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A new pointwise inequality for rough operators and applications

Diego Chamorro! Anca-Nicoleta Marcocil Liviu-Gabriel Marcocit

July 10, 2024

Abstract

We study in this article a new pointwise estimate for “rough” singular integral operators. From this
pointwise estimate we will derive Sobolev type inequalities in a variety of functional spaces.

Keywords: rough singular integral operators, pointwise estimates, Sobolev type inequalities.

1 Introduction

When dealing with operators and functions, pointwise estimates (in addition to giving a deep understanding
of the properties of the operators considered) usually provide many interesting inequalities. A particular
example that will guide our study is the following: for n > 2, if f : R — R is a function such that
f € C§°(R™), then we have the estimate

[f(z)] < CL(IVf])(2), (1.1)

(see [15, Lemma 3.3] for a proof) where the operator I; corresponds to the usual Riesz potential defined by
the expression

O e =

Note now that since the Riesz potentials [; are bounded from LP(R"™) to LY(R™) with 1 < p < n and
% = % - % (see [10, Theorem 6.1.3]), we can easily deduce from the previous pointwise estimate li the
functional inequality

[fllze < CIILAV DIz < CIV £ e,

which is nothing but the classical Sobolev inequality || f|lz« < C||V f]|Lr.

Of course, the pointwise estimate (1.1)) as well as the previous Sobolev inequality admit several modifi-
cations (and different proofs) and in the recent works [12], [14] and [16] the following generalization of the
inequality (|1.1)) was studied

T(f)(@)| < CLV (), (1.2)
where the operators T' considered in these references are iterates of the Hardy-Littlewood maximal function,

spherical maximal operator, L"-maximal operators, Lorentz-based maximal operators and “rough” singular
integral operators.
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In this article we are going to focus our study on the pointwise estimate (1.2)) with rough singular integral
operators which are defined as follows: for a locally integrable function f : R™ — R, we will consider the
operator Ty associated to a function €2 : S"~! — R by the expression

Qy/lyl)

e f(z —y)dy. (1.3)

To(F)w) = v [

The properties of the function ) are absolutely essential to understand the behavior of the associated
operator Tg in connection to the estimate (1.2)). Indeed, by considering a function Q such that Q € L'(S"~1),

/ Qdo = 0 and such that Q € L>(S""!) then the following estimate was proven in [16]:
S§n—1
Ta(f)(@)] < CllQ|pee 1)L (IVF)(x)  for f e 5 (R™). (1.4)

This pointwise estimate is of particular interest when considering Sobolev inequalities: by the boundedness
properties of the Riesz potential I; we can easily deduce the inequality

[Ta(f)llze < ClQ| Lo gn—1) [T (IV ) e < Cl| Lo gn—1) IV f| 2, (1.5)
with 1 < p < n and é = % — % Estimates of the form |D also allow several weighted versions of the

previous Sobolev-like inequalities: for example if the Riesz potential I; is bounded from LP(u) to L4(v) where
1 < p,q < 400 and where u, v are suitable weights, then it is possible to derive from (1.4]) the inequality

1Ta(f)lLaw) < ClQ Lo sn-1y 11l B(zr(w),La@) IV Fll o w)- (1.6)

More recently, in [14], the estimate (and consequently the inequalities or (L.6)) was improved
by considering the more general condition 2 € L™ (S"~!) where the space L™ is a Lorentz space (recall
that since o(S"') < 400 we have L>®(S"') c L™(S" ') and that we always have the space inclusion
L™(S" 1) ¢ L™°(S"71)). The pointwise control is then the following:

Ta(f)(@)] < ClI|Lroogn-1) L (IVf]) (), (1.7)

from which we deduce the inequalities

1T (f)lLa

IN

Cl|Q proon-1) IV £l e with 1 < p < n and % = % -1

or (1.8)

Ta(Hllzaw) < ClULmeese-1) I illBeLew),La@pllV Flle ),

for suitable weights u, v and adapted weighted spaces L4(v) and LP(u). Let us mention that weak endpoints
were also considered in the references [16] and [I4] as well as many other consequences of the pointwise

inequalities ([1.4)) and ((1.7)).

Remark now that in [I2], an interesting modification of the pointwise estimates (1.4) and (1.7) was
studied. Indeed, for 0 < oo < n we can consider the Riesz potential I, defined by

fy)

rn |7 — gy

Lo (f)(z) = C dy, (1.9)

and we can define the operator Tg by

ﬂmuxmzup/'gwwmﬂx—w@.

g |y[r T

Thus, if Q € LY(S" 1), / Qdo =0and Q € L™>®(S"1), it was proven in [12, Theorem 1.1] the following
S§n—1
pointwise estimate

Too(f)(@)] < ClIQ noe -1y La([V)(2),  for fe 5 (R"),
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from which several functional inequalities of Sobolev-type of the type (1.5 or (1.6 are deduced.

In this work we will start by proving a variation of the pointwise estimate where we will introduce
two modifications. First we will replace the boundedness information of the function €2 stated in terms of
the Lorentz space L™ (S"~!) by a more general condition given by Q € LP(S"™1) with 1 < p < n. Indeed,
in this case and since o(S"™!) < +o0, we have L™>(S"~1) ¢ LP(S"~1). The second modification consists
in replacing the Riesz potential I; in by a mixed information which involves the Hardy-Littlewood
maximal function Mp defined by

B3z

1
M () = sup 2 /B F)ldy,

and a Morrey space Mp’q(R”) defined for 1 < p < g < +00 by the condition

1 P
fllypa = sup p/ f)Pdy | < +oo,
H ||M:oq zeR", r>0 rn(l_E) B(m,r)| ( )|

see Section [2] below for more details on Morrey spaces. As we shall see, these modifications of the pointwise
estimate (|1.7)) will provide an interesting framework from which we will deduce new functional inequalities.

In this context, our main result reads as follows:

Theorem 1 (Pointwise inequality). Over the space R™ with n > 2, consider Q a function such that

Qe LS Y, / Qdo =0 and such that Q € LP(S*Y) with 1 < p < n and consider the operator Tq

n—1

associated to the function ) as defined in .

Fix o a real parameter such that 1 < nﬁnin < a<n and fir a real number B such that 1 < a < < n.

Then we have for a function f € C§°(R™) the following pointwise estimate

@R

ITo()(@)] < Cl ogn-t) (M ([VFI) (2))= 5 [V 1] (1.10)

MBS
Some remarks are in order. Note that since our first motivation was to work with more general operators
and to extend the condition Q € L™(S""1) in the estimate , it was quite natural to consider the
Lebesgue spaces LP(S"~1) and thus in order to obtain the space inclusion L™*(S*~1) ¢ LP(S"1), we re-
quire the condition p < n (see formula below). Note in particular that the value p = n is allowed (and
then we can set a = 1) but in this case the corresponding space for the function Q would be L™(S"~1),
which would be an improvement of but not of and for this reason we will restrict ourselves to
the case 1 < p < n. Note next that the relationship — fz_n < « between these two indexes is technical
and it is given by the use of a generalized Poincaré-Sobolev inequality combined to the fact that 1 < p < n.
To continue, let us remark now that the boundedness of the Hardy-Littlewood maximal function Mpg is in
many situations (i.e. outside of usual cases) easier to establish than the boundedness of the Riesz potentials:
indeed, in the case of the maximal function the same functional space can be naturally considered ( i.e.
we have |Mp(f)|lg < C||f||lg) while the boundedness of Riesz potentials always involves two spaces (i.e.
we have ||I1(f)||r < C||I1|gE,m |l fllz) and this fact will make the estimate more robust than .
Finally, we will see in the lines below that the pointwise estimate will provide sharper Sobolev-type

estimates than (1.7]).

We explore now very natural applications of the pointwise estimate ((1.10]). Indeed, we have:

Theorem 2 (Refined Sobolev inequalities). Over the space R™ with n > 2, consider Q0 a function such

that Q € L}(S™71), / Qdo =0 and such that Q € LP(S* 1) with 1 < p < n and consider the operator
S§n—1

T associated to the function Q as defined in . Fiz o > pan—n and fix a real number B such that

3



l<a<f<n.

Assume that a function f : R® — R satisfies V[ € ./\./la’%n(]R”) and assume that Vf € LP(R™) with
1< a<p<+oo. Then we have the inequality

o 1—a
IZa(Allzs < ClQU Lo IV aap IV FllLn " (1.11)

where q = a—oy-
B

As announced, this inequality is sharper than ((1.8)), not only because we can consider a more general function

Q € LP(S™ 1) in the operator T, but also because of the presence of the Morrey space Ma’7(R”) which
gives a more general result. Indeed, in the case when p = € > 1, since we have the space inclusion

LP(R™) C /\'/la’%(R”) (see the formula lj below) from 1) we can thus write:

a 1—2 a 1—-<
[Ta(f)llze < CHQHLP(STL*)”VfH;a,%va”LpBSCHQHLP(SW*l)vaHEPHVfHLpB

CllIQl Lo -1y IV fll e,

IN

and in this case since p = % and ¢ = ﬁ, we obtain the classical Sobolev relationship é = % —
8

S|=

These two theorems constitute the core of our article, but in the sections below we will also study
weighted inequalities and some functional estimates in different frameworks.

To conclude this introduction, we point out that in this work we do not consider weak endpoints of the
inequalities of the type (1.11)) as this will require a different treatment.

The plan of the article is the following. In Section [2] we will recall the definitions and the main properties
of the functional spaces used here. In Section [3| we will prove Theorem [1| and Section [4] will be devoted to
the proof of Theorem |2} In Section [5| we shall also present some weighted variants of the inequality
while in Section |§| we will extend the inequality to the framework of Orlicz spaces. Finally, in Section
[7] we will consider the framework of classical Lorentz spaces.

2 Some functional spaces and classical inequalities

In this section we recall the definitions and some well known properties of the functional spaces that will be
used here.

e For 1 < p < +o00 and for A = R™ or A C R", the usual Lebesgue space LP(A) are defined by the

1

classical condition || f|z» = < / |f(x)[P dx) " < 4+00. Recall in particular that if A is a bounded subset
A

then we have the space inclusions LP*(A) C LPo(A) C L'(A) for 1 < pg < p;. Of course these inclusions
are still valid if we consider A = S*~1,

e For 1 < p < +oo, Lorentz spaces LP*°(A) with A = R™ or A = S*! are defined by the condition
| fll oo = sup{A x [{z € A : |f(x)] > A\}|'/P} < 400. Recall now that by the real interpolation theory
A>0

(see [3, Theorem 5.2.1]) we have for some parameter 0 < 6 < 1 the identity
(LP(A4), L7(A))p.o0 = LT7(A).

Recall that we always have Lﬁ’oo(A) C LP(A) + L*°(A), but if the set A C R” is bounded, we also
have the space inclusions

LT59°(A) € LP(A) + L(A) C LP(A) + LP(A) = LP(A).



Thus, in the particular case of A = S*"~! since o(S*!) < 400, we deduce that the Lorentz spaces
L% (S"~1) are embedded in the Lebesgue spaces LP(S"!) as long as ¢ > p. In particular, we have

LveEsth crsth, i 1< p<on. (2.1)

e There exists many different characterization of Besov spaces. In this article we are mainly interested
the the so-called thermic definition of the homogeneous Besov spaces of negative regularity: we will
say that a function f : R™ — R belongs to the space Bo_oﬁ’oo(]R”) for an index 0 < g if

8
[fll g0 = sup &2 || Ay fllLee < o0, (2.2)
~ t>0
lz|2
where the function h¢(x) = a 1)% e~ 4 with ¢ > 0 is the usual heat kernel. See the references [21],
e

[23] or [24] for more details about Besov spaces.

e We consider now the homogeneous Morrey space that are a useful generalization of Lebesgue spaces.
Indeed, for 1 < p < g < 400 we define the Morrey space MP?(R™) as the space of measurable functions
f :R™ — R that are locally in L? and such that

1 P
Ypg = sup [ Pd < +o0.
s = s (ml—? L 1wl y>

Of course, if p = g we have Mp’p(R") = LP(R™), however if 1 < py <p; <gand 1 < g < +0o0, then we
have the following space inclusions:

LY(R™) = M‘LQ(R”) C Mpuq(Rn) c Mpmq(Rn)' (2.3)
Note now that for p > 0 we have the identity

AP era = 10 oo (2.4)

Finally, we recall the following result that will be very useful in the sequel:

Lemma 2.1. Let f : R" — R be a positive function. If f € B2(R™) with 0 < s < n, then
f e MY“S(R™) and we have the controls

CHIflgrn < Fll gopoe < ClFNlgpn- (2.5)

For a proof of this result see [19, Proposition 2|. This result states the equivalence of Besov spaces
B> (R™) and Morrey spaces Mb% (R") in the case of positive functions.

To end this section we need to recall an important inequality. Indeed, for a function f € C§°(R™) and for
all ball B(z,r) such that B(z,r) C supp(f) we have the following Poincaré-Sobolev inequality:

1 : . Y
(M /B(m)\f(y)fgrwdy) < Cr (IB(x,r)l /B(M)Wf(yﬂ dy> , (2.6)

for 1 <a<mnand1<q< 2 See a proof of this inequality in [I5, Theorem 3.14].

3 The pointwise inequality (Theorem (1

In this section we prove Theorem [1| and the proof will be divided in two parts: in the first one we will follow
closely some of the ideas given in [14] to obtain a pointwise bound with a Riesz potential in the left-hand
side. Then we will transform this control by introducing the Hardy-Littlewood maximal function and a



suitable Morrey space.

Let us start by defining

To(f)(z) = Sup

[ R g gy,
{lyi>ty 1Yl

and we consider

¢ _ Qy/lyl) ¢
TH(f) (@) = /{M 2 @ = ),

note that we have Tg(f)(x) = i;l}o)‘Té(f)(x” and that |To(f)(z)| < TG(f)(z).

Now, for a function f € C§°(R™) and for some ko € Z so that 2k0=2 < ¢ < 2k0~1 we write

Tgtz(f)(l‘) — /{t<| - Q(Q/‘Z/D dy+ Z / y/‘ny(l‘ _ y)dy

ly|” e L DI EC L S

Using the fact that the function €2 is of null integral, we can introduce some constants in the previous
expression to obtain

Qy/lyl) Qy/lyl)
Tt — 2AG/ 191 —y) — ¢ )d 297150 — ) —cp)d
bN@= [ T ey ) v+ 3 Jr ey e =) ey
from which we deduce

0@ < L RO (1o =) - iy

IN

O g [ Q=) ey

kez {lyl=2
Now, by the Holder inequality with % + F =1and 1 < p < n, we write

1
7

1 % , 14
) <C» — Q Pd r—y)—cglfd .
V<O 5 (/{|y§2k}| (/1)) y> </{|y§2k}|f( v) — y)

kEZ

Introducing the variable z = 27%y, by a change of variables in the first integral we obtain

1
o7

()< i (/{lzlq}m(z/\z\)pdz) ( /{|y<2k}\f<x—y>—0k\pdy) |

kez 2

and rewriting this formula we have

by 7

TH)@) < 02( / z/|z|>|ﬂdz) 5 (/ \f(x—y)—ck\ﬂdy>
kez \7{lzI<1} 20 {lyl<2k}

v N

<oy (f z/|z|>|ﬂdz) ( / |f(33—y)—0k|pdy>
k%( {lsl<1} 26 Jojyi<amy

For the second integral above, we consider now the ball B(x,2*) and we fix the constant ¢y = fp, =

|B(x B / y)dy, so we can write (since w,2"" = |B(z,2¥)|, where w,, = |B(0, 1) is the volume of the

n- dlmensmnal umt ball):

1

AL o
<CZ</{|Z<1} (/1)) dZ) <‘B(x,2k)‘ B(%Qk)‘f@) I8yl dy)

kEZ

e



We study now more in detail the first integral above, we thus have

1
o7

@ < o[ [ eeeraon- d)Z(M ’ Qk)lf(y)—kalpldy>p
keZ ’ z,

1
7

< o[ wenerao) kez<|3”’“ o ka|pdy>p,

Th(f)(@) < I oo 1)Z<|Bx BETN oo ka|de)

kEZ

so we obtain

e

Remark 1. Note that since 1 < p < n, by (2.1) we have L”ﬁOO(S"*I) C LP(S™Y) and thus the norm
| Lo (gn-1) induces a refinement with respect to the norm ||Q||pn.e used in [1)]. Note also that if p < n

then we have 5 < p' as we have %—1—5:1.

Now we apply the Poincaré-Sobolev inequality given in (2.6) to obtain

L
o

TH()(@) < Ol Y (B(l If(y)—kalpldy)

keZ x, 2 )‘ B(x,2F)

Ol sy Y 2° (M [ ¥ >|ady> , (32)

kEZ

IN

S

where 2 < p' (since 1 < p < nand 1—|— L = 1) and where p’ < 2% Note that we thus have -2+ < p/ < 1o
<a<n.

which leads us to the condition 1 < np+p —

We study now the sum § in the previous formula and we have

1
S=) 2* Vf(y)|*d ok /
2 <|B<x 5 Jpeary ) y) =2 <wn2fm _

keZ keZ ’

Q=

IVf(y)Io‘dy> ,

which we rewrite as follows

1
1 « 1 :
ok / Vi) |%dy | +) 2F / Vf(y)|“dy
2 (%2’“” {2k*1<|x—y\§2k}| W 2 w287 {|x_y‘§2k,1}‘ W

keZ kEZ
v | IVf(y)IO‘dy>
{lz—y|<2k-1}
We now derive

1 «
= <w2k(—a) Vi)l dy> +sz<
1
L VAW " oien okt 1 /
S < — / T gy | 42t ) 2 o Vi)
w”ke%( {2t <la—y|<2¥} |7 —y["7e Z wp2(k—=1)n {Iz—y\Ssz}‘ W)

S

IN

Q=

IN

Q-

= {251 <|a—y| <25}
keZ

and we have

1 1

1 V() )a - k(1 / :
S - / gy ) 42 2 Vf(y)|*d
o ( o T~y Y > LT {‘x_y‘ggk}l f)|*dy

<
keZ
1 1
1 / IV fy)~ ) - k 1 )
< = L g} 42 2" = Viwl*dy |
oL 22 B ey V)

7



from which we deduce
1

1 : 1 MOt
s=Yor( 1 _ Viledy| < (/ VI,
2 <|B(x,2k>| ey T o g To =yl

DI ( ! IVf(y)!“dy> -

= |B(,2)] J{jo—y|<2t}

since 1 < a < n we have 2'"a < 1 and using the definition of the Riesz potentials I, given in 1’ for the
first integral of the right-hand side above, we obtain

Q=

kEZ
With this estimate at hand, we come back to (3.2]) and we have

TH(f)(2) < CllQllo(sn-1) La(V ™) (@)=,
since this estimate is uniform with respect of the parameter ¢t > 0 we can write
1
Ta(f)(@)| < Ta(f)(@) < Ol Lo@n—1) LoV FI*) ()= . (3.3)

To continue, we will study now the Riesz potential I, (|V f|%)(z). Recalling that in the Fourier level we have
Ia(9)(&) = [£]7“g(&), we can write

Q=

+00
LUVAF)) = gy [ 8 e (VA @
T +00
— I‘(lg) /0\ tg_lht*(‘v'f‘a)(x)dt—‘r/T t%_lht*(’vf‘a)(x) dt , (34>

(1) (2)
where the parameter 7' > 0 will be defined below. We study now each one of these terms separately.
e For the term (1) above, we will use the following classical lemma:

Lemma 3.1. Let ¢ a function on R™ such that |p(z)| < C(1 + |z|)~N= for some ¢ > 0. Denote
or(z) = ti%go(a:/\/f) Then we have

sup [ * f|(z) < CMpf(x),
>0

where Mp 1is the classical Hardy-Littlewood mazimal function.

See [10, Theorem 2.1.10] for a proof. Applying this estimate to the heat kernel we can write
2 hy s (IVF|%)(2) < CL27 " Mp (IV£]%) (2). (3.5)
e For the term (2) of , we can write for some parameter S such that 1 < o < 8 < n:
e (VAN @) = 50 (ke (VA1) (@)
< HEMT |||V s

where we used the thermic definition of Besov spaces of negative regularity given in (2.2)). At this point
we remark that the quantity |V f|* is positive and thus by Lemma and by the equivalence between
Besov spaces and Morrey spaces given in ([2.5) we can write, since 1 < a < 8 < n:

o « a_q1,=8 @

2 e (V%) (@) < 6277 [V gope
a—p_ a

O T VA g

VAN



and using the property (2.4)) we obtain

o a a=fB_
t2 " hex (V%) (@) < Otz VS o

(3.6)
With estimates (3.5) and (3.6)) at hand, we come back to the inequality E to write
1 T N *OO a8 _
LIV < w5 Ma (VA @t [T g at)
F(Q) 0 T
< CTEMp(|Vf|*) () +CT 2 HVfHa a.on
We fix now ,
1951 o\
Mp (!V ) (@) )
and we obtain the control
L1 (@) < C (Mg (971%) @)'7F (IVF1%, o0 )
from which we deduce the estimate
1
1 o 1_1 o 5
(La(VfI)@)F < € My (971 @) (197)1% 0 )7
Now, we return to the estimate (3.3) and we can write
lf o
Ta(f)(@)] < CllQLrsn-1y) MB (IVfI?) (x))> 7 HVfHB e
the proof of Theorem [I|is now ended. |
4 Proof of the Theorem [2
Our starting point is the pointwise estimate obtained in the previous Theorem [T}
1_1 a
Ta(f)(2)] < ClQllLogn-1y (Mp (IVFI?) (@)= "7 V", (4.1)

where we have 1 < p <n and 1 < a < f < n. Recall that f : R” — R satisfies Vf € ./\'/la’%n(R”) and that

Vf e LP(R™) with 1 < a < p < +o0, recall moreover that ¢ = ﬁ. Thus, taking the L?-norm to both
5
sides of the estimate (4.1)) we have

1

([ 1matn@pa)’

1T (f)l e

IN

CllQ o1V f] ?

E

r ([ M9 D )

Bfoz

IN

Ol Lo IV I e IMB (VI )|L (o=
But, since ¢(2=2

B 2) > 1, then the Hardy-Littlewood maximal function Mp is bounded in the Lebesgue space
LQ( B

)(Rn), so we can write

ITa(Dler < Moo 971 NTT]
and from this inequality we deduce

o B—a
1Ta(f)llze < Cl2[ Lo (gn—1 IIVf||ﬂ acp [V ﬁﬁT
thus, since p = ¢(1 — %) we finally obtain

a 1—a
ITa(Nllze < ClQULo@-H IV o ap IV FllLe "

The Theorem [2| is now proven.



5 Weighted inequalities

The inequality (|1.11]) can be easily generalized by considering suitable weights. First, recall that for a generic
weight w : R" — R*, for 1 < p < 400 we define the weighted Lebesgue spaces LP(w) by the condition

P
flirir = ([ 1f@Put@de)” < o (5.1
Note that from this definition we deduce, for some s > 1 the property

I zrwy = 1 s () - (5.2)

Although many type of weights are available in the literature, as we will need to deal at some point with
the Hardy-Littlewood maximal function Mp, it is quite natural to consider weights in the A, class: for
1 <p < +oo we will say that a weight w belongs to the A, class if w™! is locally integrable and if

e iy ) i f ) <o

Note that the A, class gives a quite natural framework to obtain the following estimate

IMB(H)lrw) < ClllLrw), (5.3)

and this boundedness property is actually equivalent to the fact that w € A,. See the book [10] for more
details and properties of this class of weights.

In this context we have the following result:

Corollary 5.1 (One weighted inequality). Over the space R™ with n > 2, consider Q2 a function such
that Q € L*(S*1), / Qdo =0 and such that Q € LP(S"') with 1 < p < n and consider the operator

Sn—1

fg assoc;ated to the function ) as defined in . Fiz o > pn—fz—n and fix a real number B such that
<a<p<n.

Fiz 1 < a < p < +oo. Consider a weight w € Ar and assume that a function f : R® — R satisfies
Vfe ./\./la’%n(R”) and assume that Vf € LP(w). Then we have the following weighted inequality

|9

a 1—
ITa(f)llLaqw) < CHQHLP(S”—I)”V]CHZQ,L; IV o

where q = (lfg).
B

Proof. Our starting point is given by the pointwise estimate

w[R

Q=

Ta(£)(@)] < ClQ gosn-1) (M (IVF%) (2))= 7 |V /]

oy

MO F
which we raise to the power ¢, multiply by the weight w and integrate to obtain

([ 1matn@imuteie)” < 1191 s ([ 0450959 @)D w@rae)”

We remark now that, since ¢ = ﬁ we have ¢(L — %) = £ > 1 and we can write
5

o3 o P q
oDl < CIRMarion 971 o ([ M (971 () w(opae)
a B=o
B « B
< Ol IV g 1M (T

10



Since w € Ar and since the Hardy-Littlewood maximal function is bounded in this weighted framework we
obtain :

o B«
B o
ITa() ) < CNRzor ) IV, o VAT
thus, applying the property (5.2]) we finally obtain
o B—a
B aB
ITa(Dllzow) < ClQlLoe IV o VA
o B-a
< Ol IVAI o 1195115
which is the announced estimate. The proof of the corollary is now complete. |

6 Inequalities in Orlicz spaces

We will consider here an extension of the Theorem [2] to the framework of Orlicz spaces. To present these

spaces, we first recall that if a : [0,400[— [0,+00[ is a left-continuous non decreasing function with
t

a(0) = 0, we can consider the corresponding Young function A(t) = / a(s)ds. The Orlicz space L4 (R™)

associated to the Young function A is then defined as the set of measurable functions f : R” — R such
that the following Luxemburg norm

e =int {305 [ ads@l/mi <1}, (6.0

is finite. Of course we can easily see here that if A(t) = ¥ for 1 < p < 400, we recover the classical
Lebesgue spaces. Since the quantity || - ||;,4 is a norm, we have some nice properties: for example, if f, g are
two measurable functions such that |f| < |g| a.e., then we have the order-reserving property

[fllza < llglla-

However, the Orlicz spaces given by (6.1)) with a generic Young function A are too general for our purposes
as we need some structure to perform our computations. First we will need the following rescaling property
as defined in Section 3 of [20]: for any real o > 0, we define the space LA(R") by the condition

LFRY) = {f :R" — R: || fllzagn) < +oo},

where
1lla = inf {/\ >0 / A (1 (2)]/N)de < 1}, (6.2)
R’ﬂ
with A, (t) = A(¢7). With this definition of the functional [ - |4 we have the following identity
A7 = 11124 (6.3)

which will be essential in the sequel. See Lemma 3.2 of [20] for a proof of this fact.

Next, it is classical to impose the Va-condition over the Young functions: indeed, a Young function A is
said to satisfy the Va-condition, denoted also by A € Vg, if

1
< — >
A(r) < 55ACT), 20,

for some C > 1. This condition ensure the boundedness of the Hardy-Littlewood maximal function in the
setting of Orlicz spaces: if A € Vo we thus have

[IMB()llLa < Clfllza,

11



see [0] for a proof of this fact, see also [9, Theorem 2] and the reference there in for more details on the
boundedness of the maximal functions in this setting.

Note that in [7] some Sobolev inequalities have been studied in the context of Orlicz spaces. However,
and to the best of our knowledge, Sobolev-type inequalities with rough operators seems to be new in this
framework. We can thus consider the following result, which is an extension of the Theorem [2] above to the
setting of Orlicz spaces:

Theorem 3. Over the space R™ with n > 2, consider 0 a function such that Q € L*(S"™1), / Qdo=0
S§n—1
and such that Q € LP(S"™1) with 1 < p < n and consider the operator Tq, associated to the function ) as

defined in . Fix o > pnﬁzin and fix a real number 3 such that 1 < a < 3 < n.

1 1
Consider a Young function Al*%(t) = A(te"5) that satisfies the Va-condition. Fiz 1 < a < p < +00

and assume that a function f : R™ — R satisfies Vf € MQ%(R") and assume that Vf € LP(w). Then
we have the following inequality

a

a 1—
[Ta(f)llpa < CHQHLP(S"”)HVJCHZQ,% IIVfHLAff%.

Proof. Once we have at our disposal a good pointwise estimate, the proof is relatively straightforward.
Indeed, from the control

11 o
Ta(£) (@) < ClIQ osn-1) (Mp (IVFI) @)= Z IV o an
by the order-preserving property of the functional || - |4 we have
G 1_1
IZa(lls < ClM Lo IVAIT oan ||(Ms (VM)

now, by the rescaling property (6.3) we obtain

o 1_1
Ta(F)llza < CllQ o I VA o ap 1(M5 (VA

i

Since the Young function A:_ 1 satisfies the Va-condition, the Hardy-Littlewood maximal function is
g

bounded in the Orlicz space L4 ; and thus we can write

™|

a 11
ITa(H)llza < ClIQLon— I VAT, o o0 HVf\aszﬁé :

using again the rescaling property (6.3)) we have

1—

o3
PV

Ta(Pllzs < Cllsien T o op IV 512

@R

which is the announced inequality. The proof of the theorem is complete. |

7 Inequalities in classical Lorentz spaces
For 1 < p < 400 and for w : RT — R™ a weight, we consider there the classical Lorentz space of functions
introduced in [I7] and [18] defined as

1

f*(t)pw(t)dt> "< +oo},

—+00

AP(w) = {f N laray = ( 0

12



where f* denotes the non-increasing rearrangement of f (see [2] for standard notations). Note that if w =1
we have AP(w) = LP and if w(t) = t?/971 with 1 < ¢ < 400, we obtain AP(w) = L9P, where L% are the
usual Lorentz spaces. In this work we will consider the weighted Lorentz space AP(w) such that the weight
w satisfies the B;, condition which characterizes the boundedness of the Hardy-Littlewood maximal function
on AP(w). Indeed, we have w € B, for 1 < p < 400, if there exists C' > 0 such that

+o00 .
/ <%)pw(t)dt < C/ w(t)dt, for all 0 < r < 4o0.
" 0

and we obtain the inequality [[Mpf|[ar@w) < Cllfllar(w), Where C' is depending on the quantity

wla, =sup o ([ 5] ([ weoar)

For more properties of these weights and the associated classical Lorentz spaces see [1], [22] and [4]. A
generalization of the classical Sobolev inequalities is available in [5] but the use of rough singular operators
seems to be new in the setting of classical Lorentz spaces.

In this context, we have the following result.

Theorem 4. Over the space R™ with n > 2, consider 0 a function such that Q € L*(S"™1), / Qdo =0
Sn—l
and such that Q € LP(S*™1) with 1 < p < n and consider the operator Tq associated to the function Q) as

defined in . Fix o > pnﬁzin and fix a real number 8 such that 1 < a < 3 < n.

Assume that a function f : R" — R satisfies Vf € Ma’%n(R"). Fix now a real parameter p such that
1 < a<p<+oo and consider a weight w € Br. Assume now that Vf € AP(w), then we have the inequality

a 1—a
1T (Nl < ClQULos-) IV o op IV Fllxn(uy: (7.1)

where q = =
B

Proof. Just as in the previous results, we start with the pointwise estimate

w[R

ITo(f)(@)| < ClQ osn-1) (M (VA1) (2)= 77 |V /]|

oy

M F

where we have 1 < p <n and 1 < a < < n. Recall that f : R™ — R satisfies Vf € ./\'/la’%n(R”) and that

Vf e AP(w) with 1 < a < p < 400, recall moreover that ¢ = (113 y-

|9

We will use the following properties of the non-increasing rearrangement function.

Lemma 7.1. If f,g: R" — R are two measurable functions, we have
1) if |g| < |f| a.e. then g* < f*,
2) if s >0, then (|f|°)* = (f*)*.

For a proof of this lemma see Proposition 1.4.5 of [I0]. We apply these properties to the previous pointwise
estimate to obtain

o 1 1N\*
Ta(DI" < ClR eIV oap (M (V)77
< Ol )1V, o op (Mp (V7)) 77

<
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We multiplying now the previous inequality by a weight w from the Arino-Muckenhoupt class B» and we
integrating with respect to the variable ¢ to obtain

1 1
400 7 a +o0 . 11 q
([ amroine)’ < clolpe oIV ([ @ Qv o wo)
3 1_1
ITa(Hllra@w) < C”QHLP(Sn—l)vaHjAa,a—éﬂ Mg (’Vf\a)HZq(g,%)(w
o 1 1
< n— B an @ E_E
< oo 9517, o WM (VN

since q(é — %) = g as we have the relationship ¢ = (1%%). We use now the boundedness property of the

Hardy-Littlewood maximal function in the space A« (w) (since w € Bz ) to obtain

a 1 1
< - 7 on e, P
ITa(Hllasew) < ClU Lo IVF o p VAN TR
We can now exploit the second point of the Lemma [7.1] above to obtain
o 1—2
T )y < CIU oIV, o IV o
the inequality (7.1)) is now proven. |
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