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ABSTRACT. The study of what we now call Sobolev inequalities has been stud-
ied for almost a century in various forms, while it has been eighty years since
Sobolev’s seminal mathematical contributions. Yet there are still things we
don’t understand about the action of integral operators on functions. This is
no more apparent than in the L! setting, where only recently have optimal
inequalities been obtained on the Lebesgue and Lorentz scale for scalar func-
tions, while the full resolution of similar estimates for vector-valued functions
is incomplete. The purpose of this paper is to discuss how some often over-
looked estimates for the classical Poisson equation give an entry into these
questions, to the present state of the art of what is known, and to survey some
open problems on the frontier of research in the area.
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1. INTRODUCTION

One of the starting points for many interesting questions in harmonic analysis
is a classical problem from the field of partial differential equations, the Poisson
equation: Given f € LP(RY), find u € L}, (R) such that

loc

(1.1) —Au=f in R?
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in an appropriate sense. Of course, to compute a distributional solution to (1.1) is
not the difficult part of the problem, as we discuss! below in Section 2. The main
point is that with such a solution we want certain a priori estimates. The three
most basic estimates (and let us for the sake of discussion assume d > 3 here) one
can ask for are the inequalities

1 1 2
(12) ||u||Lq(]Rd) S CHf”LP(Rd)a a == E — E’
’ 1 1 1
(1:3) IVl < Mg, =7~ 5 and
2 " 1 1
(14) IV uloge) < Ol ooy, 5 =7

Then the classical results concerning (1.1) are that
(1.2)  holds whenever 1< p <d/2,
(1.3)  holds whenever 1< p<d,
(1.4)  holds whenever 1< p < 400,

while in the case p = 1 one has a counterexample that shows all three of these
inequalities are all false. This raises two natural questions. Firstly, one poses

Question 1.1. If one insists to obtain estimates for u, Vu, and V2u in terms of
£l 1 (ray, what are the best possible spaces for such estimates?

We can give a fairly satisfying answer to this question by replacing the usual
Lebesgue spaces with weak-type spaces, which are now commonplace in harmonic
analysis. In particular, observe that Chebychev’s inequality leads one to a natural
quasi-norm of the functions we wish to estimate with the right scaling

supt|{|u| > ¢}/ < ju) sz gay,
t>0
iggtl{\vﬂ > D/ < |V s (ray,
iugtl{IV%\ >t} < | V?ull g1 ra)-
>

Thus, while it is not possible to control the right hand side of these inequalities by
lfIl L1 (e, one might try to obtain estimates for the left hand side. This can indeed
be accomplished, that one has the inequalities

(1) sup {Ju] > )]/ < Ol fll s ey
t>0
(16) sup {| Yl > (/% < ) f 1o
t>0
(1.7 sup (V2] > 1}] < € s e

The estimates (1.5) and (1.6) can be obtained by some ideas in the 1956 paper
of Zygmund [50] detailing and extending some results of Marcinkiewicz, while the
estimate (1.7) is in earlier work of Calderén and Zygmund from 1952 (see Lemma
2 in [11]).

LOur interest here is more than pedagogical, as our derivation gives rise to a new representation
of the solution in the case d = 2, which was originally proved by the author and R. Garg in [17,18].
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This gives a fairly satisfying answer to Question 1.1, and in fact it is the best one
can hope for on the natural Lorentz? scale. On the other hand, one could attempt
to strengthen the hypothesis of the theorem for p = 1 to obtain an analogous result
to the case p > 1, which can be asked as

Question 1.2. If one insists to obtain estimates on u, Vu, VZu in the Lebesgue
spaces which scale correctly with || f[|1(ray, what are the optimal assumptions to
place on f to ensure such estimates hold?

Concretely we are here asking what should one utilize for the right-hand-side in
the inequalities

2

9

[wll Lasa—2) (ra)

IA A

2

IVull Las@-1 gay 8
IV2ull 1 gay < 7.

Now for a replacement of (1.4) it was subsequently understood that if one assumes

f € H'(R?), the real Hardy space, then one has the estimate

[V2ull 22 may < C” | 132 ey
and for a number of reasons this is a satisfactory answer. However, this also led to
replacements of (1.2) and (1.3) in terms of the Hardy space,

(1.8) [ull pasca-2 ray < Cllf o may
(1.9) IVull as@-1 @ay < C'|| fllper mey,

and the main new directions we are interested in here stem from the fact that these
embeddings are not optimal.

To discuss this lack of optimality let us cast the problem in a slightly more
general setting, introducing the Riesz potentials

1 fy)
Inf(z) = / dy,
=300 o T =yt
for v(«) (defined in Section 2) such that they satisfy the semi-group property
IaIBf = Ia+/3f

for a, B € (0,d) and a+ < d and f sufficiently nice. Then the solution to Poisson’s
equation in the case d > 3 is simply

u:Iva

while more generally we have a notion of integration in several dimensions which
allows one to integrate a suitably decaying function by order a € (0, d). In contrast
to iterated one dimensional integration, this integration is by construction radial,
taking values of a function on spheres and giving them equal weight to the value of
the potential at the center, closer spheres being weighted more heavily.

In this framework we can write one fundamental estimate from which one can
easily obtain (1.2), (1.3), and (1.4) in the case p > 1, the following theorem about
integrals of the potential type due to S. Sobolev [38] in 1938 (see below in Section
3 for a deduction of the inequalities (1.2), (1.3), and (1.4) from this theorem).

2We discuss some of the value of the Lorentz spaces in Section 5.3 below, where we also discuss
stronger versions of the Lebesgue results presented here in the Introduction.
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Theorem 1.3. Let 0 < a < d and 1 < p < d/a. Then there exists a constant
C =C(p,a,d) > 0 such that

(1.10) o fllLaray < CllfllLr(ray
for all f € LP(R?), where

As in the case of the inequalities (1.2), (1.3), and (1.4), no such inequality can
hold in the case p = 1. The counterexample here is the same as before, and as it is
instructive for our discussion, let us here detail it. Let us suppose one had such an
inequality for all f € L'(R%), and let {f,} be a sequence such that f,, = §;. One
can take, for example, f,(z) = mXB(O7%)(z). Then

o frllLa@ey < Cllfnllr®ay = C,
while

1 1

Iafn —>Ia*50 7(04) |:l?|d_o"

as the Dirac delta is the identity for convolution (this can also be verified to hold

almost everywhere by the Lebesgue differentiation theorem). Thus Fatou’s lemma
would imply

2] e
A T | gy
but as ¢ = d/(d — «), this would mean
1 (d—a)/d 1 |Yd=e) (d—a)/d
Jroo—(/Rdex) _</]Rd|x|d_a d:c) < Cy(a),

which is absurd.

By making a stronger assumption, an extension of Theorem 1.3 to the case p =1
was proved by E. Stein and G. Weiss in 1960 (see [43]). In particular their result
implies the following

Theorem 1.4 (Stein-Weiss). Let o € (0,d). There exists a constant C = C(a, d) >
0 such that

(1.11) o fllas—o)(ray < C (1Nl 22 ay + ||RfHL1(Rd;Rd))

for all f € LY(R?) such that Rf := VI, f € L*(R%;R?)

Remark 1.5. The condition f € L*(R?) and its vector-valued Riesz transform Rf :=
VI f € LY(R%RY) is the original definition of the real Hardy space H!(R?) in
several variables due to E. Stein and G. Weiss in [43]. One now has a number of

equivalent definitions, for example, in terms of maximal functions [15] or via an
atomic decomposition [12,28].

How can such a theorem hold in light of the failure of the inequality (1.10) for
p =17 Well, formally one has

X
Rby = Ca [ [aFT ¢ Lio.(RY),
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so that both the left-hand-side and the right-hand-side of the inequality blow up
along such an approach sequence as constructed above.

The fact that the L'-norm of the Riesz transform term blows up, and not the
L'-norm of the function itself, might suggest a possible improvement to such an
inequality in the removal of the term || f|/1(rs). However one also has a more
convincing argument of this fact which comes from an inequality arising in PDEs. In
particular, let us recall that E. Gagliardo [16] and L. Nirenberg [31] had proved the
inequality (for d > 2, the case d = 1 being an easy consequence of the fundamental
theorem of calculus):

lull Las@-1 Ray < Cl|Vull L1 (ma;ra)
for all u sufficiently nice. The choice u = I f yields
11 fllpasca— (way < CIRf[ L1 masra,

which improves (1.11).
Thus one can improve the estimate of Stein and Weiss for 17, and so one wonders

Question 1.6. Can one make a similar improvement for o € (0,d)?

The first observation in this regard is that if & € [1, d), the semi-group property of
the Riesz potentials, Sobolev’s inequality (1.10), and the inequality of E. Gagliardo
[16] and L. Nirenberg [31] imply

o fll pasa-o @ay = [Ha—1 D1 fll asca-o) may
< Ol fllpasa— (ray
< C'RfIlpr (rajray-
Thus one has such improvements for « € [1,d). Naturally this range of « contains
the values 2 and 1, which are correspond to the amount of integration being per-
formed in (1.8) and (1.9), respectively. One immediately deduces an improvement

to (1.8), while a similar improvement to (1.9) is a little more subtle. In particular
we require the boundedness of the Riesz transform

R: LP(RY) — LP(R%RY) for 1 < p < 400,
see e.g. p. 33 in [42]. This boundedness and the validity of the formula
Vu() = VL(L f) = R(L /)
implies
”vu”Ld/(d*U(Rd;Rd) < C||Ilf||Ld/(d*1)(Rd)u

from which the result follows again from the case o = 1.
Thus we have seen that there are improvements to the inequalities (1.8) and
(1.9), and to the potential mapping properties for any « € [1,d). This motivates

Question 1.7. Suppose d > 2. Can one show that for « € (0,1) there exists a
constant C'= C(«, d) > 0 such that

(1.12) Lo fllLas-cr (may < CIRf|| L1 (ra;Ra)
for all f € C2°(R?) such that Rf € L*(R%;RY)?
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That we consider the case d > 2 here goes beyond the fact that the classical
estimates for Poisson’s equation we have recorded have no meaning, or would have
to be suitably interpreted. While the scaling would allow for such an inequality
when « € (0,1), in one dimension the estimate has a fundamental obstruction. In
particular, in this setting the Riesz transform collapses to the Hilbert transform,
so that the inequality would read

HIafHLl/(l*a)(R) < CHHf”Ll(]R).

However, now the identity H? = —I and the boundedness of H : LP(R) — LP(R)
for 1 < p < 400 would imply

o fllL1/a-e @y < CllfllLr ),

which is precisely the estimate we have contradicted.

The estimate (1.12) extrapolates the overlooked estimates from Poisson’s equa-~
tion, that for the more general Riesz potentials of any order a € (0,d), while one
cannot show an L' estimate, perhaps one can show these L'-type estimates. It
is perhaps no surprise to the reader at this point that the estimate (1.12) is in-
deed valid. As was discussed in the work of A. Schikorra, the author, and J. Van
Schaftingen in [34], one has a number of more classical approaches to prove the
inequality, provided one knows the estimate to look for (and we also gave an ele-
mentary proof of this fact in the spirit of E. Gagliardo and L. Nirenberg’s slicing
argument). However, as we will see in what follows, this suggests many more open
questions to be addressed. The purpose of this paper is to give an introduction
and exposition of the author’s perspective of this area and to discuss some open
problems in this regard.

The remainder of the paper is dedicated to discussing the connections of the
material presented in this section with various literature on the topic, to provide
some proofs of the inequalities in the introduction, and to prepare the reader for
the open problems in the last section. In particular, Section 2 presents a curious
formula for the logarithm which was obtained in collaboration with Rahul Garg in
the papers [17,18] and its relation to the the recent work of J. Bourgain and H.
Brezis [4-7], as well as the more classical work of F. John and L. Nirenberg [25].
In Section 3 we give some proofs of the results which emphasizes the connections
with work of L. Hedberg [22], S. Sobolev [38] and A. Zygmund [50]. In Section 4
we discuss the case of vector-valued inequalities, where certain algebraic conditions
become relevant in the determination of whether a given differential operator can
support a Sobolev inequality. In particular, while one has a characterization of
the differential operators which yield an embedding into the Lebesgue spaces - the
elliptic and canceling operators of J. Van Schaftingen [48], whether these operators
support the improvements known in the classical setting has still not been resolved.
In Section 5 we present some results in Lorentz spaces which are the optimal known
inequalities for two settings: estimates for Riesz potentials due to the author and
estimates for elliptic and (d — 1)—canceling operators due to the author and J. Van
Schaftingen. In Section 6 we discuss the trace inequality of N. Meyers and W.P.
Ziemer and how it represents the best known Sobolev inequality in this classical first
order setting. Finally, in Section 7 we introduce and discuss some open problems
the author feels would yield some insight into this question of Sobolev inequalities.
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2. A Curious FORMULA FOR THE LOGARITHM (CONNECTION WITH THE WORK
OF J. BOURGAIN AND H. BREZIS)

One has a number of avenues to derive a formula for the solution of (1.1), for
example by studying an ordinary differential equation or utilizing the Fourier trans-
form. Whatever the method, if d > 3 one can verify that

1 f(y) i
(d—2)[S?71] Jga v — y|d—2

satisfies (1.1) in the sense of distributions, i.e.

(2.2) f/RduAgod:c:/Rdfgod:r

for all ¢ € C®(R?). In the case d = 2 one finds the solution to (1.1) in the
appropriate sense, i.e. (2.2) is given by the logarithmic potential

1 1

(2.3) uw) = 5 [ 0w = fu) dy

However, recently in [17,18] Rahul Garg and the author gave a new representa-
tion of the solution (2.3) that does not involve the Logarithm. Our motivation for
doing so stems from the fact that one when f € LP(R?) and 1 < p < 2 one expects
continuity estimates, with the case p = 2 corresponding to the almost Lipschitz
estimate of H. Brezis and S. Wainger [10]. Yet the standard approach to continuity
estimates for Riesz potentials does not apply in such a setting. This led us to the
following approach.

Let us denote by

(2.1) u(x) ==

F6) = | e da

the Fourier transform of a function ¢ : R — R. Then for sufficiently nice « which
satisfies (1.1) in the sense of distributions, we must have

. fO
(2.4) u(g) = 7(%'5‘)2.

Thus for d > 3, as the Fourier transform takes convolution to multiplication and
vice versa, we conclude as usual that

u(z) = Iy * f(x) = I f(z),

which is our reason for suggestively writing (2.4), since for general a € (0,d) one
has

f(§)
(2m(g])>
In fact, this determines precisely the constant

w22 (3)

I.f(€) =

In the case d = 2 the denominator of the preceding equation (2.4) is not locally
integrable near zero. This is not a problem, as it forces one to impose f(0) =0 to
correct this, which is simply [ f = 0, and then a suitable limiting process allows one
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to obtain (2.3). However, the appearance of the logarithm was not amenable to the
estimates Rahul and the author wanted to show, which led us to the factorization
I -1 & i€ ~
u(€) = 55 17/

Ar? €3 [¢]

Now one can check that
i€ ~
] (€,
while in the case d = 2 the Riesz transform has kernel ﬁ, up to a multiplicative
constant. In particular the scaling suggests that multiplication by the term
i€
[5E

in Fourier spaces should invert as convolution with the bounded function

Rf(€)

x
T = c—
|z

for some appropriate constant c. Indeed, this can be made precise to yield

1 Tr—y
niw) =5 [ Z= Riw) .
which gives a new representation of the fundamental solution to Poisson’s equation
in the plane.

This idea generalizes to the logarithmic potential in any number of dimensions,
and we here recall the computation from the recent paper of the author and Itai
Shafrir [35] which works out the details. In particular we instead rely on the semi-
group property of the Riesz potentials to write

1 1

= @ L b () @

However, now performing an integration by parts we have

1 Ty
Iif(x) = (d—D)y(d—1) /Rd Rf(y) lz —y a

This formula sheds some light on classical results in the theory of Hardy spaces
and BMO that we now discuss. From the theory of Hardy spaces of E. Stein and
G. Weiss, the Hardy space consists of functions f € L!(RY) such that their Riesz
transform Rf € L'(R% R9). Thus the duality of H!(R?) and the John-Nirenberg
space of functions of bounded mean oscillation (BMO) obtained by C. Fefferman
[14] (see also Fefferman and Stein [15]) implies that every g € BMO(R?) can be
expressed as

Lif =Ig I f =

d
g=9o +ZR.j9j

j=1

for some {g;}9_, C L(R%) (a constructive proof of this fact was subsequently
obtained by A. Uchiyama [46]).
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The work of J. Bourgain and H. Brezis [4,5], among other results, demonstrates
an improvement to this representation for certain BMO functions, those of the
form I f for f € LY(R?), as they show that such functions have a representation

d
Lf= Z Rjg;
j=1
for some {g; ?:1 C L>(R?), that is, one does not need the function go.
It is at this point that our result (1.12) enters, since it implies, by duality, that
such a representation extends to any « € (0,d), i.e. for all f € LY%(R?) one has

d
I.f= Z Rjgj
j=1

for some {g; }?:1 C L™(R?).

In general these functions {gj}?:l C L>*(R?) are not explicit and cannot be
chosen linearly. However, the preceding calculation taken from the papers [17,18,35]
show that for the canonical example of a BM O function, log |z|, one does not need
go and explicitly

d
1 T
log|z| = Ri—
LT
In fact, returning to the seminal paper [25], F. John and L. Nirenberg had given a
family of examples of functions of bounded mean oscillation in a bounded domain

Q C RY,

u(z) = / log |z — /£ (y) dy.

In particular, one follows the above result to see that all of these functions are
special functions in BM O which can be expressed as

d
9=>_ Rjg;
j=1
with explicit {g;}9_, C L>°(R%) given by

() e 1 Tj—Yi
0= T fo e )

3. A FEW PRrROOFs (A UNIFIED APPROACH TO S. SOBOLEV AND A.
ZYGMUND’S THEOREMS)

It was observed by L. Hedberg in [22] that one can give a proof of S. Sobolev’s
theorem for the Riesz potentials (here recorded as Theorem 1.3) by a simple point-
wise estimate. We first show here how this pointwise estimate yields S. Sobolev’s
theorem and A. Zygmund’s weak-type estimate for the Riesz potentials before re-
turning to prove some estimates for Poisson’s equation.

Let us therefore recall the pointwise inequality of L. Hedberg [22]: If 1 < p < d/a,
then

(3.1) Lo f(@)] < CM(F) (@) =P | FlI50 0,
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for all f € LP(R%). Here we utilize the notation M(f) to denote the Hardy-
Littlewood maximal function of a function f by

M(f)(z) = sup ——

TR f(y)l dy,
r>0 ‘B(.’E,T)l B(a:,'r‘)| ( )|

for which we require the inequalities
jggt\{le(m) >t} < O fllpr mey
[MfllLe@ay < O fllLr@ey 1 <p< oo

These estimates are standard, see e.g. [42].
Note that from this one obtains immediately

a ap/d
et Nl oy < CIME) =P/ 150 gy o Rt
1—ap/d ap/d
= CIIM)II g oo 1o
< O fll Lo (ray

by the boundedness of the maximal function and combining like terms, which is
Theorem 1.3. However, the same proof using the weak-(1,1) estimate for the max-
imal function implies

Theorem 3.1. Let a € (0,d). Then there exists a constant C = C(a,d) > 0 such
that

supt|{|a f(2)| > 37" < Ol (e

t>0
for all f € L*(RY).

We provide the details for the convenience of the reader.
Proof.
{[Taf(@)| > t} € {CMF(2) = £ 5100 > ),
which yields for every ¢t > 0 the estimate
« a/d d—a
t{|1a f(2)] > 477" < H{CMf()' I £ ey > £}

We let
d/(d—a)
t
- a/d
Cl I Gy
and find

a d—a
H{ Lo f ()] > 175 < tH{CMf (@) =/ f| 51 > 11T
SA=AC| F| 3 oy {M () > s} 7
o d—a)/d
< canL{de) (1l rey)

= C"|| fll L2 ey,

by utilizing the weak-type estimate for M and combining like terms. The desired
conclusion follows by taking the supremum in ¢ > 0. (]
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In particular, if d > 3, one immediately deduces the inequalities (1.2) and (1.5),
while (1.3) and (1.6) can be argued as follows. We have

Vu(z) = VI I, f(x) = R(I1 f)(x),

and so

IVullLogay = [R(I1 )l Laway
< Ol fl pagray
< C'|| fll e (ray
by the boundedness of the Riesz transforms
R;: LP(RY) — LP(R?) for 1 < p < 400

and Theorem 1.3 (see [42] or [21]). The same argument applies to obtain (1.6),
since the fact that the Riesz transforms are bounded on LP(R%) for 1 < p < 400
implies they are bounded on LP:>°(R%) for the same values of p (see [21]).

The last remaining items to discuss in this section are the inequalities (1.4) and
(1.7). The former is straightforward, as

0%u 0?
MU=~ gdw;, ©  Bmaa, 2 = TGS

for R;, R; the ith and jth components of the vector valued Riesz transform R,
respectively and so the result follows again by boundedness of R;, R; on L” (RY).
However, for the weak-type estimate one requires the fact that not only are R; and
R; Calderén-Zygmund operators, but even their composition

Tf = RZR]f

is such an operator. Then Lemma 2 of [11] implies the desired weak-type bound.

Finally it remains to handle the case d = 2. Here the estimates (1.3) and (1.4)
can be argued in a similar manner, and so we are left to discuss the estimates
(1.2) and (1.5). But here one has only the case p = 1 and so we are reduced to
proving some type of replacement for (1.5) (since d — 2 = 0). Yet the analysis in
the preceding section shows

1 2
=— y) dy,
(1) Z /]R2 |z — yl

which shows u € BMO(R?).
It is interesting to note that, as in the introduction, we replace || f| 11 (r2) with
| Rf|l L1 (r2;r2) We obtain the inequality

12 fllLoe®2)y < ClIRf| L1 (r2r2),
and what is more, we also have

[ LR f|| Lo ray < CllT1fllp2n w2y < C'[|Rf| L1 (r2:R2)-

Here we have utilized a Lorentz space extension of potential embeddings, see Section
5 for a further excursion into this area. That is, if Rf € L'(R?;R?), then both I f
and its Riesz transform RIsf are bounded functions. The same is true for I;f,
RI,f if we assume Rf € L'(R%RY).
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4. VECTOR INEQUALITIES (CONNECTION WITH THE WORK OF J. VAN
SCHAFTINGEN)

A vector analogue of the classical inequality of E. Gagliardo [16] and L. Niren-
berg [31] follows easily from the same argument, yet such an inequality is not
optimal, as one does not need the full gradient in order to obtain an embedding
into L4 (4=1)(R%). For example, one has the 1973 result of M.J. Strauss [44], which
asserts that one only needs the symmetric part of the gradient when u : R — R¢.
In particular if one defines the linearized deformation tensor

1
Eu:= i(Vu + (Vu)T),
then M.J. Strauss proves the inequality
(41) ||u||LEL/(d—1)(Rd;Rd) < CHEU”LI(Rd,RdXd)

for all sufficiently nice u. More generally, J. Van Schaftingen has shown that the
vector differential inequality

(4.2) [ull Lasa—n ®a;vy < CIA(D)ul[L1(re,E)

holds for every vector field u € C°(R%, V) if and only if the homogeneous first-order
linear vector differential operator with constant coefficients A(D) is elliptic and
canceling [48, Theorem 1.3]. Here we recall the definition of a canceling operator.

Definition 4.1. Let ¢ € {0,...,d}. A homogeneous differential operator with
constant coefficients A(D) is ¢—canceling whenever

ﬂ span {A(&)[v] : €€ W andv e V} = {0}.
WCR?
dim W=
The term canceling is precisely 1—canceling as defined in [48, Definition 1.2].
One then wonders whether in the vector-valued setting the Riesz potentials admit
similar improvements. Indeed this is the case, as from the work of Van Schaftingen
in [48], with the argument of [34], one obtains

Theorem 4.2. Let a € (0,d), V, E be finite dimensional Banach spaces, and sup-
pose the homogeneous first-order linear differential operator with constant coeffi-
cients A : C°(R%: V) — C®(R% E) is elliptic and canceling. Then there exists a
constant C' > 0 such that

o fllpas—o) (ayvy < ClAD)ILf|| 1 (re; )
for all f € C*(R% V).

In particular one can apply Theorem 8.3 in [48] to obtain such a result by rec-
ognizing that the Triebel-Lizorkin spaces coincide with the above space of Riesz
potentials of L% (4= functions. A similar statement would also seem to hold in
the case of higher order homogeneous linear differential operator with constant co-
efficients. Thus, this gives the complete picture for the mapping properties of Riesz
potentials into Lebesgue spaces in the vector-valued setting.
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5. SOME OPTIMAL LORENTZ SPACE ESTIMATES

In this section we discuss improvements to the preceding embeddings on the
Lorentz scale. The Lorentz spaces arise naturally in the study of PDE and are
of interest for a number of reasons: They appear immediately in approximation
theory and the interpolation of Banach spaces when one only begins with an interest
in the classical Lebesgue spaces; they are a scale of spaces which incorporate the
natural weak-type spaces in harmonic analysis; the extension of Holder and Young’s
inequality to this scale imply Theorem 1.3 (see Theorem 5.3 below); they can
be used to establish existence of solutions to the wave and Schrodinger equation
(see, e.g. Keel and Tao [26]), and can be used to deduce continuity and Lipschitz
continuity in the context of Harmonic maps to manifolds (see Hélein [23]). The
value of such spaces has been known to experts for some time - the author was
aware of many results from L. Tartar’s article [45] from 1998, while in the lecture
of this material at Rutgers, H. Brezis referred him to his article on the subject [9]
from 1982. Let us also mention two further references which may be of interest to
the reader, the classical papers of R. Hunt [24] and R. O’Neil [32].

In the literature there are a number of possible definitions of the Lorentz spaces
LP9(RY). We find it most useful for the unacquainted reader to see these spaces
as a refinement of the Lebesgue spaces which can be simply understood in the
following manner. By Cavalieri’s principle, one begins by expressing the LP-norm
as integration of the superlevel sets

o dt
(5.1) Wy =2 [ 21> T
This shows that belonging to LP requires specific decay such that the function
1
t (L[S > tH7)P

is integrable near both ¢ = 0 and ¢ = +o0o with respect to the measure %, which
requires that it tends to zero at both endpoints. Therefore, any power of this map
must tend to zero, though is not necessarily integrable. Varying the exponent here
as a second parameter r and imposing integrability, one obtains the Lorentz spaces

LP"(R?), with quasi-norm for 1 < p < 400 and 1 <7 < 400

” o 1., dt
(52) ey =2 [ 001> B1hy G
and 1 <p < 400 and r = +00
[f 1 Lr.oe ey o= sup ¢[{|f| > t}|7.
t>0

One then observes that LPP(RY) = LP(R?), while more generally one obtains a
scale of spaces which is nested with respect to the second parameter, i.e.

LPY(RY) ¢ LPP(RY) = LP(RY) ¢ LP>(RY).
For these spaces, one has the analogue of Holder’s inequality (Theorem 3.4 in [32]):

Theorem 5.1. Let f € L% (R?) and g € L%7"2(R?), where

111
—t—==<1

e
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for some r > 1. Then
||ngL‘1="(R4) < q/||f||qu1 (Rd)||9|\quz(Rd)
One also has Young’s inequality (Theorem 3.1 in [32]):

Theorem 5.2. Let f € L™ (R?) and g € L%=72(RY), and suppose 1 < ¢ < +oo
and 1 <r < 400 satisfy

1 1 1
4+ —1==
q1 q2 q
1 1 1
_—t — > —.
T1 T2 T

Then
£ * gllar@ey < 3qll fllLarrs eyl gl Lazr2 (ma)-

Now I, ¢ L"(RY) for 1 < r < +oo, while it is an exercise to show that
I, € LY (d*a)’c’o(Rd). Thus this inequality implies the following improvement to
Theorem 1.3.

Theorem 5.3. Let 0 < o < d and 1 < p < d/a. Then there exists a constant
C =C(p,a,d) > 0 such that

(5.3) o fllLar@®ey < Cll fllLe e
for all f € LP(R?), where

g p d
The model inequality in this setting of Lorentz spaces is the result of A. Alvino
[2] who proved the inequality

(5.4) ||U||Ld/(d—1),1(Rd) < C/”VUHLI(]Rd’Rd)

holds for all functions u € W(R?). Here we observe that this improves the
inequality of E. Gagliardo [16] and L. Nirenberg [31], and so it is natural to ask
whether similar improvements can be made for the Riesz potentials.

Indeed, recently in [39] the author proved the optimal Lorentz inequality for the
Riesz potentials, the following

Theorem 5.4. Let d > 2 and « € (0,d). There exists a constant C = C(a,d) > 0
such that

(5.5) Lo fllLasca-ar1may < Cl|Rf|| L1 (ra;Ra)
for all f € C(RY) such that Rf € L'(R?%;R?).

The key idea of the proof was that one has an equivalent formulation of this
inequality as the inequality
(5.6) ||Iavu||Ld/(d—a),1(Rd;Rd) < CHVUHLl(Rd;Rd),
which can argued by using the fact that Rf = VIju is a gradient along with the
boundedness of the Riesz transforms on LP"(R9) for all 1 < p < +00, 1 <7 < +00.

In such a formulation, the idea of V. Maz’ya [29] reduces the question to that of
proving an isoperimetric inequality, and this is the main work of the paper [39].
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This prompts one to wonder whether similar improvements can be made for first-
order elliptic and canceling operators. The complete answer to the former question
is only known in the plane where (d — 1)—canceling is precisely canceling, as the
author and J. Van Schaftingen have shown in [41] the following

Theorem 5.5. Let V and E be finite-dimensional spaces and suppose that the
homogeneous first-order linear differential operator with constant coefficients A(D) :
CX (R, V) — C=(RYE) is elliptic and (d — 1)—canceling. Then there exists a
constant C' > 0 such that

1wl Las-11@ayy < CllAD)ul| L1 (re, )
for every u € C°(R4, V).

Note that one example of a (d — 1)—canceling operator in any number of dimen-
sions is the deformation operator, and so this result contains the optimal Lorentz
inequality

||U||Ld/(d—1),1(Rd;Rd) § C”EU”LI(Rd,RdXd).

This leads to further open problems which we discuss in Section 7.

6. TRACE INEQUALITIES (CONNECTION WITH THE WORK OF N. MEYERS AND
W.P. ZIEMER)

A 1977 result of Meyers and Ziemer [30] asserts the existence of a constant C' > 0
such that one has the inequality

(6.1) / lu| dp < C/ |Vu| dz
Rd Rd

for every u € W1 (R?) and every non-negative Radon measure p satisfying the
ball growth condition

w(B(z,r)) < C'rdt

for all z € R%, r > 0, and some C’ > 0.

This inequality represents the state of the art when compared with all of the
inequalities discussed so far, which we now show before giving a sketch of its proof.
In particular, let us show how this trace inequality implies® the Sobolev inequality
of E. Gagliardo [16] and L. Nirenberg [31], its Lorentz improvement [2], and even
Hardy’s inequality. To this end, let g € L%>°(R%) be non-negative and define, for
A C R? measurable, the non-negative measure

n(A) = / 9(y) dy.
A
Then Holder’s inequality in the Lorentz spaces implies, for every B(x,r) C R9,

M(B(l”,?“)) = /B( )g(y) dy < ||9||Ld,oo(Rd)||XB(m,r)HLd/(d—l),l(Rd)
x,r
= ||gll pa.co (ray| B(z, 7) [} 1/

= [|gl| g, (may | B(0, 1) |F =1/ =1,

3These connections have been discussed by A. Ponce and the author in [33].
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Thus, the trace inequality implies
/ lu(2)|9(z) dz < Cllgll e ey / Vu(z)| de,
R4 Rd

and as the norm in L% (@=1:1(R9) can be realized via duality, i.e.

g(z)

— dx,
”g”Ld’“’(Rd)

Jull oo = sw [ jula)
geL4:% (Rd) JRd

the Lorentz estimate of A. Alvino [2] follows. This same argument can be applied

in the case
1
w(A) = / — dy.
A lyl
to obtain Hardy’s inequality as a corollary, and

p(A) = /Ag(y) dy

for g € LY(R?) to obtain the inequality of E. Gagliardo [16] and L. Nirenberg [31].
For the convenience of the reader we recall the proof of the inequality (6.1).
First, one begins with the Poincaré inequality

foww-f dayscrf  [wuwldy
B(z,r) B(z,r) B(z,r)

which can be obtained by the fundamental theorem of calculus (see, e.g. p. 142
in [13], which extends to functions of bounded variation by density). Then one
takes u = yg for a set £ C R? such that Dy is a Radon measure. The preceding
inequality is written for smooth functions, but extends to BVZOC(Rd). Thus

][ ][ IxE(y) — xE(2)| dydz < 2Cr* =4 Dxg|(B(z,7)).
B(z,r) J B(z,r)

But this says
|EN B(x,r)| x |E°N B(x,7)| 1][ ][
= IxE(y) — xB(2)| dydz
|B(z,7)| % [B(z,7)] 2 JB(@.r) ) Bz,
< Cr17d|DXE|(B(:17,T)).

Now, for E ¢ R? open, bounded, and of finite perimeter and = € E, the map
|E N B(z,r)|
| B(x,r)|
is continuous, equal to one for small r and tends to zero as r — oco. Thus the
intermediate value theorem guarantees an r = r, such that
|[ENB(x,7.)| 1

B,r)| 2
However, for this same value r,,, by finite additivity of the Lebesgue measure, we
also have
|E°N B(x,r,)] 1
|B(z,r.)] 2
Therefore we have found an r, such that

(6.2) ri~! <A4C|Dxp|(B(z,r)).
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We are now prepared to estimate

/ ] dis,
Rd'

and we suppose here that u € C>°(R?). The result for more general u can be argued
by using maximal function bounds with respect to these Choquet integrals, cf. [1].
In particular we recall the definition of

/IUIdu=/ n(Ey) dt,
Rd 0

where E; := {z : |u| > t}.

We now apply the preceding argument to the set F; to find for each x € E; an
r, such that (6.2) holds (and note that x and in turn r, depend implicitly on ¢).
By Vitali’s covering theorem (see, for example, Theorem 1 on p. 27 of [13]) we can
find a countable family {z;} C E; and {r;} such that

Et C U B(xi,f)ri),
=1

B(x;, ;) N B(xj,r;) =0 if i # j and (6.2) holds. Therefore

W(Ey) < (U 13(9:57")>

i=1

S Z C(57“i)d_1
i=1

<5710 " |Dxg,|(B(xi,r:))
=1

< 59710 Dy, [(RY).

However, now combining this with the preceding equality we find

/ ol dis = / u(Ey) dt
Rd 0

o0
<51 [ Dy (R di
0

= 5d_1C’/ |Vul| dx,
R4
where the last equality follows from the coarea formula.

7. OPEN PROBLEMS

We are now ready to discuss some open problems in this area, and let us be-
gin with the scalar setting. In the introduction we saw how the inequality of E.
Gagliardo [16] and L. Nirenberg [31]

ull pasca-1) gay < Cl|Vull 1 (e ray,

leads one to predict the potential estimate observed by A. Schikorra, the author,
and J. Van Schaftingen:

o fllpas—or(ray < ClIRf[ L1 (ra;RaY-
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Similarly in Section 5 we saw how the refinement of A. Alvino [2] on the Lorentz
scale,
lull pas-11may < ClVull L1 (raray,
leads one to predict refinement obtained by the author in [39]:
o fllLasa-a1ray < C()||[Rf|| L1 (ra;R)-

Yet in the first order setting, we saw that the strongest possible inequality is the
trace inequality

/ lu| dp < C/ |Vu(z)| dx
R4 R4

for all sufficiently nice v and all non-negative Radon measures u satisfying the ball
growth condition pu(B(z,r)) < C'r4=! for all B(x,r) C R4,
This would seem to motivate

Question 7.1. Let o € (0,1). Does one have the existence of a constant C' =
C(a,d) > 0 such that

/ Lofldu<C / Rf(2)] du
]Rd Rd

for all sufficiently nice f and all non-negative Radon measures p satisfying the ball
growth condition pu(B(z,7)) < C'r?=% for all B(x,r) C R4?

However, one has a fundamental obstruction to such an inequality, which has
been discussed in a recent work of the author [40]. In particular we there show
the impossibility of such an inequality, establishing a crucial difference between the
case o« =1 and o € (0,1).

While there is no possibility to obtain a trace inequality for the Riesz potentials
for @ € (0,1), one wonders

Open Problem 7.2. Can one show the inequality

/ lu| dp < C/ |[Vu(z)| dx
Rd R

for all sufficiently nice u and all non-negative Radon measures p satisfying the ball
growth condition u(B(z,7)) < C'r?~! for all B(x,r) C R? without using the coarea
formula?

In particular such a result may also be of use in the vector setting, which we
now discuss. The work of J. Van Schaftingen shows that the inequality

1wl La/@—n ey < ClAD)ullpr (ra;E)

holds whenever A(D) is elliptic and canceling. A Lorentz improvement for this
inequality been shown by the author and J. Van Schaftingen in [41]:

HU”Ld/(d—l)»l(]Rd;V) < C”A(D)UHLl(Rd;E)v

whenever A(D) is elliptic and (d — 1)—canceling. This gives a complete resolution
to the question in two dimensions, though prompts one to ask
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Open Problem 7.3. Let d > 3 and let V' and E be finite-dimensional spaces. Further
suppose that the first-order homogeneous linear differential operator with constant
coefficients A(D) : C2(R%, V) — CX(R? E) is elliptic and canceling. Can one
show the existence of a constant C' > 0 such that the inequality

lull a1 mayy < ClAD)ul L1 (),
holds for every u € C° (R4, V)?

This is Question 1.1 in [41], see also [7, Open problem 1; 47, Open problem 2;
48, Open problem 8.3; 49, Open problem 2]. A positive answer to this question
would give a model inequality for potential estimates in the vector setting and
would then lead one to attack the more difficult

Open Problem 7.4. Let d > 2 and suppose that the first-order homogeneous linear
differential operator with constant coefficients A(D) : C°(R?, V) — C®(R4, E) is
elliptic and canceling. Can one show the existence of a constant C' > 0 such that
the inequality

HIafHLd/(d—a)yl(Rd;v) < C||A(D)I1f||L1(Rd;E),
holds for every f € C°(R%,V)?

If one is able to establish Lorentz inequalities for vector differential operators,
independent of whether the analogous inequality can be established for potentials,
a natural question is whether one has the analogue of N. Meyers and W.P. Ziemer’s
inequality for such operators, perhaps under more restrictive conditions. The need
to make further assumptions on the operator A(D) has been shown in the forth-
coming work of F. Gmeineder, B. Raita, and J. Van Schaftingen (see Theorem 1.3
in [20]), where they show that the trace inequality

/ fu dH < Ol A(D)ul| 11 g,
>

on any hyperplane ¥ C R? is equivalent to the C-ellipticity of A(D) (see also on
the earlier work of D. Breit, L. Diening, and F. Gmeineder in [8] on the equivalence
of C-ellipticity and boundary trace inequalities). Here we recall that for a first-
order homogeneous linear differential operator with constant coefficients A(D) :
CP(RY,RY) — C2(RY,RE), A(D) is elliptic (R-elliptic) if

A(€) : RN s RE
is injective for all £ € R?\ {0}, while A(D) is C-elliptic* if
A():CN = CK

is injective for all £ € C?\ {0}. Let us remark that C-ellipticity implies canceling
(see Lemma 3.2 in [19]).
This leads us to ask

41t has been pointed out to us by Bogdan Raita that the terminology of C-ellipticity is due to
D. Breit, L. Diening, and F. Gmeineder in [8], while the condition appears at least as early as the
references of Smith [36,37] and is inspired by Aronszajn [3].
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Open Problem 7.5. Let d > 2 and suppose that the first-order homogeneous linear
differential operator with constant coefficients A(D) : C°(R%, V) — C>°(R4, E) is
C-elliptic. Can one show the existence of a constant C' > 0 such that the inequality

[ el die < CIADY 1 ey

holds for every u € C°(R%, V) and every non-negative Radon measure y such that
w(B(x,r)) < C'rd=1 for all B(z,r) C RY?

A partial answer in the case of hyperplanes is among the results of the paper
[20], while at the present the preceding question seems to us a difficult problem.
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