UrnB

Universitat Autonoma
de Barcelona

Diposit digital
de documents
de la UAB

This is the accepted version of the journal article:

Martin i Pedret, Joaquim; Milman, Mario. «Higher-order symmetrization
inequalities and applications». Journal of mathematical analysis and applications,
Vol. 330, Issue 1 (June 2007), p. 91-113. DOI 10.1016/j.jmaa.2006.07.033

This version is available at https://ddd.uab.cat/record /271407
under the terms of the license


https://ddd.uab.cat/record/271407

HIGHER ORDER SYMMETRIZATION INEQUALITIES AND
APPLICATIONS

JOAQUIM MARTIN* AND MARIO MILMAN

ABSTRACT. We prove new extended forms of the Pélya-Szegd symmetrization
principle. As a consequence new sharp embedding theorems for generalized
Sobolev and Besov spaces are proved.

1. INTRODUCTION

Recently sharp forms of the Sobolev embedding theorem have been obtained
using new symmetrization inequalities. In [1] it was shown that the oscillation
of the decreasing rearrangement of f given by the quantity f**(¢) — f*(¢) can be
estimated by

(1.1) P = f1(0) S et VI (1), f € CR™Y),

where f**(t) = %fot f*(s)ds, and f* is the non-increasing rearrangement of f.

While variants of (1.1) had been known before (cf. [18], [10]), the formulation
of inequalities in terms of the oscillation f**(t) — f*(¢) leads to general forms of
the Sobolev embedding theorem that are sharp up to the end points. Moreover,
(1.1) has also proven to be particularly useful in the study of higher order Sobolev
inequalities (cf. [1], [14], [15]).

The fractional case was treated in [12] where the following estimate for moduli
of continuity was obtained: Let X (R™) be a r.i. space, f € X(R™), then

" . wx (", f)

(12) £ - i) < 25
where ¢ x (t) is the fundamental function! of X (R™). Using (1.2), sharp embeddings
for generalized Besov spaces of order s < 1 were derived in [12].

Higher order derivatives pose a challenge for symmetrization methods since the
Pélya-Szego symmetrization principle,
(1.3) VLI () < IV (1),
where f°(z) = f* (v, |2]") (z € R", 7, = measure of the unit ball in R™) denotes
the spherical decreasing rearrangement of f, which underlies the validity of (1.1)
and (1.2), fails for higher order derivatives. Nevertheless, in [14] it was shown

that starting from the embedding theorem implied by (1.1) one could develop an
iteration argument that leads to sharp higher order Sobolev estimates.

Key words and phrases. Symmetrization, Besov spaces, Sobolev spaces, rearrangement invari-
ant spaces.
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The method of [14] is indirect, based on certain inequalities and constructions
for r.i. spaces. For further analysis it is of interest to have a pointwise inequality of
the type (1.1) for higher order derivatives. Observe that (1.1) readily implies the
somewhat weaker pointwise estimate

o0
*k d
Ly - rosee [Tt eT fe e,
t
from which we can iterate (cf. Corollary 2 below) an estimate involving higher

order derivatives of all orders

(15) () = £(1) < cln. bt/ S / T ot 9%, recsEn,

la|=k "

This simple formula leads efficiently to sharp higher order Sobolev embeddings and
clarifies the role of the assumptions in the embedding theorems in [14]. We remark

that using ) — £8)

t , and fO** :f**’

d
Rk t
<
we can rewrite (1.1) as

%(—f"**(t)) < et MV ().
In comparing (1.6) with the classical Pélya-Szego principle (1.3) we note that the
expression that appears on the left hand side of (1.6) involves a derivative associated
with the spherical nonincreasing rearrangement of f, but the order in which we take
the operations ** and % has been reversed. Nevertheless, one feels that (1.6), which
is a consequence of (1.3), can be considered as a form of the Pélya-Szego principle
from which it is a consequence. A similar comment applies to (1.5), which could
then be considered as a “higher order inequality of Pdlya-Szego type”.

For the higher order fractional case we extend (1.2) as follows (cf. section 6):

for all f € C¥(R™) we have
*% _px 1/n > % SWX(fazi)k-i-l% @
I O R (/ ol d2) @ sy

(1.6)

Zn z
Here wx (f,t), is the r—modulus of continuity of f € X (R™), defined by

WX(fv t)r = Ssup ||A2f”X (t > O)a
|h|<t

with ALf(z) = f(@ + h) — f(z) and AJ* f(z) = AL(AR)f(2), and x is the
fundamental function of X (see section 2 below).

Using (1.7) will allows us to extend the embedding results obtained in [12] to
higher order generalized Besov spaces.

When working with functions defined on domains, the Pdlya-Szegd principle
(1.3), which underlies the validity of (1.1)-(1.5), requires that the Sobolev func-
tions vanish at the boundary and therefore the extension by approximation requires
strong conditions on the boundary of the domains. In this direction we note that
Rakotoson [16] obtained independently an inequality closely connected to (1.1) on
domains with boundary satisfying a Lipschitz condition and without assuming that
the Sobolev functions vanish at the boundary.

In this paper we prove versions of (1.1) and (1.5) for Maz’ya domains and without
assuming that the functions vanish at the boundary. For example, in Theorem 2
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below we show that if Q is bounded open domain in R™ (for the sake of definiteness
we fix | = 1) which belongs to the Maz’ya class J,, 1 — % < a < 1, then for all
f e Whi(Q) we have

(1.8) Fr@) = 1) < et (V) (1), te (0,1/2),

and
(7= [ 1) 0= (1= [ 1) @<aqvw. e 0.

In particular, we see that for Maz’ya domains in the class J,, 1 — % <a <1,

(1.8) holds for all ¢ € (0,1), whenever [, f = 0. In fact, as we shall see in Theorem
3 below, the last inequality characterizes the domains in Maz’ya’s class J,. For
higher order derivatives (see Lemma 1 below) we get that for all k& > 1, for all
f e Wkl(Q), and for all 0 < t < 1/2, we have

1
*ok * —a _ —a *ok ds
FEO=f1(1) < elkn)t = | 37 / SEDEODINT () =+ > D
18=k " 1<|B|<k—1
In particular, Lipschitz domains correspond to a = 1 — % (cf. Example 1 below).
This leads to the following general form of the Sobolev embedding theorem (cf.
Theorem 6 below):

Theorem 1. (see [14]) Let Y(2) be a r.i. space, the Sobolev space WY (Q) is
defined? by
WhY(Q)={f:D°f €Y, forall B, |8] <k},
— B
I lhwer@ = 2 [I1D°Flly)-
0<IB|<k
Let Q € J,, 1—% <a<l. LetkeN,1<k<mn,andlet Y(2) be a r.i. space with
Boyd indices® such that (k —1)(1 —a) < ay <@y < 1. Then
Wk,Y(Q) - }/(1—04)16(9)7
where Y(1_a)i(Q2) denotes the rearrangement invariant set (which with a different
notation was introduced in [14]) defined by

Y a(@) = { £ 475070 (£7 () - (1) e V(@)
1y, = [0 0 = @)

In particular, we obtain the following sharp version of the Sobolev embedding
theorem for Maz’ya’s domains 2 € J,,1 — % <a<l,

(1.9) WhP(Q) c LP P(9),
1
e
ﬁ, in which case L= () = {f : ||fH1£oc,p(Q) = fol (f(t) — f*(1) % < oo}

Theorem 1 (and in particular (1.9)) extends the results of [14] to Sobolev spaces
with rough domains and without requiring the Sobolev functions to vanish at the
boundary. We note that, for Lipschitz domains and r.i. spaces, somewhat related

where 1 < p < ﬁ, = %—(1—a)k, with the convention that p* = co when p =

2When Y = LP we use the classical notation WY (Q) = Wk (Q).
3See Section 2 below.
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results were recorded in [9] but with an indirect formulation that only concerns
with Banach spaces, while the sharp form of the Sobolev embedding theorem (1.9)
uses spaces that are not necessarily linear spaces. In this direction we should also
note the dissertation of Kalis [8] where results of this type are extended to Sobolev
spaces of vector fields through the use of a connection to Poincaré inequalities.

As usual, the symbol f ~ g 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, and f > g means that f > cg.

2. PRELIMINARIES

We rather briefly collect some definitions, notations and properties about func-
tions and function spaces which are used in this paper.

In what follows, given a vector u € R, we denote by |u| its Euclidean norm.

Let g be a locally integrable function having weak derivatives of all orders up to
r € N, we denote by d"g the vector (D?g) of all derivatives of order |3] = r.
It is well-know and easy to see that

(21) |v|dkilg|’j|dkg|a k:1,2,,7'

A rearrangement invariant space (r.i. space), Y = Y (Q), is a Banach function
space of Lebesgue measurable functions on  C R™ endowed with a norm ||-||,- that
satisfies the Fatou property and is such that, if f € Y and ¢g* = f*, then g € Y and
lglly = 1£y-

Every r.i. space Y has a representation as a function space on Y (0, |Q2]) such
that

|Bl=r

1y @y = If*Ily 0,10 -
Since the measure space will be always clear from the context it is convenient to
“drop the hat” and use the same letter Y to indicate the different versions of the
space Y that we use.
The upper and lower Boyd indices associated with a r.i. space Y are defined by

(2.2) ay = inf Inhy (s) and ay =sup Inhy (s)

s>1 Ins s<1 Ins

where hy (s) denotes the norm on Y (0, |Q|) of the dilation operator E,, s > 0,
defined by
[P o<t<sial
Esf(t)—{ 0 T sQl<t<|q
It is also useful sometimes to consider a slightly different set of indices obtained
by means of replacing hy (s) in (2.2) by

My (s) = sup Py (ts)

, s>0,
tE(O,min(l,%)\QD ¢Y(t)

where ¢y (s) is the fundamental function of X :

ov(s) = lIxelly

where F is any measurable subset of 2 with [E| = s.
The corresponding indices are denoted Sy, ﬁyv and will be referred to as the

upper and lower fundamental indices of Y. Actually, we have (cf. [2])

0<ay <f, <fBy <ay <L



HIGHER ORDER SYMMETRIZATION INEQUALITIES AND APPLICATIONS 5

We shall usually formulate conditions on r.i spaces in terms of the Hardy oper-
ators defined by

1 [t 1 [ ds
Pf(t) = 2/ fs)ds;  Quf(t) = ,?a/ T, 0<a<t
0 t s
In particular, it is well known that if Y is a r.i. space, P (resp. Q) is bounded on
Y if and only if @y < 1 (resp. a < ay ) (see for example [2, Chapter 3]). If a = 0,
we shall write @Q instead of Q.

3. REARRANGEMENT INEQUALITY AND ISOPERIMETRIC INEQUALITY

In this section we show how to derive the basic rearrangement inequality (1.1),
without requiring the Sobolev functions to vanish at the boundary, on rough do-
mains. For example, combining Theorem 2 and Example 1 below, it follows that for
a bounded domain 2 C R™ with Lipschitz boundary we have the following version
of (1.1)

(B1)  f() = (0 S et VTR, EE(0,190/2), feWHH(Q).

More generally, for domains 2 in Maz’ya’s class J, (1 — 1/n < o < 1) (see Def-
inition 1 below) we need to replace t'/ by '~ on the right hand side of (3.1).
Interestingly, as we shall soon see, this leads to Sobolev embeddings that depend
on « (see Example 2 bellow for domains with cusps connected with the exponent
@)

In what follows we consider bounded domains.
Definition 1. (See [13, page 162]) A domain Q belongs to the class J, (1—1/n <
a < 1) if there exists a constant M € (0,|Q]) such that

|S|”

Pq(S)
where the sup is taken over all S open bounded subsets of Q such that QN IS is
a manifold of class C* and |S| < M, (in which case we will say that S is an

admissible subset) and where for a measurable set E C ), Po(E) is the De Giorgi
perimeter of E in Q) defined by

PaE) = sup{ [ divg do: € [CHO)" ol <1}

Ua(M) = sup

< o0

By an approximation process it follows that if 2 is a bounded domain in J,,
then for any 0 < M < ||, there is a constant cp; > 0 such that, for all measurable
set E C Q with |E| < M, we have

(3.2) Po(E) > ey |EI” .

Indeed, this was already observed in [17, Lemma 1.12] and follows as a direct
consequence of [13, Corollary 3.2.4 and Theorem 6.1.3]%.

“We include a proof for the sake of completeness. Let 0 < & < |Q — M and let cpr =
sup{},‘glz), S CQ admissible, |S| < M +5}. From [13, Corolary 3.2.4], 0 < ¢pr < oo and we
can find an admissible sequence En, C 2 such that, |En| — |E| and Po(Em) — Pq(E). Then
|Em| < |E| +e¢ < M + € for m large. Since by the definition of cpr, |Em|® < eprPo(Em), and
(3.2) follows.
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Example 1. If Q is a bounded domain, starshaped with respect to a ball, or a
bounded domain having the cone property, or a Lipschitz domain, then € belongs
to the class Jy_1;, (see [13]).

Example 2. If

N-1
Q:{meR”:fo<xiﬁ, 0<xn<a,ﬂ21}

=1

then Q € Jor, o' = % and Q & Jo, for a < o' (see [13, page 176]).

Example 3. If Q is a John domain then Q € Jy_1y, (see [3]).
In what follows it will be convenient to normalize our domains so that || = 1.

Theorem 2. Let Q) be a domain in J,. Then there exists a constant ¢ > 0 such
that for all f € WH1(Q) we have

(3.3) Fr) = [ S et VT (), te (0,1/2).

If fﬂf = 0, then (8.3) holds up to t = 1, more precisely there exists a constant
¢ > 0 such that for all f € WH(Q) we have

s (- [1) @ (- [1) 0<awn o e o,

Proof. We first establish (3.3) assuming that f € WH1(Q) N C> (). Then, since f
is smooth, by Federer’s co-area formula (cf. [5]), we have that
£ (/2)

3.5 I(t) = Vf(x)|dz = H, 1({z: |f(x)| =r})dr,
@s) 1= @ [ e @)= )

where H,_; denotes the (n — 1)-Hausdorff measure. Since for any measurable set
E one has

Pqo(E) < H,_1(0ENQ),
it follows that if £ = {x : |f(z)| > r}, we have OF C {z : |f(z)| = r} (in fact by
regularity of f it follows from Sard’s lemma that OF = {x : |f(z)| = r} a.e. 7).
Consequently,

fr(t/2)

102 [ Pafe: 5@ 2 rn
()

Now since for r € (f*(¢), f*(t/2)) we have

1
Hz: [f(@)| 2 r} < [{z: [f(2)| > fFO} <t < 5,
it follows from (3.2) that
Po({z : [f(z)] = 7}) = crjo Ha o [ f()] = r}".
Therefore for all 0 < ¢ < % we have

fr(t/2) £ (t/2)
W= [ 7 Rl @z z e [l 20
= I 15@)] 2 £ /2N (5 /2) - £(6)

- (;)a (f*(t/2) — f*(1)).
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On the other hand

t/2
10 = [ Vi@lde< [ VIT (5)ds
Fr@O)<IfISf*(t/2) 0
t
< [ IVIT (s =94 (0
0
So all together we have obtained,

[F5(t/2) = O] 7V (1), t€(0,1/2).

Consider now an arbitrary f € Wh(Q). Select f,, € WH1(Q)NC>°(2) such that
fr— f*ae. and f, — f in WH1(Q). Then, by the first part of the proof,

[fr(t/2) = fr@)] 2t [V fa]™ (2), t € (0,1/2),
but
EVfl / V(o — P (s)ds + / IV FI (s)ds
<V = Dl + LIV (@),
therefore
[F7@/2) = ()] = lim [f5(t/2) = [ (1)]
= lim £V [T (1)
STV, te (0,1/2).

Finally to prove (3.3), simply note that the previous inequality yields

t

PO =50 <5 [ - P s+ () - £(0)

0

t
< (3 [ s @as 9 o)

sk t _ d _ sk
(W 0f [t i)

STV ().
If [f=0,and 1/2 <t <1, then

) =11 < [ (1/2) < 2/0 [ (8)ds =2l 1 (q -

Since Q) € J,, the following Sobolev-Poincaré inequality holds (see [13])

f||L1(Q)Hf/f

=MVl -
L)

Finally, since 1/2 <t < 1
IV Ay 2 MVl oy = 7 VAT (1) <7V ().
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Remark 1. (See Talenti [18]) Let Q@ C R™ be an arbitrary domain and let f €
C§° (). Then by the isoperimetric inequality we have,

Hooa({a | f@)] = r}) 2 nBi/" s £(@)] 2 r} T
where By, is the measure of the unit ball. Inserting this in (3.5) we find

/2

)
IVf(z) dzx > nﬁ}/”/ o [f(@)] =YY dr

£
> nBy/" {2 |f (@) = O}V @/2) - £ (#))
> 0/ "R (E/2) = ().

Therefore by an easy argument, which actually is contained in the proof of the
previous theorem, we can recover the fundamental inequality

£ = £ @) < et V(1) f € CR().

One could also note that this last inequality follows from Theorem 2 on a ball to-
gether with a scaling argument.

/f*(t)<f|§f*(t/2)

We finish this section showing that the converse of Theorem 2 holds.

Theorem 3. Suppose that Q@ C R™ is a bounded domain with |Q] = 1. Assume
that there exists 1 —1/n < o < 1 such that for all f € WHH(Q) with [, f =0 the
rearrangement inequality

(3.6) ) = f1(8) < et VT (), t e (0,1),
holds. Then Q € J,.
Proof. Let f € Wh'(Q), set g= f — [, f. Then

1 1
o kk « * % * dS *
1l /ooy < SUD 27 (8) = sup ¢ / (g°(s) — g"(s) = + / g*(s)ds)
0<t<1 t 0

o<t<1 S
< suwp £ (g (1) — 9" (1) + gl s
0<t<1
t
< sup / VA (5)ds + gl oy, (by (36))
o<t<1 Jo
< |||Vf|||L1<Q>+Hf—/f |
ol
Therefore
3.7 f 1f = el 11 jmmeron < ||V n —/ .
(P ' i I

Let us see now that (3.6) implies the Sobolev-Poincaré inequality

(3.8) ‘V—Af

By approximation it is enough to prove this claim assuming that f € WH1(Q) N
C>®(Q). Theng=f— [, f € W) N C>(Q). By (3.6),

<Vl VF € WHLQ).
LY(Q)

(g (t) = g7 (1)) ﬁt—“/o IVFI" (s) <7 IVl t € (0,).
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Thus

(g™ () —g () IVl < NV AL -
Since t (¢**(t) — g*(t)) = f:f(t) {z : |g(z)| > s}|ds, and the last function is obvi-
ously increasing, we have

1
sup t (g™ (t) —g*(¢)) = lim t(g™*(t) — g" (1)) :/O g*(s)ds —g*(17).

0<t<1 t—1—
Now,
g"(17) = inf lg(=)],
and since |f — [, f| € C(),
o [ -o

Combining these observations we see that for all f € Wh1(Q) N C*> (),

/Olg*<s>ds— Hf—/gf

Therefore we can write (3.7) as

2Vl L) -
AYG)

irel]g ||f - C||L1/a.oo(Q) = |||vf|”L1(Q) :

By Maz’ya’s truncation principle (cf. [6, Theorem 4]), this inequality implies the
strong type inequality,

ggﬂgﬂf —cllpisa@y 2NVl 210 -
We conclude using the fact that Sobolev-Poincaré type inequalities imply the va-
lidity of Maz’ya’s J, conditions (see [13, Lemma 2 and Corollary, page 169]). O
4. INEQUALITIES FOR HIGHER ORDER DERIVATIVES

In this section we shall obtain a higher order version of (3.3). Throughout this
section © will be a bounded domain with |Q| = 1.

Lemma 1. Let Q € J,, k > 1. Then for all f € W*Y(Q), and all t € (0,1/2),

1 *ok dS kol :
(1) () = [ (1) < et' / SEDE AT )+ D £l g
j=1

where ¢ ;= c(n, k) > 0 is a constant independent of f.

Proof. (By induction). If k& = 1, then, by Theorem 2, we have that for all f €
Wl’l(Q),

Fr@) = 1) < et VT (), te (0,1/2).
Thus, for all ¢ € (0,1/2),

eSO - O (VAT = [1vr@e<e [ ree

Yds [* . ! e, ds
<2 S wsr@a =2 [ v T
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Assume now that (4.1) holds for 1,2,...,k—1, then, if f € WF(Q) c Wr-L1(Q),

we can write

(4.2)

* % dS dty
f**(t) —f*(t) < Ctlfa (Z (k—2)(1—a) |dk 1f| +Z|||djf|||L1)

1/2
< o / S(k-2)(1-
t

Since |d*~1f| € W'1(Q), we have that for ¢ € (0,1/2)

+Z|I|d fIHLl)-

(4.3) |
But

Tt <t |V ().

1/2
@ = [ (T @ =] @)
+|d" T (1)2)
= Io(s) + [d* |7 (1/2)
=< To(s) + [[la* £l o
We estimate Iy(s) using (4.3) and (2.1) to get

1 1 dZ
Io(s)gc/ v [d | <c/ b .

Now, inserting this estimate in (4.2) and a short argument involving Fubini’s the-
orem yields (4.1). O

Corollary 1. Let Q € J,. Then for all f € Wk1(Q) (k > 1), t € (0,1), we have

gs L
f (8)? + Z H’djf‘HLl(Q)
=0

Proof. We start with the familiar formula

(4.4) £ < /t s

1/2 ds
45 () = / ()~ ) 4 72), e ©.1/2),

Now, we estimate the integrand in (4.5) using Lemma 1 and find that for all ¢ €
k—1

(0,1/2)
O - B [T e

(R P (/ e DY

1 1
< [ ([ s ) £ z|||df|um
k—1 )
I t)‘*‘Z‘HdeH‘LI(Q)
§=0
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Fubini’s theorem yields

1 z
— —a *k —a ds\ dz
t) = [t e (f 0 2) S
t t

1
j/ Sk:(lfa) ’dkf|** (S)§
t S

Since for 1/2 < t < 1 we obviously have

ok sk 1
Fre < £ <2017,
we get that (4.4) holds for all ¢ € (0,1) . O

Using the same method given in the proof of Lemma 1 we obtain easily the
following result

Corollary 2. If f € CE(R"™) (or f € CE(Q), where Q an arbitrary domain in R™)
and k > 1, then

*k dS
(5)77

S

f**(t)—f*(t) Sctl/n/oosk;1 |dkf
t

where ¢ := c(n, k) > 0 is independent of f.

5. APPLICATIONS

In this section we extend and complement recent results in [14], [4], [9] and [12].

5.1. Symmetrization inequalities and Sobolev-Poincaré type inequalities.
In this section we show some sharp Sobolev-Poincaré type inequalities that follow
from (3.3) and (3.4) in the context of LP? spaces.

Lemma 2. Let Q@ C R™ be a bounded domain with |Q] = 1. Assume that there
exists 1 —1/n < o < 1 such that for all f € WH(Q) inequalities (3.3) and (3.4)
hold. Then,

1. Ifp>11—a<1l/pandr= m then WLP(Q) C L™P(Q), moreover
(5.1) inf [|f = elpro@) 2NVl VF € WH(Q).
(Notice that L™P(Q2) C L™(Q), since r > p).

2. Ifp>1and1—a=1/p, thenr = W = 00, and we have W1P(Q) C
L>P(Q) and

(l;relnfx If - C”Loom(ﬂ) ! |||vf|||LP(Q) J

where LP(Q) = {1 5 | FI} ey = Jo (F7(0) = 1) 4 < oo}

1 D 1/P
Proof. 1. Let f € W'(Q) € Wh1(Q), and let T = (fo ((F(t) — £*(£) £1/7) %) .

Splitting the interval of integration (0,1) = (0,%) U [,1) and using (3.3) we see
that

LIV, + £l
= ||f||W1,p(Q) (since p > 1).
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By the fundamental theorem of Calculus we can write

1 1
ok ok * ds *
o= [ @ - e [ e
t 0
therefore using that @ : L™? — L™P is bounded, and p > 1, we readily see that

(5.2) [l rry 2 LA 2 MV Al o) + 111l -
Thus,
WhP(Q) C L™P(Q).
It follows from (5.2) that for any ¢ € R we have
1 = el = (I = el + VAl ) -
Therefore

0 17 =l = (8817 = cllsoy + 11951

<1Vl sy + NIV ey (By (3:8)
< 11V A1l ey

and (5.1) follows.
2. f1—a=1/p, then I = ||fHLoo,p(Q). We proceed as before, and we have

1 d 1/p
limrer = ([ 0= 107 F)
<AL+ 10,

aIld }lellce
Hlf .} L>>:P(Q)) — :J Lr(Q)

Remark 2. Consider the Brézis-Wainger spaces BWP(Q) defined by

1 " p 1/p
BWP(Q) = {f: £ e () = {/0 <1f+ l(If)l) d:} - OO}'

In the limiting case 1 — a = %, the previous result implies a Poincaré-Sobolev

inequality involving these spaces. Indeed, since L(co,p)(2) C BWP(Q), and in fact
(cf. [1, Lemma 2])

1A 5wy 2 N fllpen@) + ILfI
the second part of Lemma 2 gives

f [If = cllpwee) =2 MV F o), Vf€ Whe(Q).

Remark 3. In Lemma 2 we can also consider the case p = 1, which corresponds

tor = p(a_’ﬁ = é We obtain

i 1~ el < £ = [ 1

For the details see the proof of Theorem 3 abowve.

2Vl L @) -
Ll/a,oo(Q)
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5.2. Sobolev embeddings for domains 2 C R™ of class J,. We extend the
results of the previous section to the setting of r.i. spaces.

Theorem 4. Let 2 be a bounded domain in J,, with |2 = 1. Let 1 < k < n. Let
X(Q) and Y () be r.i. spaces. Assume that

1
d
/ sk(l—a)g**(s)j
t

S

(5.3)

<c HgHYA(O,l) ) Vg € MT(0,1).
X7(0,1)

Then the following statements hold:
(1) For1 <k <n we have,

wWkEY(Q) c X(Q).
2)
. _ <k
adBE P = Allxay 2 1 lly )
where Py_1 is the set of polynomials of degree k — 1.

Proof. (1). By Corollary 1, we can write

1 o ds L
O3 [ O Y g € 0.1),
t =0

Applying the X norm and then the triangle inequality we get

1
—a *% dS
Il = | [ o) 9%
t

k—1
+ Z H|d]f|||L1(Q) :
X j=0

The first term on the right hand side can be estimated using (5.3). To estimate
Z;:ll a7 7| HLI(Q) , we simply use the fact that Y () C L'(Q). It follows that

1 lxy = 1 e oy -

(2). For simplicity we only consider the case k = 2. Let f € WY (Q) and let

po) = [ 13 ([ 5] ) =i+ [ -0,

Let g=f—1I=(f —p) — [, (f — p). By Corollary 1

: e ds X
g0 = [ SR (T 4 @l

=0

Since W2Y(Q) C X(2), we have

1

1
—a *% d :
lollx = | [ 41 05 + 3 sl o

Jj=0

A

X ()

A

|Hd2f|||y(sz) + Z H|dj9|”L1(Q) (by (5.3))-
§=0
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of / of
ox; q Oz;
— 836z
H\ f|||y<m7

Since Q € T,

n

11Vl 11 () = Z

LY()

M: i

Q)

.
|

and
Il = H(f—p) - [u-»
<V =Dl
3 FoRy e
o
3%
f|HY(Q)'

L)

A

ETM: ™

L' (@)

LY(Q)

Summarizing we have
”gHX(Q) = H’dgfwy(n)'

This concludes the proof since

Aiélf;l 1f = Allx ) < IIf = Hllx ) = l9llx (o) -

O

5.3. Optimal Sobolev embeddings for domains 2 C R" of class J;_1/,. In
what follows Q will be a bounded domain of class Jy_;/, with || = 1. Let us
also recall (see Examples 1, 2 and 3 above) that the class J;_ /n includes several
important examples, like domains with the cone property, domains with Lipschitz
boundary or John domains. In fact if  C R? is a bounded simply connected
domain with |©] = 1 then combining the results of [3] and Theorem 2 we have that

P = 1) < et (V™). te(01)
for all f € W' (Q) such that [, f =0, if and only if  is a John domain.

Theorem 5. Let X(Q) and Y (Q) be r.i. spaces such that 0 <ay, ay < 1. The
embedding

(5.4) WY (Q) c X(Q)
holds for every Q bounded domain of class J1_1/y, with |Q| =1, if and only if
L . 1 dS R
(55) g (S)Sni S cHgHYA(OJ)a Vg € Y (071)
t S llx~(0,1)

Moreover, if (5.4) holds,
(5.6) X(Q) C Yy ().
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Proof. Assume that condition (5.5) holds, then (5.4) follows by Theorem 4 with
a=1-1/nand k= 1.
Conversely, set
1

u(z) = / f(s)st/"ds, x € B, fe M*(0,1).
8!

n|$|71
(v = measure of the unit ball in R™ and B is the ball about the origin with radius

Tn")-
Observe that for h € Y7(0,1) we have that

{z € B: h(yn|z") > A} = [{t € (0,1) - h(t) > A}
Consequently
! ds
u*(t) = / s f(s)—.
t S
Moreover, an easy computation shows that
[Vu(z)| = nynf ( [2").
Therefore (5.4) applied to the domain B yields

‘ /1 f(s)sl/"_lds

We conclude observing that

= [lullx = IVully +llully
X

= lly A+ llully-

1 1 ds
fuly = [ ssintas | <] [ren
t Y t Sl
<cllflly-
The proof of (5.6) follows from [14, Theorem 3.6]. O

Remark 4. Under the assumptions of Theorem 5 and starting from (5.5) and using
a suitable modification of an argument in [4] it is possible to show a higher order

version of (5.5), namely that if W*Y (Q) C X(Q) holds for every bounded domain
of class Jy_1/n then
Lok ds
‘ /t g™ (s)sn 5

We shall leave the details to the interested reader. Likewise, when dealing with
necessary conditions for the embedding Wol’Y(Q) C X(Q), where Q is a ball with
Q| = 1, if we assume the density of functions in L*(0,1) that vanish in a neighbor-

<c ||9||Y“(0,1) :
X(0,1)

hood of 1 in'Y we can use the test functions u(x) = f,yl | fo(s)s'/m=1ds, to prove
the validity of (5.5) in this case as well.

5.4. Extensions to the results of Milman-Pustylnik. Here we shall extend the
results of [14] to Sobolev spaces on domains in the class 7, and without boundary
conditions.

First at all, notice that if that Q is a bounded domain in 7, with || = 1 and
Y () is a r.i. space such that @y < 1, then it follows from (3.3) that

WY (Q) C V1o ().

For the case 2 < k < n we have
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Theorem 6. ° Let Q2 be a bounded domain of class J, with || = 1. Let k € N,
2<k<mn, and let Y(Q) be a r.i. space such that (k—1)(1 —a) < ay <ay < 1.
Then

WY (Q) C Y1 a)k(9)-

Proof. By Lemma 1, for all ¢ € (0,1/2),

1 P d = ;
f**(t) _ f*(t) < Ctlfa / s(k:—l)(lfa) |dkf’ (s)?s + Z || |d]f|HL1(Q)
t j=1

Thus,
RO pre() — 7 (8) = 0RO /1 =D A=a) g o () L2
- " S

k-1
+7RE S Al o
j=1
= Io(t) + I1(t).
By Fubini’s theorem
1 t
(5.7) () =5 [ 141" (5)ds
0

1
+ 7f(l—k)(l—a) / S(k—l)(l—a) |dkf|*(8)@
t 8
= d"fI**(t) + Que—1y1-a) (14" f1")(1), t € (0,1/2).
Moreover, for 0 <t < 1/2

k—1

(5.8) L(t) =t RO N dif |,

=1

aemea) [ ena-w @5\ N2
- —a - —a) % j
= (1o [t @) Sl

.

k—1
= Qk-1)(1-a) (1) (t)(z I £l 0)-

Likewise, if 1/2 <t < 1,
(5.9) RO () = @) £ s (0RO )
1/2<t<1
=) =2 @) =11, -
Thus by (5.7), (5.8), and (5.9) we get that for t € (0, 1)

RO () — £7(1) I () + Qur—1y—ay (145 F17) (1)
k—1
+ Que-1)(1-a) V) OO @ £ 1) + £, -
=1

5This Theorem coincides with Theorem 1 of the introduction
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Therefore, by the conditions on indices, and the fact that Y (Q) C L', we get
that ||f\|y(17 w(@) can be estimated by

" 17 () + Qe—1y(1—a) (|4"FI7) (£) + Qre—1)(1-a) ( Z I £ ) + £,

Y

k—1
= | e Fllly + 2 Ml 1]

=0

k
<> ldkfllly
7=0

[l
Proposition 1. Let Q € 7, let p > 1, and suppose that kp(1 — «) < 1. Then
* 'Y
WkP(Q) c LT P(Q), ¢ = ———.
R T =

Note that if kp(1 — ) = 1, then
WEP(Q) C L>®P(Q) c BWP(Q).
Remark 5. Using Corollary 2, we can obtain an easy proof of the following result

(see [14, Theorem 1.2]): Let Q be an open domain in R™ let k € N, 2 < k <n and
let Y(R2) be a r.i. space such that % <ay <ay <1. Then

(5.10) WX () C Yiyn ().
In fact, by Corollary 2

O -ra s a [T e
Thus t
GO - s sa T [T S
By Fubini t
5 /toosknlg**(s)cf = 771_7;_1_ T (1/(th*(s)ds+tlnk /toos g (s )Cis)
= — 1 (70 + Qe e)M).
Therefore

10y, = 177y + | @ecs (11|
The conditions on the indices of the spaces imply that

la £l < ellld*fllly and || Qu=a (Id*fI)

<ellla sl

concluding the proof.
To compare this result with [14], recall that in [14, Theorem 1.2] the conditions
imposed on Y () are: @y < 1 and “Y satisfies the Q(k — 1) condition”, i.e.

/ sk; hy( >d8<oo
1 S S
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If Y’ denotes the associate space of Y then (cf. [2, Chapter 3, Proposition 5.11])
then hy (1) = Lhy' (s) and we have: Y (Q) satisfies the Q(k — 1) condition iff

/ s Lhy (s) ds < 00
1 S

In turn the last condition is equivalent to (cf. [2, Chapter 3, Lemma 5.9])
k— 1
I
n

Now, as is well known @y = 1 — ay-, and therefore we see that Y () satisfies the
Q(k — 1) condition if and only if k;1

6. SOBOLEV EMBEDDINGS ON R"™: THE FRACTIONAL CASE

In this section we deal with the higher order version of (1.2). (A detailed study
of the fractional case on general domains will be considered in [11].)

Lemma 3. If f € C§°(R™) then, for every k > 2

(61)  f7() = f1(1) <t/ / ~ - ( /0 ’ wx(f;?kﬂ d) i

Proof. By Corollary 2,
o0 — sk d
(62) RO R Bl O
t
On the other hand by (1.2)

@117 = [ (1 ) g @)

© (ux |dkf’ 1/n dﬁ
S/s < ox () ) x

Inserting the last estimate in (6.2) and using Fubini we find

*k ek 1/n > % >~ wx ‘dkf| 1/” d£ ﬁ
SCETACELY ( / (¢X() o)
— el 1/n ds
< fi/n Z 5" wX (D%f,s )7
D =R

Finally, using the well known estimate (see for example [7])

ox(efi9) 2 [ XD E oy

ok

(6.1) follows readily. O

Let X = X(R") be a r.i. space, and let Y be a r.i space over (0,00) and let
s> 0. Set r = [s] + 1 ([s]=integral part of s).

The Besov space B%Y(R”) is defined (see [12]) as the closure of C§°(R™) under
the seminorm
trwx (fit)

oy (t)

)
Y

||f||1§;yy(§z) -
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Example 4. Let X = L? (R") and Y = L9 ([0,00)), then ¢y (t) = t'/9 and

e} qd 1/q
= ([ antrn) )

Thus éip)Lq (R™) coincides with the usual space B)‘;yq (R™).
Theorem 7. (See [12] if 0 < s < 1) Let X = X(R"), Y(0,00) be r.i. spaces, and
let s > 1. Moreover suppose that

-1 _ —
Sy By 8, and @y <, + L

Then »
By y (R") C Vs (X)(R™),

where Y= (X) is the rearrangement invariant set introduced in [12], defined by

Ya(X) = {f: ||f||y<m,s,x> - \ ffj‘g §fo< )| < oo}.

Proof. By Lemma 3 (with k = [s]) we have that

sk 1/n o wX(fazi)k-i-l % @
f = = / ¢X (/ Zn z s’

Thus
If ol [T ([l )
E T O A £ :)s|, 7"
The conditions on the indices (see [12, Lemma 1 and Remark 1]) ensure that
(t) 10 Ox(1)
Qh(t) Ht h(t)
= o 0",
Thus . )
7 " /S wx (f, 27 k41 dz
PEORV S a— |
We claim that
t*S;kﬁLl
6.3 Ph(t —h(t
(03 o Bl ol §
This given we have
I w1 /8 wx (f, 2% i1 dz
- a it
dy(t) \ s Jo zn z )y
twwx (f, 57 )1
oy (1) y
61¢ % <gy—ﬁy+ﬁx,then
s H¢X() H H 75/n¢x(t) *ok H
s/ ~ ||gms/m EE ey
|eom e g5 o

thus, in this case Ys (X) is a r.i. space.
n
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s—k
n

It remains to prove (6.3). Let a =
assume without loss that A > 0. Now

o ) (st [PRGDET
PO Rl ey o (D) S/o o (1) My (s)ds.
tl—a

Thus 1
a—1 1
’ by () v S/O s dY(g)My(s)ds

and by the definitions of indices we have

. Since P is a positive operator we may

tl_a

oy (t)

Ph(t) h(t)

)

Y

1
1
/ Sa—ldy(;)My(s)ds <oo& ay < gy + a.
0
O

Corollary 3. Let Y = L%, and let X be a r.i. space such that 5;711 < fBy- Then
for all f € C§°(R™),
dt

/000 (tmox (O (f*(t) — £*(1))) C/OOO (t wx (f,t)g+1)° -
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