Conductor Sobolev-Type Estimates and
Lsocapacitary Inequalities

JOAN CERDA, JOAQUIM MARTIN ¢ PILAR SILVESTRE

ABSTRACT. In this paper we present an integral inequality con-
necting a function space (quasi-)norm of the gradient of a func-
tion to an integral of the corresponding capacity of the conductor
between two level surfaces of the function, which extends the esti-
mates obtained by V. Maz'ya and S. Costea, and sharp capacitary
inequalities due to V. MaZ'ya in the case of the Sobolev norm. The
inequality, obtained under appropriate convexity conditions on the
function space, gives a characterization of Sobolev-type inequali-
ties involving two measures, necessary and sufficient conditions for
Sobolev isocapacitary-type inequalities, and self-improvements for
integrability of Lipschitz functions.

1. INTRODUCTION

If Lip, (Q2) is the class of all Lipschitz functions with compact support in a domain
Q c R", Wiener’s capacity of a compact subset K of Q,

Cap(K,) = inf VAL (f € Lipy(@),

extended in the obvious way for any p > 1 as the p-capacity

Cap,, (K,Q) = inf K||Vf||§ (f € Lip,(Q)),

0<f=<1,f=1on

was used in [M05] to obtain the Sobolev inequality
(1.1) jo Cap,, (Mar, Mp) d(t7) < c(a, )|V £]]5,
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where M; is the level set {x € Q: |f(x)| > t} (t > 0).

This “conductor inequality” is a powerful tool with applications to Sobolev-
type imbedding theorems, which for p > 1 plays the same role as the co-area
formula for p = 1.

With its variants, (1.1) has many applications to very different areas, such as
to Sobolev inequalities on domains of R™ and on metric spaces, to linear and non-
linear partial differential equations, to calculus of variations, to Markov processes,
etc. (See, e.g., [AH], [AP], [Ci], [Da], [DKX], [Han], [K84], [MM], [MM1],
[MM2], [M85], [M11], [M05], [M06], [MN], [MP], [Ra], [V99], and the refer-
ences therein).

An interesting extension based on the Lorentz space LP4(Q) (1 < p < oo,
1 < q < ») has been recently obtained in [CoMa], showing that

[ Capy g M MO A7) < c@,p DIV S oy (1= p)

and
JO Capp‘q(Mat,Mt)tI/l’ At < c(a,p, DIV S lIfra (P <ad <),
where now
Cap, (K, 2) = | inf (VS lTraq  (f € Lipg().

Our aim in this paper is to extend these capacitary estimates when a general func-
tion space X substitutes LP (Q) or LP*4(Q) in the definition of Capp and Capp‘q.

It could seem that for improvements of integrability only truncations meth-
ods are needed. In [KO] it appears that inequalities of Sobolev-Poincaré type are
improved to Lorentz-type scales thanks to stability under truncations, but there
and also in [CoMa], p-convexity is implicitly used, since the proofs are based on
the inequalities

Hf”fvvq(g,u) + HgHﬁv,q(Q,u) <|f +g”fw<9,u) (I <qg<p),
Wl Epaca + 19llirau < If + allfraqy (1 <p<a)

of the Lorentz (quasi-)norms, for disjointly supported functions. With use of the
fact that the constant in the right-hand side of the inequalities is 1, they can be
extended to an arbitrary set of disjoint functions, and L4 satisfies lower estimates
with constant 1 (see Section 2).

A perusal in the proofs also shows that the limitation of the usual techniques
is that they allow us to cover only a certain particular kind of spaces because of the
lower p-estimates with constant 1, and it does not apply to a wider class of spaces.

However, by means of new techniques, we will see that an extension is possible
in the setting of (quasi-)Banach spaces with lower p-estimates, independently of
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the value of the constant. Our results can be applied to many examples, which
include Lebesgue spaces, Lorentz spaces, classical Lorentz spaces, Orlicz spaces,
and mixed norm spaces.

The organization of the article is as follows. Since certain convexity conditions
on the space are needed, in Section 2 we recall some basic definitions and known
results concerning these concepts and present the most classical examples of spaces,
not necessarily rearrangement invariant, satisfying these kinds of properties, and
we include some facts concerning capacities and submeasures that we will require
in the development of our results.

In Section 3, using a result due to Kalton and Montgomery-Smith on sub-
measures satisfying an upper p-estimate, we prove our main results.

In Section 4 we characterize Sobolev-type inequalities in the setting of re-
arrangement invariant (r.i.) spaces. Under appropriate conditions on the space
X (see Theorem 4.2) and for any 0 < p < oo, we show the equivalence of the
following properties:

(i) For every compact set K on Q, @y (u(K)) s Capy (K),
@) fllareyy S IV FIlx (f € Lipy(€2)),
@iii) [fllar=y)y S IVFillx (f € Lipy(Q)),
where @y denotes the fundamental function of Y and AP4(Y) (0 < g < o) a

Lorentz space, defined in Section 4. Moreover, under the appropriate conditions
on Y, we show that

fllarery S IVFlIx © Ifllaey) S IV FIx = 1flly S IV Fllx.

In the particular case when X = L?, p € (1,n), and Y = L* with s =
np/(n — p), we recover the well-known self-improvement of integrability of Lip-
schitz functions

Nf sy = 1 flIavesy S IV Fllire.

In Section 5 we derive necessary and sufficient conditions for Sobolev-type
inequalities in r.i. spaces involving two measures, recovering results obtained in
[CoMa], [M05] and [MOG] for Lorentz spaces.

Finally, in Section 6, we include some connections with the theory of the
capacitary function spaces studied in [Ce], [CMS], and [CMS1].

As usual, the symbol f < g means that there exists a universal constant ¢ > 0
(independent of all parameters involved) such that f < cg, and f ~ g means that

f=g=f.
2. PRELIMINARIES

2.1. Function spaces. Let (Q, 1) be a measure space and L°(Q) the vector
space of all (equivalence classes of) measurable real functions on Q. We shall say
that X is a quasi-Banach function space if it is a quasi-Banach linear subspace of
L%(Q) with the following properties:
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(i) (Lattice property) If g € X and f € L°(Q) such that |f] < |gl, then
feXand lfllx < lglx.
(ii) (Fatou property) If 0 < fi, 1 f almost everywhere, then || fnllx < II.fllx.
For 0 < p < oo, recall that X is said to satisfy an upper p-estimate or a lower
p-estimate if there exists a constant M so that, for all n € N and for any choice of
disjointly supported elements {fi}}*, C X,

@.1) H(iuﬂ””\( sM(i 1£i7) "
(2.2) (anlnp <MH(Z|f1|” )",

respectively. The smaller constant M is called the upper p-estimate constant or
the lower p-estimate constant, and it will be denoted by M®) (X) or M) (X)),
respectively.

2.2, Some examples. For the sake of the reader’s convenience, let us present
some examples of spaces satisfying these kinds of properties.
As usual, if f € L9(Q), f* will denote the non-increasing rearrangement of

f defined by
SE@) =inf{A>0:u{x € Q:|f(x)]| > A} <t},

and f**(t) :=t7! fot S*(s) ds the average function.

Recall that a quasi-Banach function space X on Q is said to be rearrangement
invariant (ri.) if f € X, g € L°(Q) and g* < f* implyg € X and llgllx < I fllx.

A function F : (0,0) — (0, ) is called quasi-increasing (respectively, quasi-
decreasing) if F(s) s F(t) (respectively, F(t) < F(s)) forany 0 < s < t. More-
over, F is said to be quasi-superadditive if there exists a constant d > 0 such that
F(x)+F(y) =dF(x+y) forall0 < x,y < oo, and it is said to be superadditive
when d = 1.

Example 2.1. The space X is said to be p-concave (respectively, p-convex)
if (2.2) (respectively, (2.1)) holds for arbitrary functions.

Since 31" 1gilP = | 2i-1 gil? when {g;}!"; C X are disjointly supported, if
X is p-concave, then X satisfies a lower p-estimate.

Example 2.2 (Lorentz spaces). Suppose 0 < p < o0, and let w be a weight
on (0, ) satisfying the A,-condition fOZt w(s)ds < fot w(s)ds, so that the clas-
sical Lorentz space

AP ) = {F € 1) < I flaviu = (J: F*0Pw(x) dx>1/p <ol
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is a quasi-Banach space (see, e.g., [CRS, Section 2.2]).

It is well known that A” (w) is p-convex with constant 1 when w is decreasing
and p-concave with constant 1 when w is increasing (see [KM]).

If w is decreasing, by [KP, Theorem 1], for ¥ > p and p/v + 1/s = 1, the
r-concavity constant of AP (w) is

1/p

sup 1t
t>0 T Jo

Moreover, if 0 < f(fw(t)dt < oand [y t7Pw(t)dt < oo, then, forp <7 <
00, AP (w) satisfies a lower 7-estimate if and only if

t
t*””J w(s)ds
0

is quasi-increasing.

These spaces generalize many known spaces in the literature. For instance, if
w(t) :=tPla-1(1 + log(t)))‘p, then we obtain the Lorentz-Zygmund space, that
is, AP (w) = L2P (LogL)* (Q) (see, e.g., [BR]).

More generally, a positive function b is said to be slowly varying on (1, ) (in
the sense of Karamata) if for each € > 0, t¥b(t) is quasi-increasing and t b (t) is
quasi-decreasing. For example,

b(t) = exp(y/logt) and b(t) = (e +logt)*(log(e + logt))¥,

with «, B € R, are slowly varying.
Ifw(t) =t4P-1p(1/t)20n (0 <t < 1) with b slowly varying, then A?(w)
is the Lorentz-Karamata space Ly 4,5 (Q) (see, e.g., [Nev]).
Example 2.3 (I” (w)). Suppose that the weight w satisfies the nondegener-
.. 1 _ o0
acy conditions [y sTPw(s)ds = [;” w(s)ds = oo.
Ift7 [fw(s)ds s [ s Pw(s)dsand 1 < p < < oo, then

I’ (w) = {f e L%Q) : Ifllirrw) := (J: f**(x)”w(x)dx)l/p < oo}

satisfies a lower 7-estimate if and only if t?1=1/") [ s=Pw (s) ds is quasi-increas-

1ng.
ForO<p<landv >=1,orforl < p <¥ < oo, I'?(w) is r-concave if and
only if

tp“‘””‘fJ sTPw(s)ds
t

is quasi-increasing for some & > 0.
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For details see [KM1].

Example 2.4 (Orlicz spaces). Let ¢ be a Young function, and consider the
Luxemburg norm defined by

rire= inf{e 50 j:(m " ('f(T”') dt < 1}.

e For0 < g < o0, Ly(Q) satisfies a lower g-estimate if and only if p(Au) <
Al¢p(u) forall A > 1 and all u.
o Suppose () <wand1 <p <2=<qg<r <o If p(Au) s Alp(u)
forall A = 1 and u = ug = 0, then Ly (Q) is ¥-concave.
o If u(Q) = oo, then the above inequalities need to be satisfied for all u > 0.
For details see [K1] and [K2].
Function spaces that are not rearrangement invariant may also be considered:

Example 2.5 (Mixed norm L spaces). The space L1(Q,)[L? ()] for 1 <
p,q < o, defined by the condition

1/q

1A= (] (] |f<x,y)|pdu1(x))w ) <o,

satisfies a lower pg-estimate with constant 1.

Indeed, if f and g are two disjointly supported functions, it follows from
[BP, Theorem 1] that [ f + gl?? > || fIIP9 + [|glIP4.

Similarly, in the case LP" (uy)[. .. [LP' (111)] ] of n parameters, we have a lower
p1 - - - Pn-estimate with constant 1.

Example 2.6 (Mixed norm weighted Lorentz spaces). Suppose 1 < p,q <
o0, and, for a measurable function f on Q = Q) X Qy, let fj’f(x, t) denote the
decreasing rearrangement of f with respect to the second variable 3, when the
first variable x is fixed (see [BK]).

Let u and v be weights on Q; and Q, u such that U(x) := fox u(t)dt is
quasi-superadditive. Then the space A?(v)[AF (u)] defined by the condition

If llAaq)iar ao == (J: [(J:(fjf(-,t))”u(t)dt>*(s)]qmv(s)ds)l/q < o0

also satisfies a lower pg-estimate.
Let 0 < a < 1. An application of Holder’s inequality gives

(IxI? + |yP)V/P =a"VPx 4+ (1-a)"VPy (1<p < o).

It follows that, since A? (1) satisfies a lower p-estimate (see [CS, Lemma 3.2]), if
f,9 € AP (u) are disjointly supported, then

My (AP )L + gllarae = (1F1Ro ) + 119150 00) 7

>a' " Pl fllara + (1= a)' = Pllgliar ),
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f0<a<l.
Let now f,g € A1(v)[AP (u)] be disjointly supported. Then,

Mpy (NP () ILf + gllaa@)iar w))

=M@ ([ ([0 aenru dt)*<s>]wv<s> as)

1/q

© 1/q
> (@I O + (1= @) llgy ()] Jv ) ds

> a' VD || Fllxawyiar ) + (1 —a) VPV gllaaqwar w)]-

Finally, choosing

ARG wiar oy

||f||Aq(v)[Av(u + ||g||Aq(v)[Alﬂ(u)],

we obtain

1/(pq)
Mp) (AP (U ILf + gllaa)iar ) ||f||Aq(v)[Av(u + ||g||Aq )[AP u)]) [pa),

Observe that, if U is superadditive, then M) (A? (u)) = 1.

Remark 2.7. In Example 2.2, if w is decreasing (respectively, increasing),
then for all g > p, AP (w) is g-concave with constant 1 (respectively, g-convex
with constant 1 for all 0 < g < p) if and only if AP (w) is isometric to L¥. See
[KP, Corollary 4].

For a Lorentz-Karamata space, we have (see [EP])

0 1/
1l = (L [t””‘”“f*(t)b(t)]th>
0 1/q
- (L f*(twtq/v*b(tﬂdt) 1 o,

where w is the weight defined as w(s) := s97~'b(s)4, s > 0. For q > p,
Wi(x) = f(fcw(s)ds is quasi-superadditive, and, by [CS, Lemma 3.2], A?(w)
satisfies a lower g-estimate. For q < p, by [KM, Theorem 6], A¥(w) is not
g-concave.

A function ¢ is said to satisfy (RC) if

P(au) N d((1-a)v)
P(u) P(v)

>1 forallu,v>0and0<a < 1.

Assume that ¢ is an Orlicz function, that is, ¢ is strictly increasing and continuous

with limy—« ¢ (u) = 00, p(0) =0and ¢p(1) = 1.
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When p(Q) < oo, if p(u!/?) satisfies (RC), by [HKT, Corollary 3.3], Ly (Q)
satisfies a lower p-estimate with constant 1.

If u(Q) = oo, then ¢p(u'!/?) satisfies (RC) if and only if Ly (Q) satisfies a
lower p-estimate with constant 1.

2.3. Capacities. Let Q be a domain of R" endowed with the Lebesgue
measure My, Lip(Q) be the class of Lipschitz functions on Q, and Lip,(Q) =
{u € Lip(Q) : supu compact in Q}.

From now on, X = X(Q) denotes a quasi-Banach function space on Q.

Given a compact set K C Q and an open set G C Q containing K, we call the
couple (K, G) a conductor and denote

W(K,G) := {u € Lip,(G) : u = 1 on a neighbourhood of K, 0 < u < 1}.
Each conductor has an X-capacity defined by

Capy (K, G) := inf{||Vullx : u € W(K,G)}

that for X = LP1 recovers the capacity Capy = Cap;/‘ 7 from [Co]. From the
definition (see [M85], [M05] and [Co]) we have the following statements:

e If Ky C K; are compact sets in G, Capy (K1, G) < Capy (K3, G).
o If O C Q) are open and K is a compact subset of Q;, then

CapX(K,Qz) < CapX(K,Ql).

o If {K;} is a decreasing sequence of compact subsets of G with K :=
m:'x;l Ki, then

Capy (K, G) = lim Capy (K;, G).
1— 00

o If {Q;} is an increasing sequence of open subsets of Q with Q := 2, Q;
and K is a compact subset of Q, then

Cap, (K, Q) = lim Cap (K, Q).
i— 00

We will write Cap (+) = Capy (-, Q) if Q has been fixed.

2.4. Submeasures. 1f A is an algebra of subsets on Q, a set-function ¢ :
A — R is said to be monotone if it satisfies ¢p(@) = 0 and P(A) < ¢(B)
whenever A C B, and ¢ is said to be normalized when ¢(Q) = 1. A monotone
set-function ¢ is a submeasure if

P(AUB) < p(A) + Pp(B)
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whenever A, B € A are disjoint, and ¢ is a supermeasure if

P(AUB) = p(A) + Pp(B)

whenever A, B € A are disjoint.
Forany 0 < p < o, we say that a monotone set-function ¢ satisfies an upper
p-estimate if ¢¥ is a submeasure, and a lower p-estimate if $¥ is a supermeasure.
In the proof of our main result, Theorem 3.1, we shall use [KMo, Theorem
2.2], where it is shown that if 0 < p < 1 and @ is a normalized supermeasure
which satisfies an upper p-estimate, then there exists a measure 4 on Q such that
@ < pand p(Q) < Kp, where

2

For a more complete treatment, see [KMo] and the references quoted therein.

3. SOBOLEV CAPACITARY INEQUALITIES

In this section we will present our extensions of [CoMa, Theorem 4.2] to an
arbitrary parameter p, 0 < p < o0, and X a Banach or quasi-Banach function
space which satisfies a lower p-estimate.

Theorem 3.1. Suppose 0 < p < oo, and let a > 1 be a constant. If X is a
Banach function space that satisfies a lower p-estimate, then

(3.1) JO t? Capy ({If1 > at}, {| f| >t})”%SCIIVfII§§ (f € Lipy(Q)),

where ¢ is a constant that depends on a, p and M p)(X).
In particular,

62 [ v Capytis = )P S < VAL (f € Lipy(@),

where c depends on p and Mp)(X).

Proof- Without loss of generality, assume that ||V f|lx < oo, and that f = 0,
since [V|f]| < [V f].
Since X is a Banach function space, the set-function

IV FIXAllx
IV fllx

is a submeasure. Moreover, using that X satisfies a lower p-estimate, we conclude
that if Aj,..., A are disjoint, then

P(A) := (A € B(Q))

1
(3.3) ¢(A1u---uAn)2m((f)”(Al)Jr---Jr(bV(An))”p.
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Let us consider the set-function , defined by
n
(3.4) W(A) = sup{ Y PP (A},
i=1

the supremum being taken over all finite partitions (Ay,..., A,) of A.

It follows from (3.3) and (3.4) that

Y

(35 (M) (X))

<P <y,

and we claim that ¢ is a supermeasure satisfying an upper min(p, 1/p)-estimate.
Indeed, given any € > 0 and two disjoint sets A and B, choose finite partitions

A=U A, B= U;li’l Bj such that
Na ny
WA (1-¢) <> ¢pP(A) and @B)(1-¢) < > P (B)).
i=1 j=1

Then {Dk}zg"b = {Ak}zil U {Bk}zil is a partition of A U B which satisfies

Ng Nnp

WAL —&) +wB)(1—¢) < > dP(A) + > PP (B))
i=1 j=1
Ng+tnp

< D ¢P(DW) <w(AUB),
k=1

and  is a supermeasure.

Let ¥ = min(p, 1/p). Recall that y satisfies an upper v-estimate if ¢" is a
submeasure.

Suppose first p = 1, that is, ¥ = 1/p, and let A, B be disjoint sets. If
(C1,...,Cp) is a partition of A U B, then, since ¢ is a submeasure,

(S¢rc)”” = (Serccinaucnn)”
< (i(qb(Ci na)+gcinpyr)”
(€0 )+ (G Bl
< [H(Cin AL lle + [HA(Cin BIFL [l
—(Sercina)’ + (Sercinm)”

< gAY B3P

p
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Therefore, taking the supremum over all partitions, we obtain that

W(AUB) =sup ) ¥ (Ci) < (W(A)VP + p(B)P)P,

and @17 is a submeasure.
If p < 1land (Cy,...,Cy) isa partition of AUB, then, since ¢ is a submeasure,
using that
(x+y)P <xP+y? (x,y=0),

we have that
(S ¢rcn)’ = (S(d(Cina) +dcinB)P)”
i
< (¢rcina) +(Xercinm)”
< W(A)Y + y(B)".
Therefore, taking the supremum over all partitions, we obtain that

W(AUB) =sup > $P(Ci) < (W(AP + Y (B)P)P,

and P is a submeasure.
We normalize ¢ and define

_w(A)
P(A) = o

a normalized supermeasure which satisfies an upper r-estimate. Thus, by [KMo,
Theorem 2.2], there is a measure p on Q such that

(3.6) @ <u and u(Q) <K,.

Now, if My := {|f| > t} = {f > t}, the function y(t) := u(M;) is decreasing
on (0, ) and the limits y(0) and y(c0) exist, so that

> dt . N dt
|, v -y = _lin [ ow-yan

as an improper integral.
We have
p(Me) = (M \ Mag) + p(Mae)

and therefore

J UM\ Mag) 2L :[ M) - u(Mae)) 3L = (M) log a.
0 t 0 t
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By (3.5) and (3.6) we obtain

00 dt © dt 00 M Ma dt
J MM\ Mat) == ZJ @M\ Mg)— = WM\ May) dt
0 t o :

p(Q) t
> mj PP (M \Mat)g
Jw I |vf|XMl\MM||X dt
@b A
so that
* pdt p
(3.7) JO 119 1 Xum k7 = W ( Q) (Mo) logal|V f[

< KrMp) (X)P logal|V £|[%.

. t
At(f) = min SL”(f' 1))t+ 1}'

Since f € Lip,(Q), an easy computation shows that

Consider now

1
IVAL ()] = m'vfb(Mt\Mat
and obviously

1V F X w [y = (@ = DPEPIVALHT IR
Moreover, since A¢(f) € W( My, My),
11V f XM |Ix = (@ = 1)PtP Capy (Mar, M)P,
and the proof of (3.1) with

M(p)(X)pK'y loga

c:=c(a,p,My) (X)) = a_ 17

ends by inserting the last estimate in the left-hand side of (3.7).

If p = 1, then X satisfies a lower 1-estimate, and it follows from [LZ, Propo-
sition 1.£.7] that X is g-concave for all g > 1. Therefore, X can be equivalently
renormed so that, with the new norm, it satisfies a lower g-estimate with constant
1. Hence, the result follows with similar arguments to those in [CoMa].

The capacitary inequality (3.2) follows from using (3.1) with a = 2 and
Capy (Mga) < Capy(Mar, Mp). In this case

2Pc = ch(z,p,M(p)(X)) = M(p)(X)pKVZP logz. O
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Theorem 3.1 can be extended to the setting of quasi-Banach spaces by using
Aoki-Rolewicz’s Theorem (see, e.g., [BL, Section 3.10]):

Theorem 3.2. Suppose 0 < p < oo, and let a > 1 be a constant. If X is a
quasi-Banach function space which satisfies a lower p-estimate, then

jo tP Capy (111 > atl, if > t})v% <al[VAIE  (f e Lipy @),

where the constant ¢ depends on a, p, Mp)(X) and on the quasi-subadditivity
constant ¢ of the quasi-norm in X.
In particular,

jo t Capy (11 = th? S = 2 |[VFIE (f € Lipy(),

with ¢\ depending on p, M(p)(X) and c.

Proof- The proof of Theorem 3.1 can be adapted to this case as follows.
By Aoki-Rolewicz’s Theorem, if ¢ is defined as (2¢)¢ = 2, there is a 1-

seminorm || - ||* such that, for all f € X,
LI < NIFII% < 2171
Endowed with this 1-seminorm, X satisfies a lower p / 0-estimate, since if f1,..., fn

are disjointly supported functions in X, then
n n n
(Sasnre)” < (SUAIR)™" = Mo 0| X 11
i=1 i-1 i-1
1 1 " . 13
< 2Mpy (0| X Ifil ||
i=1

Now consider

(,U(A)=Sup{iq§’”/9(Ai)} with qb(A):M
i=1 IV £I*

With the same arguments as in Theorem 3.1, it can be shown that ¢ is a super-
measure that satisfies an upper 7-estimate, and the proof ends in the same way,
now with

c1:=ci(a,p,c,Mp)(X)) = (a-1r ,

for o such that (2¢)¢ = 2 and ¥ = min(p/o, ¢/p). -
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4. ISOCAPACITARY INEQUALITIES AND SOBOLEV-TYPE ESTIMATES

Let u be a Borel measure on Q and X be a quasi-Banach r.i. space on Q. Recall
that the distribution function of f is defined as

Hp(A) == p{x € Q: [f(x)] > A} (A =0),
and the fundamental function of X (see [BS] and [BrK]) is defined by
@x () = lIxsllx (&= uA).

Given 0 < p < c0 and 0 < g < oo, the Lorentz space AP*4(X) associated to X
is defined as

1 € 12) 1 lavacn) = (J: PLaI (@ (up (1)))4IP dt)l/q <}

with the usual changes when q = co. When p = q, we write A” (X) instead of
APP(X).

Notice that if X = L!, then AP4(L!) = LP4,

It is well known that for 0 < q¢ < g1 < o,

AP (X) C APAL(X).
Moreover, if X is a Banach space, then
ANX) € X c AV (X).

In fact, the spaces A1 (X) and A®(X) are respectively the smallest and largest r.i.
spaces with fundamental function equal to .
Let X be an r.i. space on R™. Maz'ya’s classical method shows that

Ifllx s IVl (f € Lipy(R™))
if and only if; for every Borel set A,
Px(Mmn(A)) s my(A),

where m;; is Minkowski’s perimeter (see [M11] or [EG]).
As shown in [MM2], the following self-improvement property follows for
S € Lipy,(R™):

Ifllarec) S IVl < 1flIx s IVFlle < 1 fllax S IV Fl.

This Sobolev self-improvement obtained in the case g = 1 is also extended to the
caseq > 1 as

lfllaaex) S IV fllLa < [ fllaraxy S 1V fllpa.
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In particular, if X is g-convex, then the space

Xy = 1M e Xy, Wflxg =AY

is an r.i. space, and
AM(X) = A(X(g) C X(g) €AY (X(g))-

In summary, in terms of the X(4) scale of spaces, on Lipschitz functions we have
the following equivalences (see [MMP]):

lfllAarexg) S N1Vl < [ fllaacxg) S IV Fle < 1fllx, s 1VflLa.

In this section we shall extend this result to the setting of quasi-Banach r.i.
spaces. As an application of Theorem 3.2, we characterize Sobolev-type estimates
in terms of isocapacitary inequalities.

From now on, Q will be a domain in R™, X a quasi-Banach function space on
Q, p a Borel measure on Q, and Y an r.i. space on (Q, 4). The notation g € G
means that g is an open set whose closure is a compact subset of the open set G.

An isocapacitary inequality is an inequality of the form Capy (K) = J(u(K)),
where J is a nonnegative function and K is any compact set in Q.

Proposition 4.1. If

@y (1(g))
Sup Capy(4,G) =
the supremum being taken over all sets g, G such that g € G € R", then for every
compact subset K in Q,
@y (u(K)) < Capy(K).

Proof. Let K be a compact subset in Q and d := d(K,Q¢) > 0. Denote
An = 1/m, and consider the smallest n € N, n*, such that 1/n* < d. For each
n = n*, let

GAn) i ={xeQ:dK,x) <A}, KAn) :={xeQ:d(K,x) < An}.
Then Nysn+x G(An) = K and (s px K(Ay) = K. Since

Py (H(G(Ax))) < Capy(G(Ak))  (k =n*),
by the properties of Capy;,
@y (u(K)) =< I!LH; @y (u(G(Ak))) = I!Lngo Capy (G(Ax)) = Capy (K),

and the result follows. O
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Theorem 4.2. Ler 0 < p < oo, and assume that X satisfies a lower p-estimate.
Then the following properties are equivalent:

(1) @yu(K)) < Capy(K) for every compact set K on Q.
(1) [1fllareyy S IV Flix (f € Lipy(Q)).
@iii) Iflav=yvy S IVFllx (f € Lipy(£2)).

Moreover, for q = p, if Y is q-convex, or if 'Y satisfies an upper q-estimate and
@y (t) /tYP is quasi-increasing, then, for every f € Lip,(Q),

(4.1) lfllareyy S IVFlx < 1fllaveyy S IV EIx < I1flly S IV Fllx.
Proof- (i) = (ii) If @ > 1, by Theorem 3.2 we have

1/p

0 o 1/p ) o
TN (jo t*’*lqoyw(Mt))ndt) < (L tp*ICapX<Mt)ndt)
00 o 1/p
sa(J S""1CapX(MaS,MS)’”dS) < IV£Ix.
0

(ii) = (iii) Observe that AVP(Y) c AL (Y).
(iii) = (i) This is trivial with use of Proposition 4.1.
To prove (4.1), if Y is g-convex, then @y (t)4/t is quasi-decreasing and

Il = A1 < AN, = AR
Then (4.1) follows.
If Y satisfies a upper g-estimate and @y (t)/ tl/r s quasi-increasing, then it

also satisfies a upper p-estimate, and then, for every simple function s = 3; aix 5,
with A; N Aj = @ if i # j, we obtain

‘Y - H(;anAJI/VHY

<MP0(Sllaixy )" = MO0 (S lad ey (wa)?)

Islly = || 2 aix,
i

1/p

Since @y is also the fundamental function of A (Y) and @y (£)/tY? is

quasi-increasing, we know that A7 (Y) satisfies a lower p-estimate (see [KM,
Theorem 8]). Hence

<Z af@ﬂﬂ(&))’”)up = <Z ||aiXAi||X1xV(Y))1/p

1/p
p _
< H(lei XA,,) HAW(W = |Isllare(yy
1
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Then, by the Fatou property, for every positive function f we have

LAy S Iflave(y)-

Therefore, if || fllary)y S IV flx, then | flly S IVfllx. Conversely, if | flly <
IV fllx, then, since Y — AL (Y), it follows that || flla1=) < IV.fllx, and we
conclude that || fllate vy S IVfllx. =

Remark 4.3. Theorem 4.2 is to be compared with the results in Section 1 of
[MM2].

Let us consider some examples: It is well known that the Gagliardo-Nirenberg
inequality
lflpnn-n S NV Flle (f € Lipy(Q))

allows us to see thatif p € (1,n), s = np/(n — p) and x = (n — 1)s/n, since
LFU3s = 1A% N0, then

AR < [l £1NV I s (IR 19 Fll,

where p’ is the conjugate exponent of p. Hence || fll;s S [IVfllrr. Therefore,
since LS — L5, it follows that

If s < IV fller.

But [ fliate@sy = Ifllzse S IV flir, and then, since L? satisfies a lower
p-estimate, from Theorem 4.2, we conclude that

I fllLse = I fllaesy) S IVfllee  (f € Lipy (),

and we have obtained a self-improvement.
If p = n, then we start from the Trudinger inequality,

(n-1)/n

t *(S)n/(n—l)

(%‘ﬁ) S IV AFlen,
g1

which gives the estimate

(1-n)/n
@(uK)) = <1 + log ) < Cap;. (K),

H(K)

and then
lf Aty s IV flln.
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Bug,

A= ([ t”_l(CP(IJf(t)))"dt>l/n = (Jol (&%)n%w'

If v < s < p, then LS satisfies an upper p-estimate and @psr(t)/t!/? is
quasi-increasing, so that, since || flls~ = | fllare@s) S IV.fllLe,

[ f s = N[ fllare@sry S IVFlle S IV fllea (g < p),

and then || fllatr sy S IVfllr. Therefore, if g < p, then we obtain the self-
improvement

lf s = IflIavesry S IVFllra  (f € Lipy ().

5. SOBOLEV-POINCARE ESTIMATES FOR TWO MEASURE SPACES

In [CoMa], characterizations for Sobolev-Lorentz—type inequalities involving two
measures are proved, extending results obtained in [M05] and [M06]. Here, we
extend those results and derive, with similar methods, necessary and sufficient con-
ditions for such Sobolev-type inequalities involving two rearrangement invariant
spaces subjected to appropriate convexity conditions.

From now on, y and v are two Borel measures on Q, and 0 < p < o0. Let X
be a quasi-Banach function space on Q, Y be an r.i. space on (Q, ), and Z be an
r.i. space on (Q, V).

Theorem 5.1. Suppose that X satisfies a lower p-estimate. Then, the following
properties are equivalent:

(i) There is a constant A > 0 such that

1A Ay < AUV Flix + ILf laez))  (f € Lipy ().
(i1) There exists a constant B > 0 such that
@y(u(g)) <B(Capy(g,G) + z(v(G)) (geGeQ).
Proof (i) = (ii) Choose g € G € Q, and consider f € W(g,G) arbitrary.
Since g C {f = 1}, it follows that
Py (u(@) = jol Py (u(Lf = 117 de? < jol Py (u(Lf > )P dt?
< PRy S HVAIE + 1R 20

with
1 1
Al 2y < JO tP oz (v(G)Pdt = ;qoz(v(c))v,
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and (ii) follows by taking infimum over all functions f € W (g, G).
(i) = (i) From My = {Ifl > t} C supp(f) and My € My if a > 1,
@y (U(Mgar))P < Capy (Mg, Mi)P + @z(v(M¢))?, and Theorem 3.2 yields

00 1/p
lLflarey) = (Jo Glp*lSwl(PY(lJ(Mas))padg

) _ 1/p
s a{(J Sp_ICapX(MaS,MS)pdS>
0

. (J:s”’l(pz(v(Ms))’” ds)l/p}

S IVFlx + L lawz). -

6. EXTENSION TO CAPACITARY FUNCTION SPACES

Let us now extend our results to the capacitary function spaces setting considered
in [Ce], [CMS] and [CMST].

By a capacity C on a measurable space (€,X) we mean a set function defined
on X satisfying at least the following properties:

(@) C(@) =0,
(b) 0 < C(A) < o,
(c) C(A) <C(B)if AC B, and

(d) (Quasi-subadditivity) C(A U B) < ¢(C(A) + C(B)), where ¢ = 1 is a
constant.
Then the Lorentz spaces LP*4(C) are defined by the condition

0 1/q
1 llrace) = (”’L I 1C{|f] >t}q/f’dt) < o,

With this notation, Theorem 3.2 states that if X satisfies a lower p-estimate,
then
If e capy) S IVFllx  (f € Lipy(Q)).
Let us denote by C?) := C/? the p-convexification of C (see [Ce]).

Theorem 6.1. Suppose 0 < p,s,q < o, and let C and C be two capacities on
(O, 2). If X satisfies a lower q-estimate, then the following properties are equivalent:

@) N flizraccy S IV Flx + 1 fllpsace) for every f € Lipy(Q).
(i) CP)(g) < Capy(g,G)+C(G) for all sets g and G such thatg € G € Q.

Proof- (i) = (ii) Choose g € G € Qandany f € W(g,G). Then || fllzracc) S
||vf||X + ||f||Ls,p(C'), SO that

1 1/q
cP(g) = (JO CP(f > t})%t@) SUVElx + 1F lpsw s
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and || fll op () = (fol C{If| > s}P/sdsP)!/P < C9(G). Taking the infimum over
all f € W(g,G), we conclude that

C'P)(g) < Capy(g,G) + C¥(G).

(ii) = (i) Consider f € Lip,(Q), and take for @ > 1 and t > 0 the open sets,
g := My and G := M;. By hypothesis we have C'?) (Mg;) s Capy (Ma, My) +
C®)(My), and then, by Theorem 3.2,

0 - 1/q
1fllzrace) < (jo sq*CapX(Mas,Msﬂds)

00 ,. 1/q
+ ([ s171CW) (M) ds)
0

< IV Elx+ 1F D oace- o

In a similar way, we obtain the following result.

Theorem 6.2. Let 0 < p,q < co. Suppose that X satisfies a lower q-estimate,
and let C be a capacity on (Q,X). The following properties are equivalent:

@) [ flizracc)y S IV Flix for every f € Lipy ().
(ii) C'P)(g) < Capy(d,G) ifg € G € Q.

We say that the capacity C is Fatou if C(A,) — C(A) whenever A, 1 A and
that it is concave if

C(AUB)+C(AnB)<CA)+C(B) (A,Be?l).

The capacity C is said to be p-invariant, where pt is a measure on (Q, %), if C(A) =
C(B) whenever t(A) = pu(B), and it is said to be quasi-concave with respect to u
if there exists a constant y > 1 such that, whenever p(A) < u(B), the following
two conditions are satisfied:

(@) C(A) < yC(B), and

(b) C(B)/u(B) < yC(A)/u(A).

Assume that X is an r.i. quasi-Banach space. Now, if we define C(A) :=
@x(Mmp(A)), then LP(C) = AP (X) is a Banach space.

Indeed, since @y is continuous except possibly at the origin, C is a Fatou
capacity on (Q,my) and LP(C) is complete. Moreover, C is My-invariant and
quasi-concave with respect to My, and, by [CMS, Theorem 8], there exists a
Fatou concave capacity C; which is equivalent to C. For such a capacity, L7 (C1)
is a normed space.
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