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JOAQUIM MARTIN* AND MARIO MILMAN

To Michael Cwikel with friendship and admiration

ABSTRACT. Motivated by the theory of Sobolev embeddings we shall present
a new way to obtain L°° estimates by means of taking limits of Lorentz spaces
(*extrapolation*). Although our result is independent from the theory of em-
beddings we thought it would be worthwhile to present rather succinctly the
issues that motivated us. We refer to other papers in these proceedings for
more complete and detailed accounts of the relevant theory of embeddings.

1. INTRODUCTION

Suppose that f € C3(R). Using the fundamental theorem of calculus we write

f = [ res
from which it follows that

(1.1) [flloe < N1 -

This is in some sense the prototype of the famous Sobolev inequalities. In dimension
n > 1 the previous argument fails, and in fact, it is no longer possible to deduce
that f is bounded if we know that V f € L". Instead we have the following family

of Sobolev inequalities: for all f € C§°(R™),1 <p <n, pi* =1_1

p n’
(1.2) [fllpe < cpn IVFIL,

with ¢y, — oo when p — n. In the limiting case p = n we have the following
imperfect replacement of (1.1)

(1.3) W (Q) c e @)

for domains with finite measure see [17], for the general case see [13]. While (1.3) is
an important result in its own right and is, in a certain sense, a natural result?, it is
not the best possible. To understand the reason for this we recall that the sharpest
version of (1.2) involves the Lorentz spaces L(p*,p) (see (1.9) below). Indeed, the
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1(1.3) follows from (1.2) by taking a suitable limit (i.e. by *extrapolation*); and when n = 1,
we have n’ = oo, so that in one dimension we recover (1.1) from (1.3).
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following inequality holds (cf. O’Neil [12]): for all f € C§°(R™),1 < p < n, 1% =
11

»
(1.4) £y < Con IVl

where again? Cp,,, — oo as p — n. Observe that (1.4) improves on (1.2). Indeed,
while the degree of integrability of the gradient is the same in both inequalities, the
integrability of f is improved since

L(p*,p) C L¥".

Building on this idea Brezis-Wainger [4] and Hansson [5], showed that for bounded
domains we have that for all f € C§°(Q)

(1.5) 1 i, ) < en IV llLno) -
where, for ¢ > 1, H,(Q) is the generalized Lorentz space defined by

[o] w06y \ 7 ds 1a
(16 H©)= f:||f||Hq<Q>={ / (iﬁz) d} <o

S

we have

They show that, moreover, among the class of rearrangement invariant spaces (1.5)
is best possible. It is important to remark here that results of this type had already
been anticipated by Maz’ya [9] using his theory of capacities, which also allows the
consideration of domains with infinite measure.

In view of this picture, and in analogy with the exponential integrability results
discussed above, one would like to understand the limits (extrapolation) of Lorentz
spaces. At first one is led to consider spaces of the form e”®4) (cf. [4] and the
references therein) but here we face the same objections as in previous discussion:
the underlying inequalities with these norms are not the sharpest.

A different insight as to what could be the correct limiting spaces for the Sobolev
embedding theorem was developed by Bastero-Milman-Ruiz [1]. The following
sharpening of (1.4) was obtained in [1]: for all f € C§°(R"), 1 <p<mn, 1 < ¢ < oo,

[e%e) 1/q
an  { [l <9,

The “norm” that appears on the left hand side of (1.7) is in fact equivalent to
the usual L(p,q) norms if the parameters are kept in the traditional range used
in the definition of Lorentz spaces. More precisely, for 1 < p < 00, 0 < q < o0,
the following functionals are equivalent on functions such that f**(co) = 0 (in
particular if f € C§°(R™))

SO R Otk N WO

N {/Ooo[f*(t)tl/p]qcit}l/q’

where as usual, the symbol f ~ ¢ will indicate the existence of a universal constant
¢ > 0 (independent of all parameters involved) so that (1/¢)f < g < ¢ f, while the
symbol f < g means that f < cg.

2The precise value of the constants now depends also on the definition of the norms we use for
the Lorentz spaces, we will discuss this shortly.
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In the case p = 1 the equivalence between the middle and the last terms fails,
while in the case p = oo the last two terms are finite only when f = 0, in fact we

have
0o 1/
{[rord} <csr-o

We are thus led to define®

o 1/q
L(l,q>={f:||f||L<1,q>={/0 rrn ] <oo},o<qSoo.

(1.9)
> dt )M

L(p.q) = f:||f||L(p7q)_{\/ f**(t)qtq/pt} <o, 1<p<oo,0<qg<oo,
0

and

> AR
L0 =3 1 il = { [ 100 = P} <ot 0<g s,
It is easy to see that L(oco,q) is not trivial; and moreover with this notation (1.7)
takes the form

1 1 1
oo n — R
||f||L(p*,q) <cn vaHL(p,q)? f € CO (R )? 1 Sp < n, E - 5 n’ 1< q < 0.
The previous result is optimal* and holds without restrictions on the measure or
smoothness of the domain (cf. [11]): for any r.i. space X (), 1 <p < n,

WyP(Q) € X(Q) = L(p*,p) C X(9).

This gives a nice formulation to the limiting case of the Hardy-Littlewood-O’Neil
program.

The purpose of this note is to discuss a simple extrapolation theorem that is
connected with the construction of the L(co, q) spaces. To motivate our discussion
we consider again (1.1) and we ask: what is the correct n dimensional version of
this result? In other words: what are the minimal integrability conditions we need
to impose on the gradient of f to guarantee that f is bounded?

It has been known for a long time that the correct analog of (1.1) in dimension
n involves the Lorentz space® L(n, 1) (cf. [4], [15]). To see this recall that using the
Riesz transforms {R;}7_; we can write for f € Cg°(R"), say, (cf. [14])

=3 [ (mG5) e =t

3The L(00, 00) spaces had been introduced earlier by Bennett-DeVore-Sharpley [2] who showed
that L(oco, 00) is the rearrangement invariant hull of BMO.

4There is no contradiction with the fact that (1.5) is best possible among the class of r.i. spaces
since L(00, q) does not have a linear structure.

5Note that when n = 1, LY =11,
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where c is a fixed constant. Therefore,

(1.10) flle S
j=1

0
‘Rj(aj)

J

Jie=v=],.. )H
n/,00) || oo

L(n.1)

<c (.Slllp ||Rj||L(n,1)—>L(n,1)> ||Vf||L(n$1) )

Jj=1,..
As observed in [1] one can also obtain (1.10) from (1.7). Indeed, (1.7) for p = n,
q =1, gives

e d
[ - PO <Vl € CERY.

Now, since L (—f**(s)) = w, we see, by the fundamental theorem of
calculus, that (1.11) implies that
(1.12) [flloe = F70) < enlVFllnay » f€ C57(RT),

as we wished to show.
The approach of [1] can be generalized considerably. For example, [8] shows that
for a Lip domain Q, with |Q| < oo, we have

_ *ok o o * c 1/n *k 1
(f /Qf) () - (f /Qf) (1) < eat " (T 1) (1), | e CHQ),

which leads to

-1

This note was motivated by our desire to see how much one can obtain by taking
careful limits in (1.4). At first we thought that there was a chance that one could
prove (1.7) by taking limits in (1.4). While this is not the case we can, however,
show that (1.11), and thus (1.12), follow from (1.4) by extrapolation. We feel there
are some insights that one gains going through the exercise since the analysis could
be useful in certain contexts where some of the other approaches are not available.
In particular, we formulate the result as an extrapolation theorem that can be
applied in other contexts.

In the remaining part of this long Introduction we indicate our proof of (1.12) by
extrapolation from (1.4). We take as our point of departure (1.4). Then by Talenti
[16] we can write: for all f € CP(R™),1<p<mn,1<q<p,

[T <o { [Tivr oemd )

where ¢, (p, ¢) remains bounded as p — n. We shall prove below (cf. Theorem 1)
that
(1.14)

FACCE f*<t>>t””*1fit}l/q () e {/ow[f*<t>t1/ﬂ“f}l/q'

Combining the estimates (1.13) and (1.14) we get that for all f € C*(R"), 1 <
p<n,1<q<p,

A e O A = VA o

1 1 1
<enllVFlppy, 1<p<n, —=-—-—,1<¢<o00.
L(p*.9) P p on
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In particular, if we fix ¢ = 1, and we let p — n, then p* — oo, and we arrive at

o d
= [ GO - 7 OF 219 s

As the reader can see ultimately everything depends on a careful analysis of the
constants of equivalence in (1.8). More precisely, the inequalities available in the
literature®:

{/‘)W[(f**(t) : f*(t))tl/p*]qit}l/q = {/ooo[f**(t)tl/p*]qit}l/q

P = * 1/p*q@ Va
<p*_1{/0 7o) ]t} ,

are of no use for us here and we need to work a little bit harder to prove (1.14).

Finally, although we shall not focus on interpolation theory in this note, it is
appropriate to briefly mention here that, from a slightly more general point of view,
our discussion corresponds to the study of norm equivalences between different real
interpolation constructions associated with the K —functional and Gagliardo dia-
grams. In fact, these more general results, without consideration of the sharpeness
of the constants, were obtained many years ago by Holmstedt [6], and the sub-
ject was later taken up by Jawerth-Milman [7]. From this point of view in the
computation of the K-functional

K(t, f; Xo,X1) =

U fo@llx, + 1AM, 1

inf
f=fo+f1, f1€Xs
an optimal decomposition satisfies (cf. [6], [7])
[ fo®)ll x, = K(t, f; Xo, X1) — tK'(t, f, X0, X1)
1A, ~ K, f: Xo, X1).

One can then consider spaces that control each of these “coordinates” (think in
terms of the Gagliardo diagram, see for example [3, page 39])

0
(X0, X1)§)
< AN
= {f€X0+X1 : ”fH(Xle)é?l)z {/O (t G(K(t,f;Xle)tK/(t,f;XO7X1))qt} <OO}7

1 o dt )
(Xo,mg,g{fexo+xl:f||(xo,xl)§;{ / (t etK/(t’f;XO’Xl))qt} =%

and compare them to the classical spaces of Lions-Peetre

> dt )
(X0, X1)o,g = f € Xo+ X1 [Ifll x40, x1)0, = {/ (t_eK(t7f;X0,X1))qt} <00
0

It turns out that when 6 € (0,1),¢ € (0, 00], it makes no difference which space
we consider [6]

(Xo, X1)50 = (X0, X1)§) = (Xo, X1)o.q,

SThe first inequality is trivial since f**(t) — f*(¢) < f**(t). The second inequality follows from
Hardy’s inequality.
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but we have to pay a price in the constants of equivalence. Our results for Lorentz
norms can be formulated immediately in this context. Conversely note that when
(X0, X1) = (L', L>) we have

K(t, f; L', L) — tK'(t, f; L*, L>®) = t(f**(t) — f*(1))
K'(t, f; L', L) = f*(t),

and we see that (1.8) is a special case of real interpolation theory.

2. A SHARP INEQUALITY AND AN EXTRAPOLATION THEOREM

We start with the following observation. The trivial inequality f**(¢) — f*(t) <
f**(t), implies that for 1 < p < 00,0 < ¢ < 0o, we have

en {1 - f*(s))sl/p]qdj}l/q <{/ m[f**(s)sl/ﬂq‘f}l/q.

But computations with characteristic functions suggest that a stronger inequality
holds. In fact we have

{/ODQ[(X*E*(S) : XE(S))Sl/p]QdS}l/q - <pl)1/QQ‘1/q |B|7 .

s p

> Kk ds 1/a 1% Y — L
{[ng@sr 7 = (C20) g

This computation suggested the following sharpening of (2.1).

while

Theorem 1. Suppose that f**(c0) = 0, then for 0 < g < oo, 1 <p < o0,

R A R R S O R AR

Proof. We shall integrate by parts. So we first prove (2.2) assuming that f is
bounded and has finite support. We can also assume that ¢ < oo, since the in-
equality is trivially true when ¢ = oo. Note that under these assumptions it follows
that f*(t) < ||f[l, ¢

By the fundamental theorem of calculus

(2.3 o= [0 - et
Then
[ s [T - pon®] ot

/000 Utw<f**<s) - f*<s>>ﬂ " gl
1a/p {/too(f**(s) B f*(s))ds]q 0o
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The integrated term vanishes on account of our assumptions on f. In fact

o0 oo

tim [ () = F D = tim [ (—f (5))ds = = (00) + £(0) = 1l

t—0 t S t—0 t

while the term at co vanishes on account of the fact that f**(¢)7t4/P < ¢=a+a/P || f||9.
Therefore,

. aga/pdt _ P Ooq/p w**sf*sﬁqil gy — e n &
[ e =2 [ [Ce - po) ] 0w - o)

q S t
dt
T oy 23)
dt
t

_ > q/p( pHx q—1 * _opx
p / 192 (5 () (1) — ()

>p / T () — )T — £)

o [ - rorg.
and the result follows.

To prove the inequality (2.2) in general we use an approximation argument.
We may assume without loss of generality that f > 0. To remove the restric-
tion that f is bounded we proceed as follows. Let fr(x) = f*(1/k)X{f>f+1/m)} +
F@)xgr<f-a/r)y, then fp T f a.e., moreover fi 1T f*, fi* 1 f* and fi* — fr —
f** — f*. Thus, by the monotone convergence theorem and Fatou’s lemma,

e dt e dt o dt
[ =t [ g ot [ e - s
0 t ok Jo t ¥ Jo t
> q/p( fxx * th
>p [ () - o)
0
The restriction that f has finite support can be removed in similar fashion. O

Remark 1. For a related inequality see [10].
We now use Theorem 1 to derive the following type of extrapolation theorem

Theorem 2. Let {X,4}1<p<p, be a scale of Banach spaces such that for f € X =
(1 Xpq we have Hf“xpoq = limy, . p, Hf”qu' We let

oo 1/q
Lp,q:{f:||f||Lp,q:{ [ e <°O}’

and let T be an operator (not necessarily linear) such that
T: Xpg — Lo p < py,c>0,
with
[ ve o = (po—p)"9, asp— po.

Xpq—LPO—P

Then,
1T ooy < Iy, » F € X

Proof. Combining Hardy’s inequality

T N S R

p—1
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with
ITFI ey < elpo—p) 7 fllx. .

Lpro—r?

we have (as p — po)

o0 Po—p 1/a
{1 o= m s = o007/ 1l
0

But according to Theorem 1 we have
1/q ) 1/q
Po—Pp wx (1) 207219 O
(2=2) " [t
1/q —1/q 0o 1/q
Po—D Po—D ok * ro-219 ds
> (o) () [ e - an e

[ e - @rens] e

Combining these inequalities it follows that for p < pg

s - @] e 1£1x,,
0

We may now let p — pg and obtain the desired result. (Il

Corollary 1. Let {X,q}1<p<p, be a scale of Banach spaces such that for f € X =
) Xpq we have ||f||Xp0q = lim,,_,, ||f||qu , and let T be an operator (not necessarily

linear) such that
T:Xpg — Lp;%p’q(ﬂ)» P <Ppo

with
c —p)— /e
Tl s 3 o —p)7 /%,
and || < oo.
Then,

HTfHHq j ||fHXp0q7 f S X,
where Hy was defined in (1.6) above.

Proof. This follows directly from Theorem 2 and the fact that L(co,q) C H,, with
(cf. [1])
11l 2 NNl Loo,q) -
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