [t 2b(t)Ssf(t)
Sl’(ovl) S2’(17°°)
1 "oy 1_1_1 ° 1
~ ||r A‘lb(t)/ urt  f(u)dul| 4|t @ slb(f)/ w2 f(u)du
0 51,(0,1) m 51,(0,1)
L1 " 1 o ]
+ t%*ﬁ*%(:)/ Wi ydul| o+ fsb(z)/ wrs ' f(u) du
0 \27(1700) " S27(17°°)
roa 111 © 1
~ |l b.(1) / W) dul| ||, (1) / P f () du
0 517(071) 4 51,(0,1)
L1 _ 1 T _1 < 1
4|l °2b*(t)/ul’l Fadu| o+ °’2b*(t)/ s~ f () du
0 SZ/(LOO) 4 'Y27(17°°)
=:N1+N,+N3+ Ny (5.5)

forall f €. (0,00;]). Now observe that for m < 0, the role of the intervals (0, 1) and
(1,00) in the computation above is interchanged at the initial stage (cf. Definition 2.5),
but then the substitution swaps the intervals once more. Therefore, the resulting expres-
sion is the same and the assumption m > 0 can be removed. In the rest of the proof we
apply the weighted inequalities of Section 4 to show that

1 1 1 1
Ni+Ny+ N3+ Ny S ||t ra(e) f() + |t 2 a(t)f(t)
I’l,(O,l) ’2’(17“)
= ||f||(P1J1)+(P2J2);a (5.6)
forevery f € .41 (0,;]) if and only if
L(r1,81,a,0:;0,1)+R(r2,82,a,b.;1,00) < oo (5.7)

Lemma 4.2 with v = p% implies that

1 1

NS e ma(e)f ()

(0,1) s HfH(I’hnH(PNz)m Vf € MT(0,]) (5.8)
r1,(Y,

if and only if L(ry,s1,a,b.;0,1) < eo. Similarly, we get from Lemma 4.3 with v = é
that

1 1

N S || ) £()

r2~,(11°°)

if only if R(rp,s2,a,bs;1,00) < co. Now we estimate the expressions N, and N3. By
Lemma 5.1, condition (5.7) implies

N(Vl,Sl,a,b*;O,l)+N(V2,52,Cl,b*; a°°)<°° (510)
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and also (using the properties of s.v. functions)
1 1
t a(t)”! +1lr 2a(r)! < oo, (5.11)
r1,(0,1) 75(L,e0)
Thus, using (5.10), Lemma 4.1 with yu = le piz, K= piz, Lemma 2.2 (i), Holder’s
inequality and (5.11), we obtain

111 Ly
Ny~ ||rP1 72 Slb*(t)/ ur2 f(u)du
t 51,(0,1)
L1 < 1
+ (171 TP b, (1) /uﬁflf(u)du
51,(0,1) /1
s 11 __l" 1
< leri "7 a() £(2) + |t 2 a(n)f(r) t2alt)”
r1,(0,1) r2,(1,%2) (1)
~ HfH(pl,rl)'F(PZJZ);a

forall f €.#%(0,;]). Analogously, we can estimate Ns:

Lo
( )/Oul’l Sf(u)du
Lo

1 1

T T al)f (1)

525
1 1

1 2a(t)f(t)

<

_|_
r27(17°°)

r1,(0,1) 7,(0,1)

(5.13)

for every f € .#7"(0,o0; |). The inequality (5.6) then follows from (5.8), (5.9), (5.12)
and (5.13), hence the proof of part (i) is complete.

~ ||fH(pl,r1)+(sz2)¢“

Case (ii). We can proceed in the same way as in the case (i) to obtain that

T Lpyrya MV Lpyryia = Lgysip Mgy 500
holds if and only if the inequality

Ni+Ny+ N3+ Ny

1 (|
fﬁb*(z)/ Wi ) dul 4
0 Slv(lvoo)

1 I
tﬁ‘ﬂ‘ab*(t)/m‘lf(u)du
0

1 1

e ra(n) f(r)

1 1 > 1
zﬂ*@*ﬁb*(z)/ wrr ™ f () du
t
1 < 1
+ ||t -Yzb*(t)/ ur2 " f(u)du
52,(0,1) !

17 a() (1)

s1,(L,e0)

52:(071)
<

_|_
r1,(Lee)

r2,(0,1) (Prr)N(p2,r2);
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holds for all f € .47 (0,;]) (the only difference from the corresponding inequality
in the case (i) is that the intervals (0,1) and (1,e0) were interchanged, cf. Defini-
tion 2.5). As in the case (i), the (parts of) terms N; and Ny represent the limiting case
of interpolation and hence, the Lemmas 4.2, 4.3 imply that the condition

L(ri,s1,a,b51,00) +R(r2,82,a,b.,0,1) < oo (5.15)

is necessary for (5.14) to hold for every f € .# " (0,o;|). Now, it remains to prove that
(5.15) is also sufficient to estimate all the remaining terms in LHS(5.14) by RHS(5.14).
Note that (5.15) implies

1 1
t S1h.(t) + ||t 2 by (1) < oo, (5.16)

52,(0,1)

51:(17“’)

The expression N contains the following term, which, using (5.16), Holder’s inequal-
ity and Lemma 2.2 (i), can be estimated as

L L 11 L L 1
) [ e <l e T e
0 sp.(1e) r2,(0,1) 5:(0.1)
1L
Sl manf@|
r2,(0,1)
The corresponding term in expression N4 can be estimated in the same way as
1 © 1 11 L L ]
: szb*(t)/ w7 () du < lerr T an) £ (0) 2 ()
! 52,(0,1) ri(1e) (L)
11
S e male)f(@) :
r1,(Lye)

By Lemma 5.1, (5.15) implies
N(rl,Sl,a,b*, 7°°) +N(r2aS27a7b*a0? 1) <o

and hence, using Lemma 4.1, the remaining (non-limiting) terms N,, N3 can be esti-
mated by RHS(5.14) as well. O

Proof of Theorem 3.6. One can repeat the proof of Theorem 3.5 with py = oo, the
only difference being that we use Lemma 4.4 instead of Lemma 4.3. [

The proofs of Theorems 3.5 and 3.6 contain all the possible difficulties which one
can encounter. More precisely, in the proofs of the remaining theorems of Section 3 the
inequality (5.5) (or (5.14)) will have just two terms - either Ny + N,, or N3+ Nys. There-
fore, we can obtain the remaining proofs as fragments of the proof of Theorem 3.5.
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6. The optimality of results

Let X,Y,W,Z be LK spaces, or their sum, or intersection in the sense of Defini-
tion 2.5 and let T be a quasilinear operator acting between X and Y. We say that the
result

T:X —Y

is optimal in the scale of LK spaces if
Y — Z for every Z satisfying T : X — Z

and
W — X for every W satisfying T : W — Y.

Embeddings of LK spaces are characterized by the following lemma.

LEMMA 6.1. Let p,q,r,s € (0,] and a,b € SV(A,B). Then

1_1 1.1
by SO YT E M (AB; ), (6.1)
if and only if one of the following conditions hold :

0 (4,8)=(0,1), p>g;

(i) p=g, 0<r<s<ee,
sup t5’§b(t) t%’%a(t) - < oo; (6.2)

A<x<B 5,(A.x) r,(A%)

(i) p=gq, 0<s<r< oo,

s el e ram] <o (63)
(Ax) n(A2) |l (a,8)

When p < oo, conditions (6.2) and (6.3) can be simplified to

N(r,s,a,b;A,B) < oo. (6.4)

Proof. The simplification of (6.2) and (6.3) in the case p < o follows easily from
Lemma 2.2 (i).

Case p > q. See [14, Theorem 3.4].

Case p=g¢q, 0 <r,s <. The inequality (6.1) can be further rewritten as

w
wp  luan (65)

rea+@asl) Vs

1_1 1_1
where v(¢) =17 Ta(t) and w(t) =17 sb(t), t € (A,B). The problem of characteriza-
tion of (6.5) with general weights is fully resolved for O < r,s < e and leads directly
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to conditions (6.2) and (6.3). The first result of this kind is due to E. Sawyer for the
range 1 < r,s < oo (he applied his reduction theorem for the identity operator — see [ 16,
p. 148]). This result was extended to 0 < r,s < o by, for example, M. Carro and J. So-
ria, or V. D. Stepanov in [19, Proposition 1], who also provided estimates (independent
of v,w) for LHS(6.5). However, Stepanov’s proof relies on the approximation of non-
increasing functions by absolutely continuous functions, which was left unjustified. For
a rigorous and yet very elegant treatment of this topic, we refer to [17, Section 2].

We are going to prove the cases which are missing in the literature cited above,
that is, cases where r =« or s = o,

Case p=¢q, 0 <r < s =oo. To prove the necessity of (6.2) for (6.1), it is enough
to test (6.1) with f = x4 v), Where x € (A,B).

Now we prove the sufficiency of (6.2) for (6.1). Using the estimate

b(t) < ‘

~

uTl’b(u)H Vi € (A,B)

o, (A1)

together with (6.2) and the monotonicity of f, we obtain

1 1 1 1
P < P < pr
10| 5 ], 0]l e, 0]
< ‘ ul_l’_%a(u)f(u) = RHS(6.1)
r,(A,t) w,(A,B)

forevery f € .47 (A,B;]), which proves (6.1).
Case p=¢q < o, 0 <s < r=-co. The necessity of (6.4) follows by testing (6.1)
1
with f(t) =t 7a(t)~', t € (A,B). For the sufficiency, we use (6.4) to obtain
15 b(t)alr) " 17 al) f(0)

LHS®6.1) = |[r2~5b() £(1)

G(AB) ‘

z%a(t)f(t)Hw gy SRHSGD

s\Ay

s,(A.B)

forevery f € .47 (A,B;]).
Case p =g =00, 0 <5 < r=-oo. To prove the necessity of (6.3) for (6.1), we test
(6.1) with f(r) = HaH;’l(AJ), t € (A,B). In this way, we get

<1, (6.6)

-1
N,(A,t) °<’(A,B) ~

Ht’éb(f) [

B~ a1l

which is indeed (6.3) with p = r = oo.
To show the sufficiency, we use (6.6) and the monotonicity of f to obtain

e

_1 —
<[l

S |1 s

o lalloany £

s,(A,B ,(A,B)

= RHS(6.1)
007(A/B)
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forevery f € .47 (A,B;]) and thus, the proof is finished. [J

Since every non-increasing function on (A, B) arises as a (restriction of) decreas-
ing rearrangement of a function from .# (R, ;) (see [2, p. 86, Corollary 7.8.]), the
Lemma 6.1 characterizes the embedding Ly, .o < L. For the embeddings of the
sums and intersections of the LK spaces in the sense of Definition 2.5, we apply
Lemma 6.1 on the two parts of the corresponding quasi-norm separately.

Now we turn our attention to the optimality itself, which, in the non-limiting case,
is simple to describe. To save some space, we illustrate the idea only in the setting
W (R1) = Ua(Ry) = o without considering sums and intersections of spaces. For the
other settings analogous assertions to the following one hold as well and proofs are
similar.

THEOREM 6.2. Let the assumptions of Theorem 3.1 be satisfied. Then
T:Lpsp, — Lgsp (6.7)

is an optimal result in the scale of LK spaces.

Proof. 1t follows immediately from Theorem 3.1 that (6.7) holds. Next we shall
prove that the choice of the target space L, ., is optimal in the scale of LK spaces (the
optimality of the source space can be proved analogously). Suppose that

T: Ly, — Loga (6.8)

for some Q,R € [1,] and A € SV. This together with T € LB;(p1,q1;m) gives, for
all fe.#%(0,;]), that

(L—Lypl_Ly_1L " 11
Sl A YO (AT I TRV [
0 R,(0:) #(02)
which can be rewritten (using the change of variables) as
pploL_ 1 L 11
A R?L*(t)/ul’l F(u) du sllteewro| o ©9
0 R,(0,00) 5,(0,00)

where y=1(L — Ll]) First we are going to show that (6.9) implies y=0,i.e. Q =q.

m\Q

Suppose to the contrary that ¥ # 0 and choose € satisfying

0<e<min(y, 5-—4,[7)- (6.10)

Case y < 0. Put
1
f)=1""Px01)(), 1€(0,00).
Then f € .#7(0,;]) and, using (6.10), we obtain

1 1

1 1 11
LHS(6.9) > |77 77 & *(t)/u”ﬁ*rldu szHS*%M(z)H =
0 R(0.1)

)

R,(0,1)
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while
RHS(6.9) =

tg_%b*(t))

<1
5,(0,1) ™

)

which gives the contradiction.
Case y> 0. Now put

el
F) = x00)@O) +1 P xpe (1), 1€(0,0).
Then f € .#7(0,0;]) and, using (6.10), we obtain

11 1 1 L1
LHS(6.9) > t”rﬂ*m(z)/u*“ﬂ*ﬁ*ldu zHﬂ*g’Il’*A*(I)H = o,
1 R,(1,00) R,(1,)
while . .
RHS(6.9) ~ ||17 3 b. (1 Ht“s_?b*t <1,
6o~ e+ 0,

which is the contradiction.

Thus, under the assumption 7 € LB (p;,q1;m), we have proved Q = g. When
T € LB, (p2,q2;m), one can proceed analogously.

Now, using Theorem 3.1 on (6.8) with Q = ¢, we obtain N(s,R, A, b.;0,00) < oo,
which, by Lemma 6.1 (g < ), implies that L, s, < Ly .2, and the proof is com-
plete. O

In the limiting cases one can prove the optimality in the sense mentioned above
only in some special cases. This is caused by the fact that, in general, the optimal target
or source spaces lie outside the scale of LK spaces (cf. [10, Section 5]). However, we
shall mention at least some partial (sharp) results in this direction. Similar results for
the sharp embeddings of Bessel-potential-type spaces into LK spaces appeared in [9],
for example. For brevity, we shall state the following results only in the case where
W (R1) = ta(Rp) = 1. The next theorem describes the limiting case 6 = 0.

THEOREM 6.3. Let T € JIW(p1,q1;p2,92) "LB1(p1,q1;m) be a quasilinear op-
erator.

(i) Let 1 < r < s < oo and suppose a € SV(0,1) is such that

1 J
/ t~la()™" dr < co. (6.11)
0
Define
1 1
/ " J A
B =a@) ([ wtawTan) T e 612
0
Then 3 € SV(0,1) and
T: LPIJ:H q1,5;B (6.13)
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Moreover, if A € SV(0,1) is such that

T:Lp ra— Ly s (6.14)
and the limit
Jim () (6.15)
=04 By (x)
exists when s < oo, then
Ly sp = Ly, 50 (6.16)

(ii) Let 1 < r < s < oo and suppose b € SV(0,1) is such that

1
/ 17 1b, (1) dr = oo.
0
Define

+

o(t) = b.(t)7 <1+[1u1b*(u)Sdu)7 , 1€(0,1). (6.17)

e
ol

Then oo € SV(0,1) and
T:Lp rio — Ly, s

Moreover, if A € SV(0,1) is such that
T:Lp ra — Lgysib

and the limit
lim %)
x—04 ()C)
exists when r > 1, then

LPM;?L - LPW;OC-

Proof. We prove part (i) here; the proof of part (ii) is analogous.
Case s < oo. By Lemma 2.3 (ii) (r > 1), the function 8 defined by (6.12) satisfies

-1

50,

Therefore, Theorem 3.2 (and Remark 3.7 (i)) yields (6.13). Moreover, Theorem 3.2 and
(6.14) implies that

~ |7 a()! Va e (0,1). (6.18)
| | ;

,(0,x)

1

a5

Hrm(z)

<1 Vxe(0,3).

5,(x,1) Ht_ 7 .(0,%)

Together with (6.18), this gives

1,-1 s
LA o)), 6.19)
Jet 1 Be(e)s dt
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Since the denominator of LHS(6.19) tends to infinity as x — 04 (see (6.18) and (6.11))
and we assume that limit (6.15) exists, we can apply L'Hospital’s rule to LHS(6.19) to
get

1> lim 7f{t :%‘(l )fdt — fim
=04 [L=1B(r)sdr  x—04 Bu(x)*
Thus, by Lemma 6.1, we obtain (6.16).
Case s = oo. Now (6.12) reads as B.(x) = Ht_%a(t)’1
(6.14) and Theorem 3.2 yield

-1

, x € (0,1). This,
r',(0,x)

12 gy 7 a2 A0BL0)

7 (0x) ™

for all x € (0, 1), which, by Lemma 6.1, implies (6.16).

It is obvious that the requirement about the existence of the limit in Theorem 6.3
may be dropped in many situations. For example, this assumption is redundant if a and
b are products of composite logarithmic functions.

Next we consider the limiting case 6 = 1 that is analogous to the previous theo-
rem, except for the case p, = oo (thus we shall prove only this case). In order to keep
the presentation brief, let us make a convention that if we say that some result is sharp,
then we mean it in the sense of the previous theorem (assuming the existence of the
corresponding limits when needed).

THEOREM 6.4. Let T € IW(p1,q1;p2,92) "LB2(p2,q2;m) be a quasilinear op-
erator.

(i) Let pp <o, 1 <r<s<eo, a€SV(0,1) and suppose that folt_la(t)_’, dr = oo,
Then
T:L

p2.ria

q2,5:B>

where

ol

1
7

ﬁ(t):a(tm)*é <1+/;u1a(u)"du> , 1e(0,1), (6.20)

is a sharp result.

(ii) Let py < oo, 1 <r< s <o, beSV(0,1) and suppose that folt’lb*(t)‘dt < oo,
Then

T :Lpyria — Lgy s

where

a(t) =b.(t)"7 (/Otu—lb*(u)Sdu)% , t€(0,1),

is a sharp result.
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(iii) Suppose that (2.6) holds. The assertions in (1) and (ii) remain true if py = oo,
provided that r = s = e and r = s = 1, respectively.

Proof.
Case r = s = oo. By Theorem 3.4 and (2.6), the result T : Looooq — L,127,><,;;L
implies
ille 00 I~ a7 () ST ¥x€ (0,1),
and then we can argue similarly as in the case s = oo of the proof of Lemma 6.3 (i).
Case r = s = 1. In this case we can write

X X X u
:/ t_lb*(t)/ u_ldudt=/ u‘1/ 17 'b.(t)drdu
5,(0.x) 0 t 0 0
— ||t*1a(t)||17(07x) (6.21)

Ht_%b*(t)logf

for all x € (0, 1), hence, by Theorem 3.4, the result
Lo 1.0 — Loo 135

holds. Now if 4 € SV(0,1) is such that L., ;.5 — L 1,5, then Theorem 3.4 and (6.21)
imply

12 Ht_%b*(t)log’[—c

o 7 2ON o =l el o0 7 20 0.

forall x € (0,1), therefore, by Lemma 6.1, we get Lo, 1.3 = Leo10. [

Analogous assertions can be formulated on the interval (0,e0) (i.e. if u;(R;) =
Uz (R,) = o) for the sums and intersections of the LK spaces. However, since there are
many possible configurations to cover and the formulas connecting the s.v. functions
remain essentially the same, we shall skip this. When needed, we can extract the sharp
results directly from the conditions of our interpolation theorems by assuming that the
functions appearing under the supremum in N, L, R, R.. are equivalent to 1 and by
using Lemma 2.3.

REMARK 6.5. There are situations in which the sharp results of Theorem 6.4 are
also optimal. For example, suppose that the assumptions of Theorem 6.4 (i) are satisfied
and let by = 3, where B is defined by (6.20). Furthermore, suppose that gy = eo.
Then, from Lemmas 2.3 and 6.1, we deduce that L., 55, < Leo 5,5 Whenever s < § < oo,
Therefore, in this situation, the target space L., is optimal (cf. [9, Remark 3.2. (iii)]).

7. Applications of the results

Our main results can be applied to many familiar operators - we will now give
several examples. We shall mention the sharp (or optimal) results only.

In the following, the symbol .7 (Q2) stands for the set of all Lebesgue measurable
functionson Q CR", n € N, and |Q| for the Lebesgue measure of the set Q C R”.

In the next lemma we recall the definitions of several familiar operators and cor-
responding well known estimates that are required by our interpolation theorems.
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LEMMA 7.1.

(i) Let |Q| = 1. The Hardy-Littlewood maximal operator Mg, is defined for a locally
integrable function f € .# (Q) by

ot =sgnids [ 1, xe.
QBx‘Q|

where the supremum extends over all cubes containing x which have sides par-
allel to coordinate axes. The operator Mg satisfies

(Maf)( /f )du Vloc. int. fe.#(Q) Wie(0,1),  (1.1)

and thus Mg € JW(1,1;00,00) NLB(1,1;1).

(ii) The conjugate function, defined for a locally integrable and 21 -periodic function
fe#R)b

1
Qf(x):Egl_i{(r}+ (2cot5)f(x—r)dr, xeR,
e<lt|<m

satisfies € € JW(1, 1;00,00)NE € LB (1,1;1) NLBy(e0,00;1).

(iii) The Riesz potential Iy, 0 <y < n, defined for a locally integrable function f €
A (R") by

Lf(x) = c(n,y) /Rn|t|7_”f(x—t)dt7 xeR",

satisfies I, € IW(1 o) NLB; (1 L'l)ﬁLBg(%,w;l).

7,, )/ ya ' n—y’

(iv) The Hilbert transform, defined for every function f € # (R) such that f € Ly +
L. by
1
Hf(x)=—lim [ r'f(x—t)ds, xeR,
T e—04
e<lt|
satisfies H € TW(1, 1;00,00) NLB; (1, 1;1) NLBy(e0,00;1).
(V) The Riesz transforms R;, 1 < i< n, defined for all functions [ € .4 (R") such
that f € L1 + Lo 1 by

. ti
R,-f(x):c(n)gli%l+/ e/ e R

e<|t|

satisfy Ri € IW(1,1;00,00) LBy (1,1;1) NLBy(o0,00;1).
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Proof.

Case (i). See [2, Chapter 3, Theorem 3.8].

Cases (ii), (iv). That €, H € JW(1,1;00,00) follows from [2, Chapter 3, Theo-
rem 6.8] and [2, Chapter 3, Theorem 4.8.]. The corresponding lower bound for H is
proved in [2, Proposition 4.10.] and this proof works as well for € (cf. also [7, Theo-
rem 10.2. (ii)]).

Case (iii). See [16, p. 150] and references there.

Case (v). The Riesz transforms satisfy essentially the same rearrangement in-
equality as H does (cf. [16, p. 150]). O

The following theorem concerns the boundedness of operators Mg and €, which
are acting between function spaces over finite measure spaces.

THEOREM 7.2. Let T be Mg or €. Then

T: Lpsp — Lpsp, 1<p<oeo, 1<s<o, beSV(0,1); (7.2)
T: Ligp — Licops beSV(0,1)N.#"(0,1;]); (7.3)
T: Ligdie—Lig it e 1<r<s<e, a>0;, (7.4)
Mg L — L. (1.5)
¢: Lo — Loc"x);[l—l; (7.6)
C: Leot—1-1-1-0 — Lo 1:0,0,—as o >0; (7.7)
€ Leoiexp(—y) ~ Looworenp(—va) /v (7.8)

Proof. Result (7.2) is a consequence of Theorem 6.2.
Result (7.3) follows easily from Theorem 3.2 (and Remark 3.7 (1)), since, in this
case, one has
L(17°°aaab;0a 1) = HbHoo’(x,l) ||(171 ||oc7(07x) .

Result (7.4) follow from Theorem 6.3. Indeed, observe that 8 and o from (6.12)
and (6.17) now take the form

_1
s

B(t) = 01(6) " a(r)Hes(e)H % (/tu—lgl(u)—lgz(u)—leg(u)—l—a" du)rl

0
1 1 1

~ fl(t)*?fz(l)ﬁ63(1)77‘1%530)%“% = 0(0) 5 )5 3(1) 5

forall € (0,1).
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Result (7.5) follows either from the definition of Mg, or from (7.1) and Lemma 4.1
with g =x=1,r=s=c0, a=b.

Results (7.6) and (7.8) follow from Theorem 6.4 (iii) with r = s = . Indeed,
this is obvious for (7.6) and for (7.8) we set a(r) = exp+/—£1(t), t € (0,1), use the
substitution T = +/¢;(«) and integration by parts to get

/ uta(u ’/du—Z/ Texp T)dt~ \/l(t)exp\/Li(t) Ve (0,1
t
Result (7.7) is a consequence of Theorem 6.4 (iii) with r=s=1. [0

REMARK 7.3. Itis obvious from the proof above that results (7.4) and (7.7) hold
analogously for arbitrary tier of logarithms.

Result (7.4) together with Remark 7.3 yield many particular results (in fact, also
the result (7.3) with b =1 can be seen as the limiting case o« — 0 of (7.4) with r =1,
s = o). Some of these are stated in the following corollary.

COROLLARY 7.4. Let T be Mg or €. Then

T: L(logL) — Ly;
T: L(logloglogL) — L(logL) ' (loglogL)~;
T: Ly oo:1,1,1+0 — L1,1:0,0,0» o> 0.

The result (7.2) for Mg with b =1 is a well known result of Hardy, Littlewood.
The non-limiting case for operator € was resolved by F. Riesz. The limiting cases with
single logarithm for operator € are due to Zygmund. Analogous results for GLZ spaces
with second tier of logarithms were proven in [7]. The results (7.4), (7.7), (7.8) (and
their versions for higher tiers of logarithms) are new. The spaces in (7.8) are not GLZ
spaces.

Now we shall present some results for operators I, H and R;, acting between
function spaces over R or R". We start with Iy, since its behaviour near the right
endpoint is easier to describe than for the other two operators (p; = % < oo).

THEOREM 7.5. Let ' = . The operator I, satisfies

Iy: Lp,.\';b I Lq,.\';b; I<p< — ya E = 5 + %a be SV( ) (7.9)

Iyi L1—|—L%71 —>Lanly7,X,—|—Lw; (7.10)

Iyi leL)Q”l —>L%Y7wﬂLw; (7.11)

Ly: L rl;%,%+a+l‘$n;}—zi+ﬁ —>L%75 ;—ﬁrﬁw""l‘wz,—s B
I<r<si<eo, 1<n<s<o, o,f>0; (7.12)

b b d-a My Jop — bt g da Mg L Lpe
1<r1<51<°°, 1<r2<52<°°, (Xaﬂ>07 (713)
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Proof. The non-limiting case (7.9) follows from Theorem 6.2. Result (7.12) fol-
lows from Theorem 3.5 (i). Indeed, we know from this theorem that (7.12) holds if and

only if

oo > L(r17s17a7b;07 l)+R(r27s27a7b;l7oo)

1 1 1, -+ - -4 -a
S OO ) T
sl,(x,l) rll’(ovx)
1 1 1 _— _1 _1_
E T Ry e I PR YA R TN
52~,(11X)

~ by (x) %y (x) % + L (x)P Ly (x) B ~ 1

for all x € (0,00). The proof of (7.13) is analogous (use Theorem 3.5 (ii)). Results
(7.10), (7.11) can be seen as the limiting cases o, B — 0 of (7.12), (7.13), respectively,

and their proof is similar to the proof of (7.3). [

Similarly as for Theorem 7.2, results (7.12) and (7.13) (and their versions for other
tiers of logarithms) yield many particular results. These generalize some of those given

in [7] to measure spaces with U} (R;) = tp(Ry) = eo.

COROLLARY 7.6. Let T'= n%y The operator I, satisfies

Iy: L. Lppago—L L ;

v LiL0 F Lo Ty 0+ e eard 03
I LyyipotLrrao — Lrt Leps

Ly Lyt 10 mLF’,F’;%.O — Lre;—1,0 ﬁLw_m;077%;
Iy: Lo torr i — Lrr- Lo +Loo,oo;o,%;
Iy: L1,1;0,7% er',r/;%,o — Ll",l";f%,fl mLoo,oo;oﬁ%'

We shall conclude the paper with the application to the operators H and R;.

THEOREM 7.7. Let T be one of the operators H, R;. Then

Li+ Lot — Ljc+ Lo,
Li1:10+ Lot — Ly + Lo
Lit;10+ Leot:10 — L1+ Leo1;
Li1:0,1 +Leo1:01 — Li,1;-1,0 + Leo 1,-1,05
Li10N L0~ — LiNLes 1.1 —1-a o> 0;
L1510 + Loooos 1,140 — L1 + Lo oo0,00 o>0;
LiNLe — LicoNLooco:—1,0;
L1 M Leooo;1,0 — L1 00N Lo o0, —1-

N NN NN NSNS

Lpsp — Lpsp 1 <p<e, beSV(0,);
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M. BATHORY

Proof. The proof can be done using similar ideas as in the proof of Theorem 7.5.

Instead of Theorem 3.5, we use Theorem 3.6. [J

and

[1]

[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]
[19]

[20]

The results contained in Theorem 7.7 again generalize some of the results of [7]
extend those of [1].
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