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MODULAR INEQUALITIES FOR THE MAXIMAL OPERATOR IN
VARIABLE LEBESGUE SPACES

DAVID CRUZ-URIBE, OFS, GIOVANNI DI FRATTA, AND ALBERTO FIORENZA

ABSTRACT. A now classical result in the theory of variable Lebesgue spaces due to
Lerner [24] is that a modular inequality for the Hardy-Littlewood maximal function in
LPO)(R™) holds if and only if the exponent is constant. We generalize this result and give
a new and simpler proof. We then find necessary and sufficient conditions for the validity
of the weaker modular inequality

/ Mf@@P@ dr < e / F(@))1®) da + o,
Q Q

where c¢1, co are non-negative constants and 2 is any measurable subset of R". As a
corollary we get sufficient conditions for the modular inequality

/ ITf(2)P™ dr < e / |f ()7 da + ¢y,
Q Q

where T' is any operator that is bounded on LP(Q), 1 < p < oco.

1. INTRODUCTION

The variable Lebesgue spaces are a generalization of the classical Lebesgue spaces, where
the constant exponent p is replaced by a variable exponent function p(:). They have been
studied extensively for the past twenty years, particularly for their applications to PDEs,
the calculus of variations [1, 14, 15], but also for their use in a variety of physical and
engineering contexts: the modeling of electrorheological fluids [27], the analysis of quasi-
Newtonian fluids [30], fluid flow in porous media [2], magnetostatics [9] and image recon-
struction [4].

Let 2 C R" be a Lebesgue measurable set, 0 < |2] < oo. Given a measurable exponent
function p(-) : © — [1,00), hereafter denoted by p(-) € P(Q2), for any measurable set
ECR" |ENQ| >0, we set

p-(E) =ess mnfp(x),  pi(E) = ej:;fgggp(w)-
For brevity, we set p_ = p_(Q) and p,. = p,(Q). The space LP()(Q) is defined as the set of
all measurable functions f such that for some A > 0, pyy.o(f/A) < 0o, where p,.y o is the
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f)zlhﬂ@P@dx

In situations where there is no ambiguity we will simply write p,.)(f) or p(f). The space
LP0)(Q) is a Banach function space when equipped with the Luxemburg norm

||f||Lp(.)(Q) inf{A > 0: pyy0(f/A) <1} (1.1)

When p(-) = p, a constant, then LPO)(Q) = LP(Q) and (1.1) reduces to the classical norm
on LP(Q). For the properties of these spaces, we refer the reader to [14, 15].

modular functional defined by

Given a function f € L} (R"), the (uncentered) Hardy-Littlewood maximal function
M f is defined for x € R™ by

O AL
Qza |Q)

where the supremum is taken over all cubes ¢ C R™ containing x and whose sides are
parallel to the coordinate axes. (See [14, 16].) If f € L} (), then we define M f by
extending f to be identically 0 on R™ \ Q. The following result, proved by Neugebauer
and the first and third authors [11, 12], gives a nearly optimal sufficient condition on the
exponent p(-) for the maximal operator to satisfy a norm inequality on LP¢)(€).

Theorem 1.1. Given an open set Q2 C R™, let p(-) € P(Q) be such that 1 < p_ < p, < 0o
and p(-) € LH(QY), i.e., p(-) is log-Hélder continuous both locally and at infinity:

Cy 1
p(z) —ply)| < : Tyl <=, xye,
@) = p) < —— leowl<g
— Doo g—‘x’? Q.
[p(7) — poo| Togle + 127 T €

Then M is bounded on LP")(Q):
Ml ooy ) < Cllfll et @)- (1.2)

In the constant exponent case, Theorem 1.1 reduces to the classical result that the max-
imal operator is bounded on LP(2), 1 < p < oo. In this case, the norm inequality is
equivalent to the modular inequality

/QMf(x)pd:c < C/Q|f(:c)\pdx.

Similar modular inequalities hold in the scale of Orlicz spaces: see, for instance, [23]. It is
therefore natural to consider the analogous question of modular inequalities for the maximal
operator on the variable Lebesgue spaces:

/ Mf(z)P@ de < C / |f ()P da. (1.3)
Q Q

Since inequality (1.3) implies the norm inequality (1.2), it is clear that stronger hypotheses
may be needed on the exponent function p(-) for the modular inequality to hold. The fol-
lowing example from [13] shows that log-Holder continuity is not sufficient and the modular
inequality need not hold even for a smooth exponent function.
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Example 1.2. Let p(-) € P(R) be a measurable exponent function which is equal to 2 on
the interval [0, 1] and equal to 3 on [2, 3] (we make no other assumptions on p(-)). Define
the sequence of functions { fi }ren = {kX[0,1 }ren. Then for any x € [2, 3],

Mfi(a / Fuly)| dy =

K\’ 5
yr(M > -
o) (Mfy) > /2 (3) dr = .
On the other hand p,)r(f) = k2, so (1.3) cannot hold.

so that

In fact, when Q = R™ and p; < oo, Lerner [24] showed that inequality (1.3) never holds
unless p(-) is constant.

Theorem 1.3. Letp(-) € P(R"), p; < oco. Then the modular inequality

Mf ()" dz < Gy \f( )

RTL
where Cyy , is a constant depending onn, p(-) but mdependent of f, holds if and only if there
S a constantp > 1 such that p(-) = p almost everywhere.

Remark 1.4. The original proof of Theorem 1.3 in [24] (see also [14, Theorem 3.31]) used
the theory of Muckenhoupt A, weights from harmonic analysis. For a simpler proof, see [21]
and Corollary 1.22 below.

However, weaker modular inequalities that include an error term are true. These results
played a role in the original proofs of Theorem 1.1. For instance, we have the following
result [14, Theorem 3.33].

Theorem 1.5. Given p(-) € P(R") such that1 < p_ < py < oo and p(-) € LH(R"),
suppose f € LPO(R™) and || |,y < 1. Then

d
Mf(;p)p(x) dr < Cp(-),n |f(g;)|p(1’) dx + Op(.)yn/ ( v
Rn Rn

R e+ |z[)e-

where the constant Cy.) , depends onn, p(-) but is independent of f.

The goal of this paper is to give necessary and sufficient conditions for modular inequal-
ities of the form

/ Mf(z)P@dz < cl/ | ()" dz 4 ¢y, (1.4)
Q Q

to hold for all measurable functions f, where p(), ¢(-) € P(f2), and ¢; > 0, co > 0 are
constants depending on n, p(-), ¢(+) and |Q2|, but are independent of f. We are interested
in the weakest possible conditions on the exponent functions p(-) and ¢(+) for (1.4) to hold.
In particular, we want to prove modular inequalities without assuming any smoothness
conditions on the exponents.

In this paper we will only consider the case p(-) # 1. The endpoint case when p(-) = 1
is substantially different. If Q is bounded and ¢_ > 1, then (1.4) always holds: this is
an immediate consequence of [10, Theorem 1.2]. If = R", then (1.4) never holds, since
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M f is never in L'(R™) unless f = 0 a.e. More generally, given any set  with infinite
measure, then arguing as in Example 1.7 below, we would have L") (Q) C L!(f2), which
is impossible: see [14, Theorem 2.45]. When ¢_ = 1 the problem of characterizing ¢(-) is
open. Some delicate results in [18, 20] show that this problem depends on how quickly ¢(+)
approaches 1.

Our two main results completely characterize the exponents p(-) and ¢(-) so that the
modular inequality holds. Our characterization depends strongly on whether {2 has finite
or infinite measure; When €2 has finite measure our result is remarkably simple.

Theorem 1.6. Given a setQ) CR", 0 < |Q| < oo, letp(+),q() € P(Q), p(-) £ 1. Then the
modular inequality (1.4) holds if and only if p+(Q2) < q_ ().

As our second result below shows, the assumption that |Q2| < oo is critical in Theorem 1.6.
But to motivate this result, we first give the following example.

Example 1.7. If Q C R", |Q| = oo, and if p(-) € P(Q), ¢(-) € P(Q2), then the assumption
that p,(Q) < ¢_(9) is not sufficient for (1.4) to be true. We first consider the case p, (Q2) =
q—(€). Fix an open set €2, |Q2| = 0o, and constants 1 < p < ¢ < oo. Define p(:) = p and

p ifzeq
‘J(f):{ q ifzeQ\Q,

where Q C Q is a cube. Then p, (Q2) = ¢_(€2). Suppose (1.4) holds; then we would have

/|f )P da < /Mf  da

& /Q F@Pde+ o / @ e,

But then, if we let f := gxa\@, we would get the embedding LI(Q\Q) C LP(Q\Q), which
does not hold when p < ¢ since 2 has infinite measure [22, 29).
The case p4(2) < ¢_(£) is obtained from the same argument by taking @ = 0.

The problem in Example 1.7 arises because the exponents p(+) and ¢(-) behave differently
at infinity. To avoid this, we make the following definition.

Definition 1.8. Given a set 2, |Q2] = oo, let Fg denote the collection of subsets of (2 that
havie infinite measure. Given p(+), ¢(-) € P(€2), we say that p(-) and ¢(-) touch at infinity,
and denote this by p(-)<q(-), if for every E € Fg,

p+(E) = pi () = ¢-(Q) = ¢-(E).

The exponents in Example 1.7 do not touch at infinity. We consider three additional
examples.

Example 1.9. Let Q = R.
(1) The exponents p(x) =2 — (1 +2*)7!, q(z) = 2+ (1 + 2?)~! touch at infinity.
(2) On the other hand, if we let §(z) = a + (1 + 2?)~', a > 2, then p(-) and ¢(-) do not
touch at infinity.
(3) Finally, if p(z) = 2 and ¢(z) = 2 + xg, where F is any bounded measurable set,
then p(-) and ¢(-) touch at infinity.
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We can now state our second main result, characterizing the modular inequality on sets
2 with infinite measure.

Theorem 1.10. Given a set Q@ C R, |Q| = oo, let p(-),q(-) € P(Q), p(-) # 1. Define
D :={zeQ:p(x) <q(x)} #0. Then the following are equivalent:

(1) The modular inequality (1.4) holds;
(i9) p()==q() and LIV(Q) — LFO(Q);
(1i7) p(-)==q(-) and there exists A > 1 such that

(U0 = [ X0 <, (15)
D
where r(-) is the defect exponent defined by % = ﬁ — q(l—x);
1v) p(-)<=q(-) and there exists a measurable function w, 0 < w(:) < 1, such that
] d th ] bl ' 0 1 h th
ri00(w) = [ wlopde < o0 (1.6)
D
and
||w(,)—\p+—p(-)l||Loo(D) ) ||w(,)—|q(-)—p+\||Loo(D) < 0. (1.7)

Remark 1.11. There is a close connection between the embedding L) (Q) «— LPO)(Q) and
condition (1.5): we have that this embedding holds if and only if p(x) < ¢(z) a.e. and (1.5)
holds (see [14, Theorem 2.45]). However, (1.5) is independent of p(-)<=¢(-). For one direc-
tion, let 2 = (2, 00) and define p(-) and ¢(-) by

1 1 1 1 1 1

EREREE e

Then we have p(z) < ¢(z) and the defect exponent is r(x) = z?, so (1.5) holds for any
A > 1. Thus L90(Q) — LPO(Q). However, p, () = 4 and ¢_(Q) = 2, so we do not have
that p(-) and ¢(-) touch at infinity.

Conversely, let 2 = (e, 00) and define p(-) and ¢(-) by

2log log(x)
(loglog(z) — 2)
Then ¢_(£2) = 2 and it decreases to this value as z — 00, so p(-)<=¢q(-). However, the defect
exponent is r(z) = loglog(x) and the integral in (1.5) is infinite for any value of A > 1.

p(l‘) =2, Q(x) =

Remark 1.12. The condition (1.5) is closely related to the problem of finding sufficient
conditions for the maximal operator to be bounded on LP()(Q) when € is unbounded.
Nekvinda [26] showed that the log-Holder continuity condition at infinity in Theorem 1.1
can be replaced by a weaker integral condition: for some A > 1,

/ AT dr < o0,
D

! —i‘andD ={z € Q: p(x) # ps}. For

m Poo
a thorough discussion of this condition and its relationship with (1.5) and the associated
embedding theorem, see [14, Section 4.1].

where now 7(+) is defined by ﬁ =
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Remark 1.13. As a consequence of the assumption that p(-)<=¢(-), we have that for any

R >0,
p+(Q\ B(0, R)) = p, () = ¢-(2) = ¢_(Q\ B(0, R)).

Therefore, p(-) and ¢(-) have a common asymptotic value in the sense that

p+ () = limsup p(x) = liminf = ¢_(Q).
Denote this asymptotic value by p.; it is a generalization of the value p,, that occurs in the
definition of log-Holder continuity in Theorem 1.1 or in the Nekvinda condition discussed
above. In particular, if | D| = oo, then condition (1.7) is equivalent to

||w(_)—\poo—p(-)l||Loo(D) . ||w(,)—|q(-)—poo\||Loo(D) < 00.

Remark 1.14. Tt is a consequence of the proof that if the modular inequality (1.4) holds,
then ¢; > 1: see the proof of the implication (i) = (i1).

In the proof of Theorems 1.6 and 1.10, we use the definition of the maximal operator to
prove necessity. In the proof of sufficiency, we only use the fact that the maximal operator
is a bounded operator on LP(2), 1 < p < oco. Therefore, as an immediate corollary of the
proofs we get the following result.

Corollary 1.15. Given a set Q and p(-), q(-) € P(R2), suppose that either || < oo and
p+(Q) < q-(Q), or|Q| = oo, p(-)<=q(+), and (1.5) holds. IfT is any operator that is bounded
on LP(Q2) for all1 < p < oo, then

/ Tf ()P de < o / F@)"® de + e,
(9] Q

with positive constants ¢y, co that depend on p(+), q(+) and T but not on f.

The assumption on the operator T is very general and is satisfied by most of the classical
operators of harmonic analysis: for example, it holds for Calderén-Zygmund singular inte-
gral operators and square functions. In fact, a close examination of the proof shows that
we can assume less: given fixed p(-) and ¢(+), we only require that the operator is bounded
on LP+(€). As a consequence, we can prove a modular inequality for the Fourier transform

J©= [ f@ertde

on variable Lebesgue spaces, using the Plancherel theorem that || f||; = ||f||2. The impor-
tance of this result follows from the fact that natural generalization of the Hausdorff-Young
inequality fails in the variable exponent setting. (See [14, Section 5.6.10] for complete de-
tails.)

Corollary 1.16. Given p(-), q(-) € P(R"), p+ = 2, suppose p(-)=q(-), and (1.5) holds.
Then

[i@rod<a [ 150 d o,

with positive constants ¢y, co that depend on p(-) and q(-) but not on f.
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Remark 1.17. Modular inequalities for other operators that are bounded on LP(§2) have
been extensively studied in the setting of Orlicz spaces: see, for example, [5, 6, 7, 8, 17, 23].
Modular inequalities in the variable Lebesgue spaces for operators other than the maximal
operator have not been studied, though we refer the reader to [19] for a modular interpola-
tion inequality in variable Sobolev spaces.

Remark 1.18. There is a certain parallel between Corollary 1.15 and the theory of Rubio
de Francia extrapolation in the scale of variable Lebesgue spaces. Roughly speaking, the
theory of extrapolation says that if an operator 7" is bounded on LP(w), where 1 < p < o0
and w is any weight in the Muckenhoupt A, class, then 7" is bounded on LPY) provided that
the maximal operator is bounded on LPU). (See [14, Section 5.4] for a precise statement of
extrapolation.) We can restate Corollary 1.15 as saying that if 7" is bounded on L”(£2), and
the maximal operator satisfies a certain modular inequality, then (because Theorems 1.6
and 1.10 given necessary as well as sufficient conditions) 7" satisfies the same modular in-
equality (possibly with different constants).

Remark 1.19. Tt would be of interest to generalize Corollary 1.15 and modular inequali-
ties on Orlicz spaces by considering the analogous question in the scale of Musielak-Orlicz
spaces [25]. It would also be interesting to determine if the conditions in Corollary 1.15 are
necessary for any other operators to satisfy a modular inequality.

If we consider constant exponent functions p(-) = p and ¢(-) = ¢, then Theorems 1.6
and 1.10, and Corollary 1.15 have the following corollary.

Corollary 1.20. Given Q C R™, suppose || < co. If1 < p < q < o0, then the following
inequality holds

[ sy dn<e [ (5@ e (1.8)

for every f € L) and for some positive constants ¢y, cs depending on n,p,q, ||, but
independent of f. If |Q)| = oo, then inequality (1.8) holds if and only if 1 < p = q.

Moreover, if T is an operator that is bounded on L*(Q2), 1 < p < 0o, then these conditions
are sufficient for T to satisfy the modular inequality

/]Tf(x)|pdx§cl/|f(:v)]qu+cg.
Q Q

To prove Theorems 1.6 and 1.10, we will first prove the following proposition which es-
tablishes a necessary condition which for sets € of finite measure is also sufficient.

Proposition 1.21. Givenp(-), q(-) € P(Q), if the modular inequality (1.4) holds, then
po() < 4 (). (1.9)
As a corollary to Proposition 1.21, together with the classical theorem on the bound-
edness of the maximal operator on LP(§2), 1 < p < oo (cf. [28]), we immediately get the

following generalization of Theorem 1.3 to arbitrary domains and unbounded exponent
functions.

Corollary 1.22. Given an open set 2 and p(-) € P(R2), the modular inequality
/ Mf(z)P® dx < ¢ / | £ ()P dx + ¢,
Q Q
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with positive constants ¢y, ¢y depending onn, p(-),q(+) and || but independent of f, holds if
and only if p(+) equals a constant p > 1 almost everywhere.

Remark 1.23. Theorem 1.22 does not contradict Theorem 1.5, since in the latter result we

need the additional hypothesis that || f[| o) gn) < 1.

The remainder of this paper is organized as follows. In Section 2 we first prove Proposi-
tion 1.21. In Section 3 we prove Theorem 1.6 and in Section 4 we prove Theorem 1.10.

2. PROOF OF PROPOSITION 1.21

We begin with a definition and a lemma. Given a measurable set Q2 C R™, [©2| > 0, we
denote by Qg the set of open cubes ) in R™ (whose sides are parallel to the coordinate axes)
such that |2 N Q| > 0.

Lemma 2.1. Given a set Q@ C R, let p(-) € P(Q), ¢(-) € P(Q). Then the following

conditions are equivalent:

(1) p+(Q) < q-(Q) for every Q € Qq;
(1) p+(2) < q-(€).
Proof. The fact that (i7) implies (7) is easy: for any Q) € Qq we have
P+(Q) =p+(QN Q) < pi(Q) <¢-(2) < ¢-(QNQ) =¢-(Q).

In order to prove that (i) implies (i7), let {Q, }nen be a countable cover of 2 by elements
of Qq. We then have that if p, (Q) < ¢_(Q) for every Q € Qq, then

P+(@m) <q-(Qn)  Vm,neN. (2.1)

To see this, note that for every m, n € N, there exists a cube @), € Qq such that @,,,UQ,, C
(m.n- By hypothesis p—i—(Qm,n) < g (Qmn), 50

p+<@m) g p+(@m,n) g qf(Qm,n) g q*(Qn) .

Now, if we first take the supremum over m € N and then take the infimum over n € N,
by (2.1) we get sup,,cn P+ (@Qm) < infen ¢—(@Qy). Therefore,

P+ () = ps ( U Qm) = sup p;.(Qm)

meN meN

< inf g-(Qn) = ¢ (U%)— -

O

The following argument is inspired by Example 1.2 and is similar to the proof of Theo-
rem 1.3 in [21, Thm. 5.1].

Proof of Proposition 1.21. If (1.9) does not hold, then by Lemma 2.1 there exists a cube
Q € Qq such that p, (Q) > ¢_(Q). Let o, § be such that

- (Q) <a< B <p(Q).



MODULAR INEQUALITIES FOR THE MAXIMAL OPERATOR IN VARIABLE LEBESGUE SPACES 9

Let Es C QNKY, |E| > 0, be such that p(xz) > § for a.e. © € Eg. Similarly, let £, C QN1Q,
|E.| > 0, be such that ¢(z) < a for a.e. © € E,. Define f = Ayg,, where A > 1. Then for

all z € Q,
_ AEG]
|f ()| dy = :
=10l / Q
Moreover, if A > |Q|/|Ea|, then (A E,|/|Q])*¢ ()\|E 1/1Q])? for everym € Ej. Hence,
AlEa| A
e | (s
/ @l el
On the other hand,

/]f(a:)|q(“"”) dx:/ M@ dy < | B, |2
Q e

Therefore, if (1.4) holds, then we must have that

MNE, N
|Eﬁ|( ,'Q‘ ’) < B + e

for all X sufficiently large, which is a contradiction since a < 5. O

3. PROOF OF THEOREM 1.6

By Proposition 1.21 we have that if the modular inequality (1.4) holds, then p,(2) <
q—(€2). Therefore, it remains to show that this condition is sufficient.

Fix a set Q and p(-), ¢(-) € P(2) such that p,(2) < ¢_(92), and fix a function f. Given
aset £ C ), we define

_ /E Mf(2)® de,  P(E) = /E F@)P da,

Di(Mf)={z€Q: Mf()>1},  Di(f) = fw € Q:|f(x)| > 1}.
We now estimate as follows:

/Q M () dr = I(Dy(Mf)) + I(Q\ Dy (MF)).

We immediately have that I(Q2\ Dy (M f)) < |€2]. On the other hand, since p(-) # 1, p; > 1,
so the maximal operator is bounded on LP*+(2). Hence,

o) < [ BRUCETET | @ de =6 . F@).

and

To estimate F'(€2) we argue similarly: since p, () < ¢_(),
F(Q) = F(Di(f)) + F(Q\ Di(f)) < / " |f ()| dz + 9.
Di(f
If we combine all of these inequalities, we get

/Mf(m)d:vgcp+,n/\f(a:)\qu’)d:v—l—(cp+7n+1)]§2].
Q Q

This completes the proof of sufficiency.
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4. PROOF OF THEOREM 1.10
We will prove the following chain of implications:
(1) = (i1) = (i41) = (iv) = (7).

[(i) = (ii)] We first prove that if the modular inequality (1.4) holds, then L0)(Q)
LPO(Q). Since LPO) is a Banach function space, the embedding L") (Q) — LPO(Q) is
equivalent (cf. [3, Thm. 1.8]) to the set-theoretical inclusion L¢0)(Q) C LPO)(Q). Since

Mf(z) > |f(z)] a.e. in Q,if (1.4) holds, then pyyo(f) < cipg)o(f)+co. Fix f € L1O(Q);
then for some A > 0, pgry.a(f/A) < co. Therefore,

Pp).2(f/A) < cipgeyalf/A) + c2 < 00,

and so f € LPO(Q).
We now prove that if (1.4) holds, then p(:)<¢(-). Given any measurable set E € Fq and
any measurable function f : £ C Q — R, (1.4) implies that

/\f P d < cl/|f 1@ s + o, (4.1)

with ¢1, ¢ > 0 the same constants. Fix E € Fq and define f(z) = X - XBSQE( ) 0<Ai<l1
and Bs = B(0,6). Since 0 < A < 1, forz € E, \P+(F) < \@) and A\9@) < \9-(F) | Therefore,
by (4.1),

B0 By o) g/ \P@) g
ENBs

< cl/ N gy 4+ ey < 61|EﬁB5|)\q ) + ¢,
ENB;

Since | ENB;| — 0o as d — oo, we get that AP+ () < ¢; A= F) 4-co| EN B;|~* for d sufficiently
large. If we take the limit as 6 — oo, we get that if (1.4) holds, then

N+E) <o \a-(B) Vo< A<l1.

Since py (E) < ¢_(E) we must have that p, (E) = ¢_(F) and ¢; > 1.
Finally, since by Theorem 1.21, p,(2) < ¢_(©2), and since p,(E) < p+(2) < ¢-(Q) <
q-(E), we get that p(-)<=q(-).

[(i7) = (iii)] As noted above, this implication follows from the fact that the embedding
L1O(Q) — LPL)(Q) is equivalent to assuming p(x) < ¢(z) and (1.5) holds. (See [14, Thm.
2.45).)

[(i77) = (iv)] We explicitly construct the function w. Since p(-)<=¢(-), we claim that there
exists £ > 1 such that |Ey.) .| < oo, where Eyy,. = {z € Q: ¢(z) > s}. For if not, then
for all & > 1, |[Ey«| = oo. In particular, if we Set k= p+(2) + 1, then Ey,) . € Fq and
q-(Eyye) > p+(Q) > p4+(Eqy.x), & contradiction.
Fix such a x and define
w(x) = { AT @ € D\Eyo)n,
1 reDnN Eq(.)ﬁ,
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where 7(-) is the defect exponent defined by T(I = ;ﬁ — (L Since A > 1, we have that
0 <w(-) <1and
p4+—p(")
w(,)*|p+*p(')\ — /\q<+> 2 40) < MO < Non D\Eq(.),,.g,
q(-)—py

w(-) 7O = NGO < MO < Non D\ Ey(y ..

Moreover, w(-)P+=POl = (-)~la0)=P+l = 1 < A" on the set D N Ey(,, and therefore (1.7)
holds.
Finally, to prove (1.6) we estimate as follows:

o). 0 (W) = / AN dz 4 | Byl < / AT dz 4 | By ..] < 00
D\E D

q(-),k

[(iv) = (i)] The proof of this implication is similar to the proof of sufficiency in the proof
of Theorem 1.6. However, since |Q2| = oo we need to introduce w and use p,.), p(w) in place
of |€2].

As before, given a measurable function f and a measurable set £/ C €2, define

/ Mfap e, F(B) = [ [f@)P do
Recall that D = {z € Q : p(x) < q(z)} and write
/ M f(z)?@ dz = I(D) + 1(Q\ D).

Since p; < g—, we have p(+) = py = ¢_ = q(-) on Q \ D. Therefore, since p(-) # 1, p > 1,
so the maximal operator is bounded on LP*+(2). Hence,

I(Q\ D) = . Mf(z)P* dz < cpen F(Q)

To estimate (D), define D,(M f) = {z € D : M f(z) > w(z)} where w is the function
from our hypothesis (iv). Then

I(D) = / Mf ()P dz +/ M f(z)P@dx
D\De, (M) Do (M)

Mf(z) p(z) ()
< pp(-),D(W) +/Dw(Mf)< W(Z’) ) w(x) dz.

Since M f(+)/w(:) > 1 on D,(Mf),

< Py, (W) + Hwp*”'”HL&(D)/(Mf(x))“dm-
D

Again since M is bounded on LP+(2),

< Pp(),p(W) + upt + W PPN poe ) F(9).
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If we combine the above inequalities we get
1(Q) < [enps (14 07 POl o)) | F(9) + pp,p(w), (4.2)

so to complete the proof we need to estimate F'(Q2) = F(D) + F(Q2\ D). As before we have
p() =p+ =q- =q(-) n Q\ D, s0
FO\D)= [ 1r@P = [ |f@rds
Q\D O\D

To estimate F(D), let D, (f) = {z € D : |f(z)| > w(z)}. Since0 < w < Land p; > p(-),
we have pp, p(w) < ppry,p(w). Therefore,

F(D) = Ped Peg
(D) /D o /D s
<pp(.),D(w)+/ (|f(x)|) .w(x)p+dx.
Du(f)

w(x)

Since [ f(+)|/w() > 1L on Dy(f)
2 1@
< pp(,)’D<(JJ) —|—/ " (‘f( )|) . W(l’)p+dl'

w(x)

< oo (@) + 1O+ o / (@)@ d.
D

If we combine the previous two estimates, we get

F(Q) < /Q\ |f(x>|q(x)d$ + pp(),p(w) + ||w_|4(’)_p+||Loo(D)/ |f(x)|q(m)dx
D D

< (1 + Hw|q(.)p+HL°°(D))/ |f<l‘)’q(x)d$€ + pp(.)’D(w).
Q

Together with inequality (4.2) this gives us the modular inequality (1.4). This completes
the proof.
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