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Abstract

In this short article we show a particular version of the Hedberg inequality which can be used to
derive, in a very simple manner, functional inequalities involving Sobolev and Besov spaces in the
general setting of Lebesgue spaces of variable exponents and in the framework of Orlicz spaces.
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1 Introduction and presentation of the results

We study in this article simple proofs for a family of Sobolev-like inequalities using as base
spaces the Lebesgue spaces of variable exponent and the Orlicz spaces.

Let us start recalling that, for a smooth function f : R” — R with n > 1 and for a positive
parameter s > 0, we can define the action of the fractional power of the Laplace operator
(—A)2 over the function f in the Fourier level by the expression

—
~

(=A)2(f)(©) = IEI"f (&), (1.1)

and this definition can be extended to tempered distributions f € S’(R"™) by standard pro-
cedures (see [13, Chapter 6]). For 0 < s < +oo and 1 < p < 400, we can consider
the Sobolev homogeneous space W*?(R") as the subset of S'(R") such that the quantity
£ s gy = |(=A)3(f)||zrrny is finite (a more precise definition of these spaces is given
in Section [2| below).

*Laboratoire de Mathématiques et Modélisation d’Evry (LaMME) - UMR 8071. Université d’Evry Val
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Now, if 1 < p < 400 and 0 < s < n/p we have the following classical Sobolev inequality

[fllze@ny < Clf llvsnn), (1.2)
where the parameter ¢ is linked to the parameters s, p and to the dimension n by the relationship

n
S (which can be rewritten as £ =1 — £), (1.3)
n— sp ¢ p n

Remark 1.1 The condition above can be easily deduced from inequality by homo-
geneity with respect to dilations: indeed consider the function f\(xz) = f(Ax) with A > 0, by a

change of variables one obtains || frl|pa@ey = X || f|| Loeny and [ A3 llirso@ay = A2 | Fllvirsw@ny-
Thus, in order to obtain the estimate for all X > 0, we must have the restriction

—L=s— 1 which s exactly .

Many proofs of this inequality (1.2]) are available in the litterature and this type of inequalities
has been studied in many different settings and admits several generalizations (see e.g. [4], [12]).

It is classical to link the previous estimate to the Hardy-Littlewood-Sobolev inequality: for
1 <p<+4o00,0< s <n/pand if the parameter ¢ is given by the relationship (|1.3)) above, then
we have

[ Ls ()l Larny < Cllfl Loy, (1.4)
where the operator [, is the Riesz potential defined in the Fourier level by the formula

—_— ~

L(F)(€) = [€[7F(8), (1.5)

which is valid for all s > 0 such that 0 < s < n. See [13, Chapter 6] for more details.

Remark 1.2 Let us note that the Fourier representation of the fractional powers of the Laplace
operator (—A)2 given in and of the Riesz potential I given in provides the following
semi-group property for 0 < sg,s1 and for 0 < s9, 83 < n such that so + s3 < n:

(_A>%O[(_A)%l(f>] - <_A)$(f) and Isz US?;(f)] = ]sz+s3<f)' (16>
Moreover we have the identities
L(=A) % (f)] = (~A) 2 [Ly()] = £, for0<so<n, (1.7)
and )
(A2 L, ()] = (AT (f),  for0< s <so<n. (1.8)

All these formulas must be taken in the sense of tempered distributions. See also [13, Ezercice
6.1.1].



With this remark at hand, the relationship between the Hardy-Littlewood-Sobolev inequal-
ity and the classical Sobolev inequality is straightforward: it is enough to consider the function
g = (=A)2(f) in the previous estimate (1.4)) and to use the definition of the operators (—A)2

and I given in (1.1) and (L.5)), as well as the identities ([1.6))-(1.8) in order to obtain the in-
equality (|1.2)).

We recall now that the Riesz potentials I, with 0 < s < n can also be defined in the real
variable by the following expression

L) = ) [ W) gy — K.« fo),

g |7 —y["*

where the convolution kernel K is given by the locally integrable function K(x) : L (see

the book [13] for more details on the Riesz potential). It is worth noting there that‘, |once we
have this characterization of the Riesz potential I,, we can display two easy and straightforward
proofs for the Hardy-Littlewood-Sobolev inequality , indeed, assume that 1 < p < +o0
and 0 < s < n/p:

e the first proof relies in the fact that the locally integrable function K,(z) = —== belongs

|:C|n75
to the Lorentz space L™ (R™) with

n

r =

(1.9)

)
n—s

(see Section 1.1.1. of the book [I3]) and thus by the Young-O’Neil convolution inequalities
(see Theorem 1.4.24 of [13]) if we define the parameter ¢ by the relationship

1 1 1
1+-=-+4 -, (1.10)
q r . p
we can write
[ s()llawny = [[Ks * fllawny < [[ Kl oo @) || fl o @n) (1.11)
S CHf”IJ’(]R"))

which is the Hardy-Littlewood-Sobolev inequality ((1.4)). Note that with the definition of
the parameter r given in ((1.9) and with the relationship (1.10) above, we readily obtain
the condition (|1.3]) between the indexes p, ¢, s and the dimension n.

e the second proof uses two ingredients: first, the boundedness of the Hardy-Littlewood
maximal function M on Lebesgue spaces. Indeed, we recall here that for a locally in-
tegrable function f : R" — R, the Hardy-Littlewood maximal function of f is given
by

1
M(f)(z) = sup E/ |f(y)|dy, where B is an open ball of R", (1.12)
B
and then, for 1 < p < +00, we have the following boundedness property
M ey < OIS e @ny. (1.13)
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The second ingredient is given by the Hedberg inequality [I4] which reads as follows (for
0<s<n/p):

1— 3P

1L () (@) < CM) (@) Nl o - (1.14)
Thus, taking the L9-norm on the both sides of this estimate, we obtain

1-3%P

s ()| aeny < CIIM)

sp
La(R") ||f||£p(]Rn)7

since we have

1—SP 1-2
M) zony = IMUON i)
and noting that by the condition (I.3)) we have the identity ¢(1 — *2) = p, then we obtain

(R™)’

sp s

1— P
L) oy < CUMU i 1 oy

thus, using the boundedness of the maximal function (1.13)) in the Lebesgue spaces we
finally obtain

1-22 sp 1—3P sp
IL(a@ny < CIMO o @m 11| oy < C LI Lo @my 111 £ gemy
< O fllee@nys

which is the Hardy-Littlewood-Sobolev inequality ([1.4)).

Each one of these proofs has interesting applications and corollaries, and the aim of this article
is to develop a variant of the Hedberg inequality in order to study particular versions of
the Sobolev inequalities in two different frameworks: the Lebesgue spaces of variable exponent
and the Orlicz spaces.

The framework of Lebesgue spaces of variable exponent

We are interested here to study some functional inequalities in the setting of the Lebesgue
spaces of variable exponents LPC)(R™) which are defined as follows: first consider a function
p: R" — [1, +o0], we will say that p € P(R") if p(-) is a measurable function and we define

p~ = inf ess {p(x)} and pT = sup ess {p(z)}.
zeR™ zER™
In order to distinguish between variable and constant exponents, we will always denote exponent
functions by p(-), moreover, for the sake of simplicity and to avoid technicalities, we will always
assume here that we have

1<p <p'<+co.

Then, for f : R" — R a measurable function we consider the modular function g,.) associated
with p € P(R") by the expression

o) (f) = / ) | f(2)[P@ dex.

4



Of course, if the function p(-) is constant we obtain the classical Lebesgue spaces and we can
derive from the modular function g, a norm defined by

1o = ( / | f(:v)\pd:c)p

As we can easily guess from the fact that p(-) is a function, we cannot simply replace in the
previous formula the constant exponent }—17 outside the integral by 1% and in order to overcome

this issue we consider the Luxemburg norm given by the expression

| £ 1l oty mny = inf{A > 0: 0,y(f/A) <1}, (1.15)

and we will define the spaces LP()(R") as the set of measurable functions such that the quantity
” : ||LP(')(R71) is finite.

Although the spaces LP()(R™) have some nice structural properties (derived from the fact
that they are normed spaces, see the books [8], [10] for more details), some of the usual tools
between these spaces are delicate to use and thus, if we want to study Sobolev or Hardy-
Littlewood-Sobolev inequalities in this framework, some slightly different ideas must be used.

For example, the approach based in convolution given in (I.11]) seems hard to display as
the Young inequalities for convolution are not available in general, indeed, if p € P(R™), it is
known that the estimate

1f * gll oy @ry < Clf oo @ny |91 21 7Y,

holds true for all f € LPO(R™) and all g € L*(R") if and only if p(-) is constant. See Corollary
3.6.4 of [10], see also Theorem 5.19 and Example 5.21 of the book [§] for a proof of this fact.
However, let us mention for the sake of completeness that some weak versions of this convolu-
tion inequality are available: see Proposition 5.20 of [§], or Theorem 3.6.5 of [10].

On the other hand, a direct adaptation of the Hedberg inequality to this framework
will inevitably introduce some variable exponents which have to be studied carefully and make
the proof much harder. Moreover, some extra assumptions on the function p(-) are needed
to obtain the boundedness of the Hardy-Littlewood maximal operator M (which is the key
argument of this approach). Indeed, we will say that a measurable function p € P(R™) belongs
to the class P9(R") if we have

_ ‘< ¢
p(z)  ply)| ~ logle +1/]z —yl)

1 1
’ for all x,y € R",
and if

’L L ¢ for all z € R",

pl) E‘ ~ log(e + [x])
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where pi — lim —~. See Definition 4.1.1 and Definition 4.1.4 of [10].

o0 \x|—>+oop(w)

Thus the condition p € PYI(R") ensures the fact that the Hardy-Littlewood maximal
function is bounded in the Lebesgue spaces of variable exponents:

M ooy @y < ClFI Lo ey p € P(R™).

See Theorem 4.3.8 of [10] for a proof of this estimate.

With this boundedness property, it is possible to generalize the Hedberg inequality in the
setting of the Lebesgue spaces of variable exponents. This strategy to obtain Hardy-Littlewood-
Sobolev inequalities was (to the best of our knowledge) first displayed in [5]: if 0 < s < n/p™
is a parameter and if p € P9(R"™) is a measurable function such that 1 < p~ < p* < 400 then
we have the inequality

I Ls(F)ll Loy ®ny < ClF oo @y, (1.16)

where the function ¢(-) is given pointwise by the relationship

S (1.17)

1
g(z) plx) n

and we can see that this previous condition is the “variable exponent” version of the relationship
(1.3]) stated before. Of course, from this estimate and using standard arguments we can derive
the usual Sobolev inequality in the setting of Lebesgue spaces of variable exponents:

||fHLq<~>(Rn) < CHf”WS»P(')(]R”)a
where we have [|fllyis.00 @) = (=2)2 ()l oo -

Let us remark that in order to obtain (L.16)), the authors of [5] develop a very interesting
theory related to fractional maximal functions. In particular, they use some loca]E| Hedberg-like
inequalities for this type of operators (see the details in Proposition 3.3 of [3]) since unbounded
versions of these arguments introduce some problems as mentioned in Example 3.4 of the cited
article.

To circumvene these problems, another proof of the Hardy-Littlewood-Sobolev inequalities
was given in the book [10] and it relies in a different version of the Hedberg estimate. Indeed,
under the condition above for the functions p(-), ¢(-) and with p € P!?9(R"), the following
inequality (see [10, Lemma 6.1.8.]) is obtained for functions such that || f||;») < 1:

|L,(f)(@)|"? < OM(f)(@)P + h(z), @ €R", (1.18)
where ¢(-) satisfies (1.17)) and h € L' N L>=(R") is of the following form

h(z) =~ M ((e+ |z|)™™) (@)P + (e + |=|)~™, with m > n.

Li.e. in bounded domains.



As we can see, this version of the Hedberg inequality in the setting of Lebesgue spaces
of variable exponents is slightly different from as a function h appears in the right-hand
side. However, and despite of this extra term, with the pointwise inequality the estimate
(1.16) can be easily deduced (see [10, Theorem 6.1.9.]).

In this article we will present a simpler version of the Hedberg inequality that will lead us
to a mixed variable-constant Sobolev inequality.

Presentation of our results

Our main result gives an alternative version of the Hedberg inequality ((1.14)) which is, to our
belief, more natural than ((1.18) in view to obtain generalized Sobolev embeddings:

Theorem 1 (Modified Hedberg Inequality) Consider two positive parameters s,s; such
that 0 < s1 < s < n and consider a smooth measurable function f : R* — R that belongs to
the Besov space Bo’oﬁ’oo(]R”) for some B > 0. Then we have the following version of the Hedberg
mequality

(=A)2 (H@)|77 < OM ((-D)5(f)) (@ )IIfIIB .00 (g (1.19)
where the parameter 0 < 6 < 1 is given by the relationship

S — 81
B+s

Let us note that, contrary to the usual Hedberg inequality or to the version (1.18]) with
variable exponents given above, all the exponents here depend only on the parameters s, s1 and
§ which are constants. Note also that the Lebesgue norm || - || zp@ny in is now replaced
by a Besov norm || - || 3-s..c which will allows us to perform simpler computatlons See formula
- below for a precise definition of this Besov space.

This inequality will lead us, via simple arguments, to the following estimate.

Theorem 2 (Sobolev-like inequalities) Let p € P°8(R") with 1 < p~ < p* < +o0 and

let 0 < s < n/p". Consider f : R" — R a measurable function such that f € WePO) (R™)

and f € BZP>(R") for some 3 > 0. For any fived s; > 0 such that 0 < s; < s we define

0= % <1landq(-)= %. Then we have f € W*I1O(R™) and the following inequality holds
oy < CUFIG o gy 11y g

This type of inequalities are quite useful in the field of PDEs and can be inserted in the global
family of Gagliardo-Nirenberg estimates. In the classical setting of constant coefficients, these
estimates are more precise and robust than the usual Sobolev inequalities and they are often
known as improved Sobolev inequalities or refined Sobolev inequalites, see [2], [16], [I12] and the
references there in for some applications of these estimates.



In the setting of Lebesgue spaces of variable exponents, we will give two different proofs of
this inequality: the first proof will use the modified Hedgberg inequality (1.19) above while the
second proof will use the Littlewood-Paley theory and it will be given in the Appendix [A]

To the best of our knowledge these results are new in the setting of Lebesgue spaces of
variable exponents (and in the setting of Orlicz spaces that will be studied in Section |§| below)
and we will see that we can derive from these estimates some inequalities that may have their
own interest.

Indeed, if p € P°9(R") is a variable exponent with 1 < p~ < p™ < 4ooand 1 < p < +o0
is a constant, we consider the intersection space Eg(')(R”) = LPO(R™) N LP(R™), that can be
normed by quantity

- 1 g0 ey = max{[] - s @y Il - [l2w ey 3 (1.20)
of course, if p(-) = p, we have LV(R") = LP(R™).
In the same spirit, with p(-) and p as above and for 0 < s < +oo we define the mixed-

norm Sobolev space Sg’p(')(]R”) = W#PO)(R") N W*P(R"), which can be characterized by the
functional
I

With this notation, a simple corollary of the previous theorem is the following one:

520y = W51 sy | ipongen - (121)

Theorem 3 (Mixed Sobolev inequalities) Consider a constant exponent 1 < p < 400
and a variable exponent p € PY8(R™) such that 1 < p~ < pt < 400 and fix a parameter

0 < s <min{n/p",n/p}. Assume that f € S;’p(')(]R”), then we have the inequality

1oty @y < ClIf]

SS:P(')(Rn)a

where § = 2 and where the function o(-) satisfies the following condition

o) = 20 (1.22)

n—sp

Another corollary of Theorem [2] is the following:

Theorem 4 (Mixed Hardy-Littlewood-Sobolev inequalities) Consider a constant expo-

nent 1 < p < 400 and a variable exponent p € P8(R™) such that 1 < p~ < pT < +oo and fix

a parameter 0 < s < min{n/p™,n/p}. Assume that f € ﬁg(')(R"), then we have the inequality
s ()l oo @y < CUF 220 ) (1.23)

where 8 = % and the function o(-) satisfies the same condition .
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Let us remark that if we set p(-) = p we recover the classical Sobolev inequalities in the
framework of usual Lebesgue spaces. We note also that, since no simple description seems to be
available in unbounded domains of the intersection of a classical Lebesgue space with a variable
exponent one (here p needs not to be related to p~ or p*), we believe that these mixed-norm
results can be useful in some applications.

Outline of the article

The plan of the article is the following: in Section[2] we introduce the Lebesgue spaces of variable
exponents and their main properties, in Section [3| we give a proof for Theorem [I} In Section
we give the proofs of Theorem [2] and in Section [5] we give the proofs of Theorem [3] and [ In
Section [6] we study these results in the framework of Orlicz spaces and finally in Section [7] we
will give some possible extensions of our work.

2 Functional spaces of variable exponents

We give in this section the precise definition of all the functional spaces involved in our theorems.

e Lebesgue spaces of variable exponents. We have already seen in the introduction
that for a measurable function p € P(R") we can define the Lebesgue space LP()(R") as
the set of measurable such that the Luxemburg norm || - || zo¢)gsy given in is finite.
Here are some useful properties of these spaces:

(i) As the quantity || - || 1»¢) gy is @ norm, for all constant A € R we obviously have the
identity
IAF oo ey = IAL LNl oo gy (2.24)
(ii) The Luxemburg norm is order preserving: if f,g € LP)(R™) are such that |f| < |g|
a.e., then we have

||f||LP(')(R") < ||g||LP(')(]R”)7 (2.25)
see [8, Proposition 2.7].
(iii) Another particular feature of the Luxemburg norm for Lebesgue spaces of variable

exponent is the following: for all real parameter o > 0 such that p% < o < +00, we
have the identity

A1 gy = 1 1% - (2.26)
See [8, Proposition 2.18] for a proof of this fact.
For a more detailed study of these spaces see the books [§] and [10].

e Sobolev spaces. For a measurable function p € P(R") such that 1 <p < pt < +o0
and for a positive index 0 < s < n/p*, we define the Sobolev spaces W*P()(R") as the
closure of smooth functions with respect to the functional || - ||j;.».) Which is given by:

1F e @y = 1(=2)2 ()l o my. (2.27)

9



Now, if k is an integer and if we have o5 Tk <s <&+ k+1 then we shall define

the homogeneous Sobolev space Ws’p(')(]R”) as the set of tempered distributions, modulo
polynomials of degree k, such that quantity (2.27)) is finite.

This precaution in the definition of the homogeneous Sobolev spaces is necessary because
the functional is only a semi-norm. Remark in particular that we always have the
condition 0 < s < n/p* in our results. Of course this definition remains the same for
Sobolev spaces of constant exponents.

e Besov spaces. There are many different (and equivalent) ways to define these spaces and
we will use the following thermic characterization. Indeed, we will define the Besov spaces
of indices (—f3, 00, 00) that appear in the previous inequalities as the set of tempered
distributions such that the quantity

B
£l oo emy = st%) t2 ||y * f| Lo (mny, (2.28)

if finite. In the previous formula h; is the heat (or gaussian) kernel. See [13], [19] or [21]
for more details and equivalent characterization of Besov spaces. Among many properties
of the functional || - || 5-s. defined above, we will use the following property which is valid
for any s > 0:

(G V)] [ SY 7] PP (2.29)

3 Proof of Theorem (1

Recall that we have 0 < s; < s. We start using the Riemann-Liouville characterization of the
positive powers of the Laplacian: for any integer k > s/2 > s;/2 > 0 we can write

32 1 e k=311 k
CNENE@) = g [ A e Dl

P
where hy(r) = — e~ with ¢ > 0 is the usual gaussian kernel. Now, by introducing a
(4mt)2

cut-off parameter T' that will be defined below we have

0NN S ey ([ A G e
b [T s D). 63

T

We will study these two integral separately and first we will use the following classical result:

Lemma 3.1 Let f € L, .(R") and p € S(R™). We denote by M (f) the mazimal function of

loc

f (with respect to ) which is given by the expression

Mo(f)(a) = sup{lf (@}, with pu(x) = " 2p(t” o),

10



If the function ¢ is such that |¢(z)| < C(1+|z|)~""¢ for some e > 0, then we have the following
pointwise inequality

M (f)(x) < OM(f)(2),
where M(f) is the Hardy-Littlewood maximal function defined by .

For a proof of this lemma see [13, Theorem 2.1.10].

With this lemma in mind we will study the terms inside the first integral of (3.30]). Indeed,
since k > s/2, we remark that we have the identity

(=) (he* f) = (=A) 5 (hy) % (—A)2(f).

Now, by homogeneity we obtain the identity

(=A) 72 () () =t 5 ((=A)2he) (2),

and if we denote the function ¢; by

(@) = ((=0)*72he) (),

we have that ¢, () = t /2 (t~1/2x), moreover, since the heat kernel h; is a smooth function,
with the previous notation we obtain the estimate |p(z)| < C(1+ |z|)™" °. Then we can write

s

(=2)"(he * f)(x) =t 2% (=A)3(f)(2),

and applying the Lemma we have the following pointwise inequality

[(=2)(he  f) ()] = (=2)=(f) ()]
<t ’HQSHP{I%*( A)E(F)()]} =t M (f)(2)

< Ot—k+2M (=2)2(f)) (x). (3.31)

Next, we study the terms inside the second integral of ([3.30) m ) and we simply use the fact that
(=) (he  f)(@)] = [he + (=A)*(f)(2)] < Ct7

which is a consequence of the definition (2.28) of the Besov spaces B f=2ko0(R™), Then we use
the equivalence ([2.29 - to obtain

( ) (f)”B*B*?kvOO(Rn)a

[(=A)(he % f)(2)] < Ct7 (3.32)

(R

With these two inequalities (3.31]) and (3.32) at hand, we apply them in (3.30) and one has
51 C T k=51 1, k+3 s
2R R M (= A)2 () (z)dt

F(k’ — 81/2)
ST dt)

“+oo
+ / =3 -1=F
T

< ﬁ <T%M ((_Aﬁ(f)) (z) +

(Rn)) :

11



We fix now the parameter T by the condition

(M,
T_<M((—A)5(f))(:v)> ’

and we obtain the following inequality

(AN < M (=) T @I e
Since sﬂjl = 6 we have
N < M D)™ @ oy
from which we deduce
() F (@)™ < CM((~8)H0) @I gy

4 Proof of Theorem 2

The starting point of our proof is given by the modified Hedberg inequality (1.19) given in
Theorem [T}

1

(=A)2 (H@)|77 < CM ((-A)5(f)) (@ )IIfIB b0 ()’

Now we apply the norm || - || »» on both sides of the previous inequality to obtain

< O e g IM (=203 () s

71 _1
| p) |1—e

Lr() (R

Note that by the identity (2.26) we have |[|f|*]| o) @n) = [/ 1) gny With p% < «, thus since

L < A (recall that 0 < 6 <1 and 1 < p~), we can write
p

1
-6

l-a)% () < O M (~2)31) oy

Lp()/(1-0) (Rn)
and since by hypothesis we have ¢(-) = p(-)/(1 — 6), we obtain

1
1-0

2% < CUFIE e gy M (- )3())

but since p € PI(R"), then the maximal function M is bounded in LP)(R"), and taking the
(1 — 0)-power of the previous inequality, we have

|22 LA e g =) E DI

which is the desired estimate. [ |

Lq(-)(Rn

Lat )(]Rn)
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5 Proofs of the Theorems 3 and 4

The proof of this theorem is based on the conclusion of Theorem 2] and on several embeddlngs

between spaces of variable exponents. Indeed, since by hypothesis we have f € Ss 2() (R™)
(which is defined in (1.21)) then, in one hand, we have f € W*P(R") with 0 < s < n/p, and
due to the usual Sobolev embeddings we get

W*P(R") C L"(R") with = = g — s,

r

moreover, we also have the space inclusion
(TN 5—B,00 (TN : n
L"(R™) C B.*°(R™) with g = —,
’

(see [21] for a proof of this fact, see also [2, Chapter 2] for more details), from which we obviously
get ‘ .
W*P(R") C BL/(R"),

where § = 2 — s and thus we have f € BZ%>°(R").

Now, in the other hand, since we have f € W*PO)(R") where 0 < s < n/p*t and where
pE Plog(R”) with 1 < p~ < p*™ < +00, we can apply Theorem I with s1 =0, § = 2 — s and

0 = = 2 to the function f € WP (R™) N BZ7*°(R™) to obtain

< Ol e 1 s gy
< ClF e gy 1 s ey (5.33)

6+S

11| Lo rca-o gy

where in the last line we used the embedding W*?(R") € B> (R") obtained previously.

We define now o(:) = % but since 1 — 6§ = *= we have o(-) = Z’_’g; and recalling the

given in (|1.21]) and we easily obtain

definition of the quantity || - || ¢«.sc)
p

(R™)

[fllLetr@ny < CIIF

which ends the proof of Theorem |

S;,p(‘) (Rm)?

Proof of Theorem . From the estimate ([5.33]), the Theorem (4| follows easily: indeed,
replacing formally f by I(f) we have

1 ()l oo @ny < CUFIL0 @ 1120 @ (5.34)

and by the definition of the quantity || - || 0 gy 1ven in ([1.20) we obtain the wished estimate
P

(1.23) and Theorem [4]is proven. |
Remark 5.1 Observe that the previous estimate can also be obtained by interpolation.
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Indeed, from the hypotheses of Theorem , i.e. f€ LPU(R™) and f € LP(R") we can deduce
from the usual Hardy-Littlewood inequalities ((1.16)) and (1.4]) that

1L (F)l e @ny < Cllfllerwny  and ([ L(f)|lagny < Ol fl|Lr@n),

where ¢(-) = £ (p'%) and q = £ o thus, applying the complex interpolation theory (see Theorem

3.47 of [8]) we can recover the space L°)(R") and the estimate (5.34) above.

6 Orlicz spaces

We consider here another generalization of the usual Lebesgue spaces where Sobolev inequali-
ties have been studied. Indeed, in the framework of Orlicz spaces, some variants of the Sobolev
inequalities (|1.2) and the Hardy-Littlewood-Sobolev inequalities ([1.4)) are available (see e.g. [T],
[17] and [9]) and their proofs also rely in suitable versions of the Hedberg inequality (1.14)).
Let us recall that if a : [0, +00[— [0, +00] is a left-continuous non decreasing function with

t
a(0) = 0, we can consider the corresponding Young function A(t) = / a(o)do and then the
0

Orlicz space L4(R™) associated to the function A is defined as the set of measurable functions
f:R" — R such that the Luxemburg norm

112y = inf{A >0 / A () N < 1},

is finite. The previous expression is of course very similar to (1.15)) and as we can easily see
here that if A(t) = t? for 1 < p < +o00, we recover the classical Lebesgue spaces. Since the
quantity || - || LA®n) 1S @ norm, we can expect some usual properties: for exemple, just as in

(2.24), for a constant A € R we have

[IAfllza@ny = AL flLan),

and if f, g are two measurable functions such that |f| < |g| a.e., then we have the same order-
reserving property given in ([2.25)

1 fllcawny < |lgllzamn)-

However, the property (2.26) for the Lebesgue spaces of variable exponent should be handled
more carefully and for this we will use the following rescaling property as defined in Section 3
of [18]: for any real o > 0, we define the space L4(R") by the condition

LIRY) ={f :R* — R: | fllramn < +o0},
where

| fllca@®ny = inf {)\ >0: . Ao (| f(2)]/N)dx < 1} , (6.35)
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with A,(t) = A(t7). With this definition of the functional || - || 4®») we have the following
property:

17 za @y = 1178 @n)- (6.36)
See Lemma 3.2 of [I§] for a proof of this fact.

Again, and just as for the Lebesgue spaces of variable exponent considered before, most of
the usual tools and inequalities are harder to use in the setting of Orlicz spaces than in the
classical framework as they strongly depend on the properties of the Young function A.

In order to study Sobolev inequalities, the approach displaying some adapted versions of
the Hedberg inequality is commonly used and this requires two ingredients: the boundedness
of the maximal functions and some point-wise estimate. For the first ingredient, it is classical
to impose the following restrictions over the Young function A: a Young function A is said to
satisfy the Vy-condition, denoted also by A € V,, if

1
< — >
A(r) < 2CA(CT), r >0,
for some C' > 1, then if A € V5, we have

M agny < CllLfIlLagn),

see [6] 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.

Once we have at our disposal this boundedness property for the maximal functions, the
Sobolev inequalities can be studied via suitable versions of the Hedberg inequality. Indeed, in
[7] the following pointwise Hedberg-type estimate is proven

M(f)(x)
11l )

where the function H; is defined by the formula

no = ([ (i) )

thus, setting A,(1) = A(Hy(7)™!) for 7 > 0, the following version of the Hardy-Littlewood-
Sobolev inequalites are obtained:

s (N)lzas @y < ClIfllLagn-

Another method to obtain Hedberg-type inequalities is displayed in Theorem 7.1 of [17], where
some inequalities involving fractional Riesz potentials are obtained.

L(f)(x) < Ol fllpamn Hs ( ) : for 0 < s < n, (6.37)

Let us remark now that, contrary to the inequality , the modified Hedberg inequality
proposed in this article does not require the presence of any suitable Young function
and this special structure allows us to obtain in a very straightforward manner the following
inequality:

15



Theorem 5 (Sobolev-like inequalities for Orlicz spaces) Let A be a Young function such
that A € Vy. Consider f : R® — R a measurable function such that (—A)z(f) € LA(R")

and f € B‘BOO(]R") for some 8 > 0. Define § = % <1 for 0 < sy <s. Then we have

(=A)3(f) € L(1 o)(R™) where the space Lé_e)(]R") is defined as in (0.35)-(0.50). Moreover,
the following inequality holds true

[S17Y

I8 (Dl @ < IR0 1 oo g (6.33)

Proof. The arguments follow very closely those given in Section 4] and we given them for the
sake of completeness: from inequality (1.19) we have

N|w

0 (H@)[E < OM(~2)3() @I g

and we apply the Luxemburg norm || - |4 associated to the Young function A on both sides of
the inequality to get

fi-a

We use now the rescaling property (6.36)) to obtain the identity

m\,_,

. < O g IM (- )E()) L
=AY (AT pa@n = 1A F DI gy

and since A € Vs, the Hardy-Littlewood maximal operator is bounded in the space L*(R"),
we can write

I(=2)7 (f )H CHfIB e gy | (=) E (D) 24 gen)
which is the desired estimate 1} [

Remark 6.1 Of course, if s; =0 we have the estimate

[N

||f||LA

(1-6)

®n < C[l(=4A)

( )HLA R7) ||f||B 8,00 (Rm)’

which constitutes a new variant of the usual Sobolev inequalities in the framework of Orlicz
spaces.

To end this section, note that in Lemma 9 of [9] a variant of the inequality for generalized
fractional integral operators is obtained where the function H is replaced by a suitable Orlicz-
Morrey space of the third kind (see Section 5-6 of [9]). This result is in some sense close to
ours (the function Hy is replaced by another functional space) but the technics displayed in the
mentioned article are very different from our approach.
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7 Some possible generalizations

The modified Hedberg inequality (1.19)) and the subsequent Sobolev-like estimates can be ap-
plied in several settings. In this article we studied Lebesgue spaces with variable exponents
and Orlicz spaces over R" but we also can consider the following frameworks:

e Instead of the usual base space R", it is possible to consider stratified Lie groups G such
as the Heisenberg group (see [20] for the details).

e As long as the boundedness of the maximal function is preserved, several type of weights
can be considered in the previous inequalities. See [10, Chapter 5] for a generalized
Muckenhoupt condition in the setting of Lebesgue spaces of variable exponents. See [15]
for a theory of weighted Orlicz spaces.

A Appendix

An alternative proof of Theorem [2 relies in the characterization of the Lebesgue and Sobolev
spaces of variable exponents using the Littlewood-Paley decomposition. In the classical set-
ting, the representation of these spaces using dyadic blocs is well known (see the books [2] and
[13]). For spaces of variable exponents, this theory is given in [I], see also Chapter 12 of the
book [10]. Let us point out that the identification of the spaces given by a Littlewood-Paley de-
composition with the spaces used here (in the non-homogeneous case) is done in the article [L1].

Let us briefly recall the Littlewood-Paley decomposition: consider ¢ € S(R",R) such that
P& = 11if | < 1/2 and P(¢) = 0 if [§] > 1 and for j € Z define the function ¢; by
the expression ¢;(z) = 279"¢(279x). Consider the function ¢ which is given by the formula

D(€) = B(€/2) — B(€) and for all j € Z we set 1;(€) = Y(279€) = Fj11(€) — $;(€), we have then

Zij(f) =1 forall £#0.

JEZ
Now, for all j € Z, the dyadic-bloc operator A; is defined by the formula A;(f) = f % ¢; and

we have the formula
f - Z A](f)?
jez

where the convergence of the sum must be considered in §’(R"™) modulo the polynomials C[X].

Now for p € P(R") such that 1 < p~ < p* < 400 and for 0 < s < 400, we have the
following characterizations of variable exponents spaces: for all f € §'/C[X] we have

and ||f||wsﬁp(-)(ngn)2 (2228j|Aj(f)($)2>

JEL

£l £ee) (mny = (Z|Aj(f)(x)|2)

JEZL

Lr() (Rn) LrO) (R™)
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Note that the spaces WW(')(R”) given above are defined modulo the polynomials and thus they
are not equivalent to the spaces W&p(')(R”) given in . However, in the framework of the
Theorem [2| we are considering functions that also belong to the Besov space BZ#>°(IR"), which
can be characterized by the equivalent quantity

£l e ey == sP 27 AG () oo ey, (A1)
J

and this fact allows us to avoid this unpleasant issue related to the different definitions of ho-
mogeneous spaces as we have the equivalence of space Wept) N B0 ~ Wspl) n B A,

With this short introduction, we can proof Theorem [2| using the tools related to the
Littlewood-Paley decomposition. We start with the following interpolation result

Lemma A.1 Let (a;);ez be a sequence and set s = (1 —0)sg+6s; with 0 < 0 < 1 and sy # s1.
Then for all r 1,19 € [1,+00] we have the interpolation estimate:

2 < Cll2%a 17127 a5

See [3] for a proof of this interpolation inequality.

If we apply this lemma to the dyadic blocs A;(f) with s; = (1—6)s+60(—5) and r = r; =2
and 79 = +00, we obtain

(Z 22413 A ( f)(:c)|2> < C (Z 22 !Aj(f>(:c)l2>

NI

(sup 21,10 -

jez jez JEL
< C (Z 228j|Aj(f)(fU)|2> Hf| P (R
jez

where in the last line we used the characterization of the Besov space Bz%*(R") in terms of
the dyadic blocs given in (A.1). Now, we take the Luxemburg LP)-norm to get

1

’ <c <Z2Z”|Aj(f)|2> 1715 % gy

Lr() (Rm) JEL LP() (Rn)

D=

Z2251j|Aj(f)l2>

JEZ

Then, using the property (2.26]) we obtain

[NIES

(Z 92s1] |A](f) |2> |

; 2()
Jez LT-0 (Rn)

(Z 22sj|Aj<f>|2) 115 g

ez LP() (RP)

2Polynomials are excluded here and this fact can be easily seen from the characterization (2.28) of Besov
spaces.
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To finish, we recall that ¢(-) = (_9 and using the characterization of Sobolev spaces via the
Littlewood-Paley theory we can write

1 Ihsracr @y < CHEIne ey 1 I =00 oy
|

Remark A.1 Let us note here that this second proof of the Sobolev-like estimates relies in the
Littlewood-Paley theory which is available in the setting of Lebesgue spaces of variable exponent
over the euclidean space R™. But this is not always the case if we consider general spaces over
other spaces than R™. In this sense the first proof based in the modified Hedberg inequality
1.19) seems more robust and simple to display.
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