EXTRAPOLATION ON LP*(pu)

MARIA J. CARRO AND PEDRO TRADACETE

ABSTRACT. We solve the extrapolation problem concerning bounded opera-
tors on LP>°(11); that is, we give end-point estimates for sublinear operators T
such that T : LP*°(u) — LP°°(v) is bounded with constant less than or equal
to 1/(p — 1)™. Applications to the Hardy-Littlewood maximal operator, the
Hilbert transform and composition of operators are also given.

1. INTRODUCTION AND MOTIVATION

In 1951, Yano ([30]) proved that if T is a sublinear operator such that for every
1< p < Po (Wlth Po ﬁxed)

T:LP(u) — LP(v)

is bounded with constant less than or equal to 1/(p — 1)™, m > 0, with g and v
finite measures, then

T : Llog L)™(p) — L'(v)

is bounded, where

L(log L)™ (1) = {f € L) 1 lstontrmgo = |

o0

fi(s) (1 +log* é)mds < oo}.

As usual, L°(u) denotes the space of py-measurable functions and Jy 1s the de-
creasing rearrangement of f with respect to the measure . Moreover, this result
is sharp, in the sense that L(log L)™(u) is the biggest domain space satisfying
that Tf € L'(v), as one can see taking dv = du = xondr and T = M, the
Hardy-Littlewood maximal operator.

This result is known as Yano’s extrapolation theorem. Moreover, the condition
on the measures p and v can be weakened and one can consider p and v o-finite
measures. In this case, the conclusion is that (see [13])

(1.1) T : L(log L)™ () — Em(v)
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2 Extrapolation on LP°°(u)

is bounded, where

En(v) = {f € LO(M);igg% OO}

and f*(t) = %fot fi(s)ds. Observe that if v is finite, E,,(v) = L'(v) for every m.
Throughout this paper we shall work with 1 and v o-finite non-atomic measures
and we shall use the following notation: For every m > 2, let

logm T = logm—l logl X,

with
log;z =1+1log" z,

L] (tog; )™ (u) = {f; /OOO ORI (10gj %)mjdt < oo}.

jeJ

and

In connection with the so-called weak type extrapolation, it is known (see [1],
[14]) that if T" is a sublinear operator such that for every 1 < p < py (po fixed)

T:LP(u) — LP>®(v)
is bounded with constant less than or equal to 1/(p — 1)™, then
(1.2) T : L(log, L)™logs L(p) — Ry (v)

is bounded where

Rolt) = {7 € L1l = sup 20 < oo

If m = 1, it is known that the space Llog, Llogs L(1) is not optimal, in the sense
that there exists a space D such that Llog, Llogs L(p) is strictly embedded in
D (see [2] and [14]) with

T:D— Ry(v)
bounded. However, it has recently been proved (see [15]) that Llog, Llogs L(u)
is essentially the largest Lorentz space embedded in D. In particular, the space
Llog, Llog, L(1+) does not embed in D.

Remark 1.1. We should mention here that in order to get the boundedness
(1.1), it is enough to have a weaker hypothesis on 7', namely that

T : LPY(u) — LP(v)

is bounded with constant less than or equal to 1/(p — 1) (see [13]). Similarly, in
order to have (1.2), it is enough to assume that

T : LPY(p) — LP™(v)

is bounded with constant less than or equal to 1/(p — 1)™.
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Let us now explain the original motivation of this work. In [5], the following
operator was introduced

fX(O,x)
‘1: —_

Afta) =

L1:2(0,1)

This operator plays an important role in connection with the following problem
in ergodic theory. Recall that a dynamical system is a probability space (€2, 3, i),
together with a measure preserving transformation 7. The following return times
theorem was proved in [11] (see also [9], [10] and [29)]):

Theorem 1.2. Let (2,3, u, 7) be a dynamical system. For 1 < p < oo, given
f e LP(n), there is a set Qy C Q with pu(Qy) = 1, such that for any other
dynamical system (V%' 1 0), g € Li(y') (with i —i—é = 1), and x € Qy, the
sequence of means

1 n
~> [T )g(d'y)
k=1
converges p'-almost everywhere.

The question is to understand whether the fact that f and ¢ lie in dual spaces
is a necessary assumption for this theorem to hold (see [16]). In an attempt to
break this duality, in [3] and [4], it was proved that given a dynamical system
(Q, 2, p,7), if f € LP(u) for any p > 1 (or even if f € Llog L(i)), then there
is a set Q0 C Q with p(€y) = 1 satisfying that for every sequence (Xj) of i.i.d.
random variables on a probability space (€, %', v) with X, € L;(v) and any
x Qf

k=1

converges v-almost everywhere. However, for a general function in L;(u) this is
no longer true [5]. One way to prove this is to show that the operator A described
above is not of weak type (1,1).

Therefore, the question is to find which is the largest space X such that for
every f € X, the above property holds. In this direction, it was proved in [17]
that

A Llog, L(0,1) — L**(0,1)
is bounded and in that paper it is also stated that A cannot be bounded in

any Orlicz space strictly bigger that Llog, L(0,1), leaving as an open question
whether

A Llogy L(0,1) — L"*(0,1)
is bounded or not.

In our attempt to solve this question we made the following observation: given
a locally integrable function f, if we consider M the Hardy-Littlewood maximal
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operator, it is well-known that

a0~ [ s
0
Therefore, it holds that

HMfHLlogSL ~ ||f||Llog1Llog3L

and hence, if we were able to prove that
(1.3) AoM : [P — LP™

is bounded with constant C'//(p — 1), then by the weak extrapolation result men-
tioned above
Ao M : Llog, Llogg L — L

would be bounded. Thus,

1Agl[ 1o S 9] L10gs £

at least when ¢ belongs to the collection of functions of the form M f (this would
partially answer in the positive the open question on the operator A).

Hence, since M : LP — LP*° is bounded with a uniform constant independent
of p, it is clear that (1.3) would hold provided that

A LP —y [P

is bounded with constant C'/(p — 1). At this point, we should mention that this
estimate remains open and although we have succeeded in proving the above
log? -

pfpl :

bound with constant smaller than C'
desired result.

However, we still would have to solve the following extrapolation problem: what
kind of endpoint estimate can we get from the boundedness of T' : LP*°® — [P°
with constant less than or equal to 1/(p —1)7 Can we get a better estimate than
from the hypothesis T' : LP — LP*° with the same behavior of the constant?
Considering Remark 1.1, it might seem that the answer is negative, but as we
shall later see this is not the case.

In order to make things clearer and also to introduce the context where some
of the applications will take place, let us also consider the following simple and
classical situation. Let T be a sublinear operator such that T is of weak type
(1,1) and bounded in L*, and assume that we are interested in studying the
boundedness properties at the extreme point p = 1 of the iterated operators
T f =T(Tf) or, more generally, T™ f = T"=D(Tf).

To this end, using the classical interpolation and extrapolation theory we can
obtain the following result.

, this is not enough to conclude the

Proposition 1.3. Under the above hypothesis in the operator T, it holds that,
for every n € N,

(1.4) 7™ : L(log, L)" — E,
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18 bounded.

Proof. By interpolation, it is known that 7 : LP — LP with constant less than
or equal to C'(p — 1)~™ and hence, by Yano’s extrapolation theorem the result

follows. 0
On the other hand, if an operator T' satisfies the above hypothesis, then
(1.5 TirO sy [ £
0
and hence, by iterating we get
-1
(T™ f) / f*(s log ds,
from which the boundedness
(1.6) T™ . Llog, L)' — R, _,

follows. Observe that
L(log, L)" C L(log, L)" !, and R,.1 CR,

and hence (1.6) improves essentially (1.4) both in the domain and in the range
spaces. Under this situation, trying to understand why the domain of 70 could
be improved and if this improvement was consequence of some extrapolation
argument, we found out that the hidden estimates that we have to use in our
extrapolation argument are that

T [P —s [P

is bounded with constant less than or equal to C'(p — 1)~*

Solving this new extrapolation result is the main contribution of this paper.
To be more precise, our first contribution is Theorem 3.5 where we prove that if
T is a sublinear operator such that

T : LP*(u) — LP>(v)
is bounded with constant less than or equal to 1/(p — 1)"™. Then,
T: [L(logy L)™ " logy L()l — Ru(v)
is bounded where
L (logy L)™ logg L & [L(log; L)™' logs L] & L(log; L)™' logs L.

Thus, we get a better result than if we only use the information that 7" is weak
type (p,p) with the same behavior of the constant. We believe this fact provides
renewed motivation in the study of bounds for 7" : L”* — L[> with the hope
of improving hitherto known endpoint estimates.

Afterwards, we will apply this result to the case of composition of operators and
we prove in Theorem 3.8 (this is our second main contribution) that if 7' = T3 075
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with 77 : LP*°(u) — LP*(u) bounded with constant less than or equal to
1/(p — 1)™ and Ty satisfies certain mild conditions, then

T : L(log; L)™ 'logy L(p) — Ry (v)

is bounded; that is we can get rid of the brackets [-] and improve the domain
even further. Applications of our main two results are given in the setting of the
Hardy-Littlewood maximal operator and the Hilbert transform.

We also study the same extrapolation problem for operators bounded on LP*°
for every p > po with constant less than or equal to 1/(p —po)™ and pg > 1 fixed.

The final section is devoted to study the functional properties of the brackets
spaces that have appeared in our results and in the appendix we present some
further extrapolation results which may be of interest for the applications.

Throughout the text C' will denote a constant independent of the parameters
involved (including p). As usual, the symbol < denotes that an inequality <
holds up to some constant C', and similarly, ~ means that both < and 2 hold.

2. THE cLASS A*

First, let us define the following classes of operators.

Definition 2.1. Let A be a set of measurable functions on (0, 00). We say that
a sublinear operator 7" is in the class A*(u,v) if, there exists a function a € A
such that, for every f € L°(u) for which T'f is well defined,

(2.) TH0 5 [ alfisns

If the measures p and v coincide with the Lebesgue measure, we simply write

A*.

2.1. Examples. Let us first see examples of operators in several classes A* or
A*(u,v).

I) Let A= L, then:

I.1) The Hardy-Littlewood operator M € A* since a(s) = x(0,1)(5).

[.2) Let T'= H be the Hilbert transform. Then, it is known (see [7]) that

Twss [ ' (s)ds + [ = [T (1)

and hence, since a(u) = min <1, %), He A"

[.3) With the same proof we can include in A*(u,v) all the operators which
are of joint weak type (1,1;00,00) with respect the measures p and v (see [8,
Chapter 3]): If p and v coincide with the Lebesgue measure these include the
Riesz transform and some singular integral operators.
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[.4) The Laplace transform defined by

L@ = [ 0

clearly satisfies that L € A* since

Lf(z) < Lf*(z) = /O et P ()t

[.5) The Riemann-Liouville operator with parameter « > 1 defined by

Rof(a) = = / "o — 00 (1)t

dt
x

T

is in A*, since
1
Rof(x) = / (1 — 5) L f(sa)ds

and hence
1

(Raf)"(t) < / (1— 5)*f*(st)ds

0
and the function a(s) = (1 — s)* ' x(0,1)(s) satisfies the required conditions.
IT) Let now A be the set of decreasing functions with compact support in (0, 1).
II1.1) Clearly again, M € A* and R, € A*.
I1.2) Let
L[ st
Tf() =sw [ o(5)1f @ =0l

>0 I Jo h

where ¢ is a function with compact support in (0, 1). It was proved in [19], that

(T, (€) < /O (1) (t€)dt,

and hence T, € A*. For instance, for every 0 < o < 1, the operators

e,
M fw) = sup s [

rsz (T — r— )

and

M, f(z) =sup ! e /1( ()l ds

r<a (T —T s—r)t-e
are particular operators of this kind. These operators were studied in [19], [23] and
[24] in connection with C, sumability criterium for the Lebesgue Differentiation
theorem.
I1.3) In general, if we have a sublinear operator T which is bounded in L*> and
satisfies a restricted weak type inequality

T D () — LP(v),
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then standard techniques in interpolation theory show that

(TH3t) < / SEUp (st

and therefore T € A*(u,v). This is the case, for example, for the Hardy-
Littlewood maximal operator and any measure dy = dv = u(x)dr with u a
weight in the Muckenhoupt class A;; that is M € A*(u,u) for every u € A; (see
[25]).

III) Let now 1 < pg < p; < oo and let us define

Apon = {a Lia(t) < min(ers 4557, vt > 0},

Then every operator 1" of joint weak type (pg, 00; p1,00) with respect to p and v
(see [8, Chapter 3]) satisfies that T € A5 (i, v).

2.2. Boundedness properties for operators in the classes A*.

Proposition 2.2. If A is the set of decreasing and bounded functions satisfying

> alt

/ @dt < 00,

T
for some 0 < a < 1, then for every T € A*(u,v)
i)

T:L'Y(u) — L")

15 bounded.
it) There exists py such that for every 1 < p < py

T: LP®(u) — LP™(v)
is bounded with constant less than or equal to C/(p —1).

Remark 2.3. As we shall see below, in general, estimates of the form ii) need not
imply the weak type (1,1) boundedness of T'. However, the main advantage of
estimates of the form ii) is that, if 4 = v, then these can be iterated to conclude
that

T Lo () — LP(p)
is bounded with constant less than or equal to C'/(p — 1)™ and this will give us

some information at the end-point of the operator 7 that cannot be obtained
directly from 1).

Proof. For simplicity, we omit the measures u and v. The first part follows
directly by a simple change of variable since

T flle = supt(Tf)(t) < supt / a(s) f*(st)ds

t>0 t>0

= s [ a(5) 7 6)ds S Il

t>0
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On the other hand, by (2.1), it is clear that

<Tﬁ%wsnﬂuwgémw@55mﬂs

and hence,

ITf e S Wl [ als) 7z

1 e’}
< Wl ([ ot gps+ [ ate) ) = (-4 10,

Now, to estimate I, we simply use that a is bounded and we get I < pL. In

—1
order to estimate 11, we observe that for every p < 1/a,

oWy« [Ty oo
1 tl/p 1 to

and hence the result follows. 0
Similarly:
Proposition 2.4. If A, ,, is the set given in example II1), then, for every T &
Ao (V)
Po,P1 ’

i)
T: L7 () — [P (v)
15 bounded.
i) For every po < p < p
T : LP(u) — LP™(v)
is bounded with constant less than or equal to —S——.
(p—po)(p1—p)

Proof. The first part follows again by a simple change of variable since

1T fllirom = supt(T1) () < supt™ [ a(s)p*(st)ds
t>0 t>0 0

o0 s [o¢]
= st [Ca(D) (s < [T =
0 13 0

t>0

Also, N
T S Wl [ als) s

and hence

oo < p,00 - < p,00 P 1 Pl _—
7Sl S Wl | alo)ds <171 /Imwo ) s

- (o] 1y 1
~ HfHLp,oo /OSPO des-F[ SP1 md

from which the result follows. O
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3. EXTRAPOLATION ON LP*° WITH p > 1
Let T be a sublinear operator such that for every 1 < p < pg, with pg fixed,
T :LP>(u) — LP>(v)

is bounded with constant less than or equal to 1/(p — 1)™, for some m > 0. For
simplicity in our presentation, we shall start with the case m = 1 and pu = v the
Lebesgue measure. Since M : [P — LP*> is bounded with constant uniformly
bounded in p, we have that

ToM:LP — LP™
is bounded with the same behavior of the constant and, by Antonov’s result
ToM:Llog, Llogs L — R,
is bounded; that is,

> 1 1 Yot 1
Ir0inln 5 [ rwon g i lifls [ ([ £oas) oy
0 0 0

Q

1
. 1
10 flle + | () (0)log, 7
0
Therefore, if
E= {g € L g = Mf, for some f € Llloc}

then
T:ENLlogys L — Iy

is bounded, where the domain set is embedded with the quasi-norm

1
. 1
1fllzreonr togs 2 = [ fllzre + [ f7(8)logs —dt.
0

We denote with the underline notation L logs L the fact that we only integrate
n (0,1).
Question: Which is the best space contained in L N L logy L where T is
bounded?

Observe that if we replace the operator M by any operator S such that, for
some positive constant B > 0,

(3.1) /f Yds < (Sf)*(t) < B- /f
then, with the same argument as before, we get that
T:EsNLloggL — Ry

is bounded where

Es={g€ L"3f €L, with g=5f}.
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Moreover, for every g € Ejg,

1 Tgllr < CBllgllLrens log, L

being C'p a constant depending only on B. Therefore, if for a fixed constant B,
we define EP the set of functions g € LV* such that, there exists an operator S
satisfying (3.1) and a function f with g = Sf, then

T:ENLlogy L — R,
is bounded.
Remark 3.1. Now, if g € EZ, then g*(t) ~ 1 f(f f*(s)ds and hence sup,, tg*(t) ~
yg*(y) and lim, ,otg*(t) = 0 and, conversely, if sup,,tg*(t) ~ yg*(y) and
lim; ,otg*(t) = 0 then the function G(y) = sup,.,tg*(t) is quasi-increasing,

G(y)/y is decreasing and G(04) = 0. Therefore, G is quasi-concave and hence
equivalent to a concave function (cf. [8, Chapter 2]); that is

with h,h~' € L* and hence there exists a measure preserving transformation
satisfying that
1 o(z)
g(x) = h(o(x))—— / g(s)ds
(@) = hlo@)— [ ()
and defining Sf(z) = h(a(:p))ﬁ fog(m) f*(s)ds we obtain that ¢ = Sg and S
satisfies (3.1) for some B.

That is, EP can be essentially described as the set

1 I
{g e L, Eg*(t) < ;/ g(s)ds < Bg*(t), g decreasing},
0

and we obtain the following result. In fact, we can state it for arbitrary non-
atomic o-finite measures 1 and v, since in this case every decreasing function
is the decreasing rearrangement, with respect to the corresponding measure, of
some function.

Proposition 3.2. Let T be a sublinear operator such that for 1 < p < pg, with

po fized,
T: LP®(u) — LP™(v)

is bounded with constant less than or equal to 1/(p — 1). Then, for every B > 0,
T:ENLlogy L(p) — Ri(v)
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18 bounded, where

g = {oe L~ g <1 [ his < Boo |

Before stating the next result, which is a consequence of this proposition, let
us introduce some notation. Given a quasi-Banach r.i. space X over a measure
space (£, %, ), for each p > 1 let us denote

. sup,o, tPgr () ~
11, = {o e o 2Ry € X
endowed with the quasi-norm
Supyy 751
9llix7, = [lgllzee + = X))
X

Here X denotes the canonical representation of the space X on the line (0, c0),
that is || f[x = ||f;llz. The basic properties of the spaces [X], will be collected
later (see Section 5).

Theorem 3.3. Let T' be a sublinear operator such that for 1 < p < po (with po

fized)
T : LP*(u) — LP>(v)

is bounded with constant less than or equal to 1/(p — 1). Then,
T : [Llogg L(p)]y — Fa(v)
s bounded.

Proof. Let g € [Llogg L(11)]1 and let H(y) = sup;<, tgy(t). Then g'(y) < H(y)/y
and hence there exists k € L> with [|k||c < 1 such that g%(y) = k(y)H(y)/y.
Let o be the measure preserving transformation such that g (o(z)) = g(x). Then

Let us define Ty (f) = T((k o o) f). Then clearly T}, satisfies the hypothesis of
the previous proposition. Now

Ty(z) = Tk<H( (93)))

()

and H,(z) = H((()) satisfies that (H,)» = H(y)/y with H quasi-concave. Hence,

there exists a concave function G such that

~H(y) < G(y) <2H(y).
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Now, G(y) = [ g(s)ds with g a decreasing function and since g(s) = h’(s) for
some function h, we obtain that H, € EP with B = 2. Therefore, by the previous
proposition we have that

T 9l Ry ) = 1Tk (Ho)||Ry ) S [ Ho L1 (L 10gs £G1) = 19121085 L2115

and we are done. O

Remark 3.4. In this remark we shall omit (by simplicity) the measure pu. We
have that

(3.2) L log, Llogs L C [Llogs L];.
Indeed, if g € L log; Llogs L, then g*(t) < %fotg*(s)ds € L logy L(0,1), and
hence 2= ® o p logs L. Also g € L' and hence g € L. Moreover, the

Yy
embedding is strict: if we take g such that
1

= 3
tlog, % log, %(log3 %)

then clearly g ¢ L log; Llogs L but w = g*(y) € L¥> N L logy L(0,1).
Therefore, this shows that the end-point estimate that we obtain for an oper-
ator T" bounded on LP*° with constant less than or equal to pil is better than
the one obtained if we only use the information that such operator is of weak
type (p,p) with the same behavior of the constant, as was mentioned in the

introduction.

(3.3) g (t)

With the obvious changes, we also obtain the following result:
Theorem 3.5. Let T' be a sublinear operator such that
T: LP(u) — LP™(v)
is bounded with constant less than or equal to 1/(p — 1)™. Then,
T : [L(log, L) "logs L(p)i — R(v)
s bounded.

Moreover
L (logy L) logg L & [L(log; L)™' logs L.

In the case of finite measures, the above result reads as follows:

Corollary 3.6. Let p and v be two finite measures and let T be a sublinear
operator such that

T : LP(u) — LP™(v)
is bounded with constant less than or equal to 1/(p — 1)™. Then,

T [L(log; L) " logy L(p)]y — L"*(v)
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18 bounded, where now we have
SUPy<y tg; (t)
Y L (log, L)™—1log, L
Corollary 3.7. If {T;}}_, satisfy the hypothesis of Theorem 3.3, then
TioTyo---0T, :[L(log, L)" *logs L(1t)]; — Rn(p)

s bounded. In particular, this boundedness is satisfied by the iterated operator
T™) with T satisfying the hypothesis of Theorem 3.3.

9z qog, £ym=11085 L)1 =

It is clear that if T3 satisfies the hypothesis of Theorem 3.3 and
Ty o LP(p) —> L7 (p)
is bounded with constant uniform in p > 1, then
Ty0T5: L(log, L)logs L(p) — Ry(v)

is bounded. However we shall prove in our next theorem that we can obtain the
same result for a wide class of operators 7, which do not satisfy necessarily the
uniform bound assumed above. Moreover, T, may not be bounded on LP.

Theorem 3.8. Let n > 1, and let us consider A, the set of decreasing and
bounded functions such that

> d
/ a(s)(log, s)" logy s <.
. s

Let us suppose
Ty L2 (p) — LP%(p)
is bounded with constant 1/(p —1)" and Ty € A%. Then
TioTy: L(log, L)"logs L(1n) — Ry()
is bounded.

Observe that all the examples given in Section 2 except those in III) are in the
class A,,. The case III) will be considered in the next section.

Proof. The idea is to apply Theorem 3.5 to the operator 77 and work with (7} o
T)f = Ti(Tof). Using (2.1) and the fact that a is decreasing, we have

suptgyt(Tgf);(t) S supi<yt /000 a(s)f;(st)ds = SUpi<y /000 a(%) f;(u)du
= [ a(®)sitwan=y [ ats)sias

From here, it follows first since a € L* that

Ty: L(p) — LM (p)
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is bounded and hence,
(T o To) fllruiy = ITi(Tef)llra) S T2 Sl iLog, £)2-1 108, LG

Lsup,, t(Tof)5(t) 1
_ \|T2f|\L1,m(u)+/ 1<y ; p ( 1
0

1 o) n—
< sl [ ([ atositenas) (tom )" o S

— ||f||1+/Ooof;(8)(/ola<§)<logl i)nlloggi%)d&

Now, if s <1,
1 s 1
1yn-1 1d 1yn-1 1
/ a(ﬁ) <log1 —> log, - / —1—/ (a(f> (log1 —) log, —)
0 Yy Y vy 0 s Y Yy Y
= I+11
To estimate I1 we simply use that a is bounded and hence
1
1yn-1 1d I\n 1
ITg / (IOgl _> logs -4 S (10g1 _) logs —,
s ) vy S §

and to estimate I we proceed as follows:

s 1yn-1 1d o n—1 d
1 = / a<f> <1Og1 —> log ke / a(u)(logl E) log; o
0 Y Y vy 1 S su

1\ n—1 1 o0 n—1
< (log1 ;) log B / a(u) ( log, u) log u%
1

1

1 n—1
< <10g1 —) logs —.
s s

Finally, if s > 1,

1 1y n—1 1d L 1\n-1 1d
III = / a<§> <log1 —) log; a4 < / a(—) (10g1 —) log, a4
0 Y Y Yy 0 Y Y Yy

Y

15

n—1 1
log —) logs —dy
Y Y

and we argue as in the estimation of I to conclude that 1] < C < oo. Conse-

quently,
° e 1
1T 0 Tl S [ 4i)(low ;) o, S,
0

as we wanted to see.

O

Remark 3.9. Observe that if we consider the Hardy-Littlewood maximal oper-
ator M on (0,1), M : LP*(0,1) — L»>°(0, 1) is bounded with norm less than or
equal to C'//(p—1) and hence, if we apply the previous theorem, we can conclude

that
Mo M : L(log; L)logs L(0,1) — L"*°(0,1)
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is bounded, and, except for the logs; L term, this would be the best result that
can be obtained in the sense that (M o M)f = M(Mf) € LY if and only if
M f € L*(0,1) and this happens if and only if f € L (log, L)(0,1).

Even though the condition of a € A being bounded is satisfied for many op-
erators, we have already seen that this condition implies that such operators are
of weak type (1,1). If we want to include the cases of operators which are not
bounded on L', we have to remove the boundedness assumption for the functions
in A. Then looking again at the proof where this property has been used we also
have the following result, which shall be useful for the applications. For simplicity
we state it for a single measure u, but the same result holds for operators acting
between different measure spaces.

Theorem 3.10. Let n > 1 and let us assume that

HNK@MSAmdﬁﬁSO%

where a 1s decreasing and such that
> d
/ a(s)(log; s)" *logy s )
1 s

If
Th o L7 () — L7 ()
is bounded with constant C'/(p — 1)", then
TioTy: D — R ( )

s bounded, where D 1is the set of functions f such that

151l = el + [ Sits)ats) (1og, 2) ogs Sas + [ s

18 finite.
In particular:

Corollary 3.11. Let u and v be finite measures. Let T} be such that for 1 < p <

Po;
Ty« L () — L™ (p)

is bounded with constant 1/(p — 1) and let Ty be such that
Tl < [ alsi(stds
0
where a is a decreasing function. Then,
TyoTy: D — LM(p)

1s bounded where

1
HmD—/f 5)log, ~log, Lds.
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Proof. Let us assume that p and v are probability measures. By Theorem 3.10,
we only have to study for which functions f we have that Tof € LY*(u). Now,
since a is decreasing,

R 1

T f||prooqn = Sup t(TQf) (t) < sup / a(;)f:(s)ds §/ f;(s)a(s)ds
<t<1 0<t<1 Jo 0

and the result follows. ]

3.1. Applications. For a general weight w, it is known (see [22]) that

(3.4) (M) < / D, (s)f(st)ds,

where

u(Q)
0| (u™ xQ)u(u(Q)s).

As a consequence, we have the following applications of our previous results.

q)u(s) - Sup

Corollary 3.12. Let u be a weight such that for 1 < p < po (with py fized)
1
1
3.5 / D, (s)s VPds < ———
(3.5) i (s) =1
Then
M : [L(log, L) *logs L(u)]; — Ry (u)
15 bounded.
Proof. 1t is enough to observe that, by (3.4) and (3.5), we have that

1
_ 1

I flmioy S [ lzny | @ul)s™7ds S 1 llinmior o

0 (p )

and the result follows by Theorem 3.5. U
Also, we have the following result for an integrable weight w.

Corollary 3.13. Let u be an integrable weight satisfying (3.5) and let T be a
sublinear operator bounded on LP>°(u) with constant less than or equal to 1/(p —

1). Then
ToM:D —s L"(u)

1s bounded where

£l = / () (s) oy ~ log ~ds.

Proof. 1t is an immediate consequence of Corollary 3.11. O

A similar result could also be stated for a non-integrable weight u using The-
orem 3.10.
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Remark 3.14. If u € A, it was proved in [22] that

where

l|ul]a, :sgp (ﬁ/@u> (ﬁ/@ul—p’>pl‘

Hence, we have the following examples to which the previous corollaries could be
applied:
i) If ueny14,\ 44 and||u||ApN , then

1/p 1
- S 10g1 -

1
®,(s) < —inf
s p>1 p -

i) If u € Nps1 A, \ Ay and [|ul|a, S log ( , then one can easily see that
1
D, (s) < log, -
s

Concerning the case of the Hilbert transform, it was proved in [6] that if u €
Ao = Ups1 Ay, then
. o ds
HPO S [ OIS
t/4 s
which combined with (3.4) gives us

e 5 f / ceaw = o) [ in T
00 min(4s/t,1
- / 3,(v) Mf() 95 gy = / £2(s) / Y ™

S
m1n4sl)
:/ff;st/ dv— /fst

1 min(4s,1)
U.(s) = g/ ®,(v)dv.
0

As a consequence, we also have the following results:

with

Corollary 3.15. Let u be a weight in Ay, such that for every 1 < p < po (with
Po fized)

1
(3.6) / W, (s)sVPds <
0
Then

1
(p—1)m

H : [L(log, L)™ logs L(u)]; — Ry ()
18 bounded.
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Since a weight in A, is not integrable we cannot have the analogue to Corollary
3.13, but using Theorem 3.10 we can conclude the following result.

Corollary 3.16. Let u be an A, weight satisfying (3.6) and let T' be a sublinear
operator bounded on LP>°(u) with constant less than or equal 1/(p — 1). Then
ToH:D — LY (u)

is bounded where
1Fllo = 1H ey + [ F2(6) V(o) logy S logy Sds+ [ fils)as.
0 1

We should mention here that, in the case u € A, it is known that Hf €
LY (u) if for example f € L'(Mu).

Remark 3.17. All the above results lead us to the following considerations: It
is known that, if u is a weight in the Muckenhoupt class u € A, (see [12], [21]),
then

M : LP(u) — LP(u)

is bounded with constant I%Hqu/pp*l and
(3.7) M : LP(u) — LP™(u)

is bounded with constant C ||u||114/ f . But, which is the best bound for the norm
|| M| p.o0 (u)— L0 () in terms of p and u?

We could ask the same question in the context of Calderén-Zygmund oper-
ators T'. See [18], [27], [28] and the references there quoted for papers dealing
with the behavior of ||T'||zr(u)—rrw)- But again, which is the best bound for
|| L-oo (uy— 120 () ?

The same question is of interest concerning the norm of the commutator [T, b]
on LP>(u) with T" a Calderén-Zygmund operator and b € BMO.

4. EXTRAPOLATION ON LP* WITH p > pg > 1

Our next goal is to obtain boundedness properties as those given above for
operators 1" satisfying an estimate that blows up when p tends to py > 1. This
happens for the example I1I) in Section 2 taking into account Proposition 2.4.

Theorem 4.1. Let T be a sublinear operator such that
T LP(u) — LP™(v)
is bounded with constant less than or equal to 1/(p—po)™ for every p > py. Then:
T [L(log, L) (1)]p — B (v)

where
1/po

(fostsyeds)

(1+logtt)m

191l r20 oy = sup
t>0
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Proof. We have to follow the same steps as in the proof of the case pg = 1 using
the following facts:
i) Now, the operators S have to be taken satisfying

w2 (4 [ aere) " <sno<s(} [ o)

ii) We have to use (see [14]) that if
T:LP(u) — LP>(v)
with constant 1/(p — po) then

1 t 1/po N
7l o+ [ ([ sitomas) ™ (1omig) 5

In fact, we have to mention here that although the above boundedness is stated
for operators

T:LP(u) — LP(v)

with constant 1/(p — pg), the proof only uses the fact that these operators satisfy
T: LP(u) — I'P*°(v) with the same behavior of the constant, where

[1£]lrpos ) = sup fi ()27,
t>0

But since p is far from p = 1, this space coincides with the space L»*(u) and
the constant in the equivalence does not blow up when p — pyg.

Then, with the same proof than in Proposition 3.2, we have that, for every
B >0,

(4.2) T:EP N L(log; L)™' (1) — Ry (v)

is bounded, where

. 1 1 [t 1/po
E,, = {g € L (p):3h, Hgu(t) < (;/0 hZ(S)”Od8> < By, (1), }

and

1 m—1
¥ _ 1
1112702 gone Gog, 3=t = 1 llzsoouy + /0 OIS l(logl Z) .

Let g € [L(logy L)™' (u)ly, and let H(y) = sup,, t'/*g;(t). Then g;(y)
H(y)/y"/" and hence there exists k € L> with ||k|[c < 1 such that g7(y)

k(y) ;I(y) . Let o be the measure preserving transformation such that gy (o(z))

I IA

1/pg

g(x). Then

g(x) = k(U(iﬂ))W-
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Let us define Ty, (f) = T'((koo) f). Then clearly T}, satisfies the same hypothesis

as Tj. Now

and H,(r) = ig—m satisfies that (H,);(y) = H(y)/y'/P with HP quasi-

concave. Hence, there exists a concave function G such that

i H() < Gy)''m < 2" H(y)

Now, G(y) = [ g(s)ds with g a decreasing function and since g(s) = h,(y)? for
some h, we have that H, € EF with B = 21/Po . Therefore, by (4.2) we have that

ITgllre = WT(Ho)llgre S |1HollLro uynzog, £ym—1(

1 1 m—1
= lliwes+ [ 00 (105 ) a
0

= [|9lli£og, Ly (w)py >

and we are done.

5. FUNCTIONAL PROPERTIES OF THE SPACES [X],

Lemma 5.1. Let X be a quasi-Banach function space with the weak-Fatou prop-
erty. Then [X], is also a quasi-Banach function space with the weak-Fatou prop-
erty for every p > 1.

Remark 5.2. Recall that a quasi-Banach function space X has the weak-Fatou
property when for every increasing sequence (f,,) in X such that sup,, ||fu|lx <
00, there exists f € X such that f,, T f almost everywhere.

Proof. 1t is easy to check that

X

wp L) H

£ llix1, su y
Y

defines a quasi-norm.
Let now (f,) in [X],, such that f, > 0 and

< oQ.

=)

sup | fallix), = sup <|]fn||Lpoo + H sup

Since LP*> is weak-Fatou, it follows that there is f € LP> such that f, T f
almost everywhere. Now, let

tHP fr(t
gn(y) = sup —<)-
t<y Yy
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Clearly, (g,) is an increasing sequence in X which by hypothesis satisfies sup,, ||gn|| ¢ <
oo. Therefore, g,(y) 1 g(y) almost everywhere to some g € X .. Moreover, since

fn T f, we have that
/P £ (¢ /P (¢
o PO p )
i<y Y t<y Y
This means that sup,., Gl MO g(y) almost everywhere, so it belongs to X.

This shows that f € [X], and hence this space has weak-Fatou.
In particular, under these conditions, [X], is a quasi-Banach space (cf. [26,

2.35)). 0
Remark 5.3. (i) Trivially,
[Llogs L]y € L' N L log, L

and the embedding is also strict. To see this, we observe that if both spaces
coincide, then

Lsup, ., tg*(¢) 1 b 1
/ Py W g Ly < Jlgllpe + / g7 (£) log ~dy
0 Yy ) 0 t

and taking ¢*(t) = x (o, (t), we need to have that, for every 0 <r <1
1 T
1 1
/ min (1, f) log; —dy S r+ / log, —dy
0 Y Yy 0 t

1 T
1 1 1
r/ —logy —dy Sr +/ log, —dy
v YooY 0 t
and this is clearly false by making r tends to zero.

(ii) Observe also that the function defined in (3.3) is neither in the space Llog, L.
In fact, taking g, such that

I (t) =

which implies

1

2 3
tlog, ;logy 7 (logs §) log, -+ +log, ¢ (log,, )
one can see that g,, € [Llogs L]; but g, ¢ Llogs Llog, L, for any k # 3, k < m.

Proposition 5.4.

1)If X CY, then [X], C [Y], for every p > 1.
2) [[Xh] = [X]

Proof. 1) Clear.

2) Notice that in general we have

yr i (1)

(Xl = La-ee Lpoo — (0,1) N
1] U llone 1l + [ sup 2 sup 250y
y<z T t<y %
1,1
tpta bt
= [fllzoce + 1fllzree + H sup —f()H ~
t<y Y X
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So, in particular

O

Let us now restrict ourselves to the probability measure case. In this situation
we have better properties.

Proposition 5.5. Let X be an r.i. space over a probability space (2,5, 11):

1) For every 1 < q < p it holds that [X], C [X],

2) [X], C X for every p > 1.

3) For a quasi-concave function ¢ on [0, 1] we consider the Marcinkiewicz space

M,y ={f € L°(n) : supp(t) f(t) < oo}

It holds that [My]; = M, isometrically.
4) If the upper Boyd index aix < 1, then there is a constant C > 0 such that

Ifllx < A llx, < Clifllx-

Proof. Notice that in the probability case we always have X c L%*°[0,1], this
fact together with the inequality

. tf(t)
(5.1) fily) < sup =~
<y Y
yield that
tf ()
~ || su .
e B
1) This is clear.
2) It follows from inequality (5.1) that
1fllx < I llxs-
Now, by (1), we obtain that, for any p > 1,
[(X], C [X]1 C X.
3) Let ¢ be an increasing function with @ decreasing. We have that
tf () ) y
flians = supe(w)sup 22 = sup (1) sup 22
Y t<y Y t y>t Y

= Wl (1) = .

4) Let M denote the Hardy-Littlewood maximal operator. It follows that
L (t 1 (Y,
D) <3 [ roa], < imixxisix
y Ix Y Jo X

It is well-known that M : X — X is bounded if and only if ax < 1 (cf. [8
Chapter 3]). O

Il = | sup
t<y
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As an immediate application, by property (3) in the last proposition, we have
[LP>°(0,1)]; = LP*°(0,1).

Notice that in general, the properties described in this last proposition are no
longer true for the infinite measure case.

6. APPENDIX

With a completely similar proof than in Theorem 3.3, we can show the following
result, for which we first need to recall the following definition due to Kalton [20].

Definition 6.1. A space X is said to be logconvex if, for every a, € X,

oo
< login|lan]|x.
n=0

[e.e]

>,

n=0

X

The classical example is X = L and the following result is interesting since
on many occasions we may have operators for which the unique information that
we have is that

T: LP>®(p) — L™

is bounded with constant less than or equal to 1/(p — 1). Observe that if the
measure is finite L»*° () C LY (u) and hence this condition is weaker than the
one assumed in Theorem 3.3 but as we see from the following result the conclusion
is the same (the proof is completely similar to Theorem 3.3 and we omit it).

Theorem 6.2. Let T' be a sublinear operator such that for 1 < p < po (with pg

fized)
T: L) — X

is bounded with constant less than or equal to 1/(p —1). Then:
i) if X is a Banach space,
T L ) — X

1s bounded.
i) if X s logconver,
T:[Llogy L(p)h — X

18 bounded.
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