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CHOQUET INTEGRALS
IN POTENTIAL THEORY

DaviD R. ADAMS

Abstract
This is a survey of various applications of the notion of the Cho-
quet integral to questions in Potential Theory, i.e. the integral of a
function with respect to a non-additive set function on subsets of
Euclidean n-space, capacity. The Choquet integral is, in a sense,
a nonlinear extension of the standard Lebesgue integral with re-
spect to the linear set function, measure. Applications include an
integration principle for potentials, inequalities for maximal func-
tions, stability for solutions to obstacle problems, and a refined
notion of pointwise differentiation of Sobolev functions.
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1. Introduction

The concept of capacity, as a generic set theoretic measuring device,
is intimately associated to the idea of a function space —in much the
same way that Lebesgue measure is related to the classical LP spaces.
The sets of capacity zero are the exceptional sets for representatives
of the function space. The prime example of such function spaces are,
of course, the classical Sobolev spaces W™P(Q), m a positive integer,
1 <p < oo, and Q a domain in Euclidean n-space R™: the distributional
derivatives of orders < m all belong to LP(2). When mp < n, such
spaces contain functions all of whose representatives are discontinuous
somewhere. The associated capacity, in this case, is nontrivial; it is the
variational capacity

Cr/n,p<K) = 1nf{||¢HIIjV7"P : ¢ € Cgo, ¢ Z 1on K}l

where K is a compact subset of R™ and W™P = W™P(R™) with

QN5 mniy = > | D¢ da
@) o

lo|<m
and o is an n-tuple of non-negative integers (oi,...,0,) such that
o1+ - +o, <mie |o] < m. D% is the usual partial differentia-
tion of ¢, o times in direction x, © = (21,... ,2,). CF(2) denotes

the usual space of infinitely differentiable functions on €2 with compact
support; C§° = C§°(R"). Tt is easy to see that Cj, , is never zero when
mp > n, and this coincides with the fact that each v € W™P now has
an everywhere continuous representative.

It is well known how function spaces have become such an influencial
concept in analysis, especially in the modern theory of partial differential
equations. In particular, Sobolev spaces often provide just the right set-
ting to prove existence, uniqueness and regularity results for solutions.
Capacity has classically entered this picture through removable singu-
larity results and boundary regularity criteria. But recently, the concept
of capacity has become much more —a tool that is used in much the
same way as measure is used. And one manifestation of this is a desire
to “integrate with respect to capacity” as if it really were an additive
set function —which it clearly is not. One way around this difficulty is
to define such an integral using the distributional form of a Lebesgue

IThroughout this manuscript we shall endeavor to adhere to the notation and termi-
nology of our basic reference [AH].
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integral. This was first proposed by Choquet in his seminal work on
capacities [C]. And so we define

/deE/OOC({xGE:f(x)>t})dt
B 0

where f is a non-negative function and C(-) is a capacity. Such a concept
allows us to at least attempt to treat capacity as a set function much
like a measure for purposes of integrating representatives of our function
space. And it is precisely to such uses that this note is dedicated: appli-
cations that have been around for some time but which can be rephrased
in this language, or new uses of this tool. One such reinterpretation is
to write the famous Wiener boundary regularity criterion for harmonic
functions in domain €2 with specified continuous boundary values as: xg
is a regular boundary point (i.e. the solution takes on it boundary value
at zo continuously) if and only if

/ |z — 20>~ dC] 5(z) = +o0
QeNB(z0,1) ’

forn > 2, Q C R™, Q¢ = complement of 2, and B(zg, r) is a ball centered
xo of radius r. See [AH, p. 165], [H, p. 220], and [KM].

For an extensive discussion of the development of the concept of ca-
pacity and related ideas like equilibrium potential, thinness, Hausdorff
measures, energy etc. see the book [AH] and the survey paper [A1].
Many such concepts will be used or refered to in this presentation, and
the reader should consult these as well as other references quoted in the
bibliography.

The ideas presented here mainly reflect the interests of the author, but
their origin can be traced back to two papers, in addition to the funda-
mental article [C] of Choquet. The first of these, [Fu], is Fuglede’s 1971
interpretation of the concept of capacity as a nonlinear functional gen-
eralizing the well known idea of a measure as a linear functional. The
second, is the author’s 1978 paper [A4] where an interesting connection
was made between the Choquet integral and a certain capacity func-
tional through the “capacity strong type inequality”, (3.1) below. This
idea is expressed here as Theorem 2 of section 3(c). However, most of the
results presented here are quite recent —since the mid to late 1980’s—
and often they have not generally been available to the mathematical
community at large. Consequently, though this is a survey article, it
still seems desirable to supply the proofs or at least some indication of
the proofs in cases where these results have had little or no exposure.
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The topics included are loosely tied together by their common use of
the Choquet integral. The reader can regard each section as an indepen-
dent topic after a few introductory remarks from section 2. The topics
include a study of the Choquet space L%(C') for various choices of the
capacity C. Here a special role is noted for the Hausdorff capacity (con-
tent) —section 4. And, as with the study of various function spaces, two
topics often of general interest are: a discussion of the dual spaces and
the embeddings of more familiar spaces into the new spaces. This we do
for L?(Cy,p) in Theorems 3 and 4. In section 6, the Choquet integral is
used to express a general stability criterion for solutions to an obstacle
problem for the p-Laplace operator on a given bounded domain € of
n-space, Theorem 11. The use of the Choquet integral here allows for a
very broad class of obstacles, obstacles that need not be smooth or even
bounded. Finally, in section 6, we use the Choquet integral as a tool to
refine the usual pointwise differentiation theory for functions in Sobolev
spaces.

It is hoped that this survey will provide an introduction, of a sub-
stantional nature, for this circle of ideas, ideas that often provide a very
elegant and convenient language to express a complimentary notion to
the traditional (linear) integral of a function with respect to an additive
measure, i.e. the Choquet integral.

The author wishes to thank the editor, J. Verdera, for the invitation
to organize these ideas and present them through Publicacions Matema-
tiques.

2. Capacity and integrals

(a) Bessel and Riesz capacity.

Calderon’s theorem ([AH, p. 13]) shows that every u € W™P can be
represented as a Bessel potential: u(z) = G, * f(x), z € R™ and f € LP.
G, is the L' function with Fourier transform (1 + |[£]?)~%/2, ¢ € R™,
a > 0. With this, we have the following potential theoretic capacity,
equivalent to C;n,p when o = m, an integer:

Cop(K) =if{||f||}, :Gaxf>1on K, f >0 ae.}

for « > 0 and 1 < p < oo. This capacity is often refered to as Bessel
capacity and denoted B, , in the literature. If we substitute the Riesz
kernel I, (z) = y(c) [2|*™™, 0 < @ < n, (see [AH, p. 9]) for the Bessel
kernel G, () above, then we write C., , for the Riesz capacity. C,, , and
Cl,p are locally comparable when ap < n; see [AH, p. 131]. We can also
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replace the kernel G, by any of several candidates g(z,y), by replacing
the convolution G, * f by

(21) [ st duty)

where p is some Borel measure, say. For details here, the reader is refered
to [AH, p. 24f].

One important feature of the theory of capacities associated with oper-
ators like (2.1) is a so called dual theory; (see [AH, p. 34]). For example,
the Bessel capacity has the dual formulation:

Cop(K)Y? = sup{u(K) : p € M*(K), |G * pll 1o < 1}

Here M(K) is the dual of C'(K), the continuous real valued functions on
the compact set K, M™(K) the cone of positive measures on K. Also,
p’ will denote the Holder conjugate exponent to p throughout,

p p

If we let FX and v be the extremals for the two versions of C,, ,(K)
above, then

(2'2) HFK”]I]JP = Oa,p(K)7
(2:3) FX = (G g1, = Cop(K)YPVE,
(2.4) P (K) = Cy p(K).

The capacitary potential or equilibrium potential is the function
Go* FX = G, * (G * pf)P ~1. Generally, we refer to the function

Vce,p(‘@ =Go * (Ga * M)p !

as the nonlinear potential of the measure p. Note that when p = 2,
V}, becomes the linear potential Gao * 1. The capacitary potential also
satisfies:

(2.5) VO‘:Z >1, Cqpae onkK,
(2.6) Vcﬁ‘j <1, on support of pf,
(2.7) Vcﬁ‘j <A, onall of R",

where A is a constant depending only on n, «, p. See [AH, p. 21, 40].
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Similar statements can be made about the Riesz capacity C‘a,p. We
will denoted the Riesz nonlinear potentials by V(ﬁp. But note that
Cop(K) = 0 for all K when ap > n due to the fact that I, (z) ¢ L*' near
oo when ap > n. Such, of course, is not the case for G, (z), it decays
exponentially as |z| — oo; see [AH, p. 12].

Finally, we should note an important variant of the nonlinear poten-
tials, the Wolff potentials. These are:

W) = [ By
and
W) = [ By T

the non-homogeneous and homogeneous versions. These potentials are
associated to the Bessel and Riesz versions through the celebrated Wolff
inequality:

G <l < 4 [ Wi dn

See [AH, p. 109]. A similar estimate holds for I, * p and W(fj’p. Also
one can easily show

Vi (@) = AWE ()

for all 2 (and similarly for V and ). Hence it follows that

(2.8) Gl ~ [ Wy

i.e. the first quantity is bounded by a constant multiple of the second
and vice versa.

Note the simple expression

: 1 .
W () = / @ — 32" du(y),

n — 2«

for 2a < n.

Also, due to the equivalence (2.8), one can use the Wolff potentials in
the dual formulation of C, , and then obtain Wolff potential analogues
to (2.5)-(2.7) above; see [AH, p. 34, 108].
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(b) Function spaces and capacity.

Two important function space scales are the Besov scale B27= BP:4R™)
and the Lizorkin-Triebel scale FP? = FP9(R™); o real and 0 < p, ¢ < o0.
The reader is refered to [AH, chapter 4], for the necessary definitions
and properties of these function spaces. Suffice it to say here that the
space FP? coincides with the space of Bessel potentials of LP(R") func-
tions when 1 < p < oo, and the space of Bessel potentials of functions
(distributions) belonging to the classical real Hardy spaces HP(R™) when
0<p<1l F;° 2 is the John-Nirenberg space of functions of bounded
mean oscillation, BMO, on R™.

The spaces B9, for a > 0, are often refered to in the literature as
generalized Lipschitz classes and denoted by AP?; cf. [St]. One im-
portant connection between these two scales of spaces is the relation:
BrP = FPP. This will be exploited below in section 4(c).

An interesting idea is to define a potential theory and a theory of
capacities based entirely on the Besov and Lizorkin-Triebel spaces. Such
capacities are denoted by C(-; X) in [AH], (see p. 105), where X can
stand for any one of the spaces given above (or others). For example,
one can write:

C(K; BEY) = inf{[|¢]|%pa : 0 €S, ¢ >10n K}

where S denotes the Schwartz class of rapidly decreasing C'°°-functions
on R™: cf. [AH, p. 105]. Also, we clearly have

Cop(K) = C(K; F2?).
It is a bit more subtle, however, to conclude that
(2.3) Cop(K) ~C(K; FPT)

for all ¢ € (0,00); see [A2] and [Ne2]. Here again the symbol ~ between
two set functions, means that their ratio is bounded above and below
by positive finite constants independent of the sets being measured. Re-
lationship (2.3) does not hold, however, for the Besov spaces —i.e. the
capacities based on the Besov spaces do depend very much on the second
exponent ¢ in BP9,

And this brings up an important subject with regard to such multiple
scaled collections of capacities: when are two such capacities equivalent
(as in (2.3)) or when are they strictly different? Or perhaps there is no
relationship between them. This general sorting out of the relationship
between these various capacities is sometimes refered to as the “classifi-
cation problem”. See [A2], [Nel], [Ne2].
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Another capacity that we will discuss in detail in section 4 is the
Hausdorfl capacity (also called Hausdorff content). It is defined by

A,(fo)(K) = inf{er‘ K C [j B(xi,ri)}

i=1

for a > 0, K C R™. An equivalent form can be obtained replacing balls
by cubes in R™. Another equivalent form occurs when we use dyadic
cubes to cover the compact K, as in

ALK = inf{Zlf‘ 'K C u@}

where Q; are dyadic cubes, i.e. tessellate R™ with cubes all of whose
verticies consist of integral multiples of 2%, k = 0, £1, £2,... . Here
l; is the edge length of Q;. It is easy to show that Aﬁf") ~ A&oo). Also
it should be noted that the sets of zero AE?") capacity coincide with the
sets of a-dimensional Hausdorff measure zero; see [AH, p. 132].

More generally, one can set

ALK = infz r

where now the infimum is over all countable covers of K, but with
radii r; < e. Again, ALY~ A&OO), for all € > 0. Hausdorff measure

1S:
lim A (K) = Ay (K);

e—0

see [Cal], or [AH, p. 132].

(c) Choquet capacity and capacitability.

So far all the capacities discussed above have been defined only for
compact subsets K C R™. It is natural to try to extend them to more
general sets. The usual way is to define so called inner and outer capac-
ities as:

C'(E) =sup{C(K) : K C E, K compact}
C%E) =inf{C'(U):U D E, U open}.

And when these two set functions agree, we say the set F is capac-
itable and this common value will be the capacity of the set E. Note
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Co(U) = CI(U) for all open U. And so the question becomes: what
conditions on C' imply that the capacitable sets contain a significantly
large family of sets —say all Borel sets? The answer was given by Cho-
quet [C]: if C is a extended real valued set function on all subsets of R,
such that

(2.9) Cc) =0;
(2.10) By C By = C(Ey) < C(Ey);

if K; is a decreasing of compact sets, then

(2.11) C(0K;) = lim C(K,);

11— 00

if F; is a increasing of sequence of arbitrary sets, then

(2.12) C(UE;) = lim C(E;).

11— 00

Then all Suslin sets, and in particular all Borel sets, are capacitable
for C.

A set function C' that satisfies (2.9)-(2.12) will be refered to as a Cho-
quet capacity. However, not all set functions that we may want to con-
sider satisfy (2.11) or (2.12) —especially (2.11), which is refered to by
Choquet as “continuity on the right”. Hence it is desirable to have an-
other definition of capacity. We shall say that an extended real valued
set function C' defined on all subsets of R™ is a capacity if it satisfies:
(2.9), (2.10) together with

(2.13) C(UE) < > C(Ey),

i.e. C'is monotone and countably subadditive. Of course, the reader will
identify these three conditions with the usual definition of outer measure.
In our case, however, most all of the set functions that we call capacities
can not be restricted to a nontrivial sigma algebra so as to be an additive
measure there. In fact they fail to be, what in measure theory is called,
a “metric outer measure”. Indeed, the “Newtonian capacity” 01’2 of
B, U 0B is the same as the capacity of dB; = boundary of By; B, is
the ball centered at the origin of radius 7, 0 < r <1, in R", n > 3.

It is well known that C, ,,Cyp, and AL®) are Choquet capacities
which satisfy (2.13); see [AH, p. 28], [A3], [Fe].
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(d) Choquet integrals.

Assume now that C' is a capacity satisfying (2.12) on the given set
Q C R™ We define the Choquet integral of a non-negative function
f:Q2—=Rby

(oo}
/ dez/ c@nf > 1) dt.
Q 0
Here the integral on the right is the usual Lebesgue integral. Indeed,

h(t) = C¥N[f > t]), t > 0, is upper semi-continuous and hence
Lebesgue measureable. Note the following properties:

/aﬁw:a/fmgazo
Q Q

/de:0<—>f:O C-a.e. on {2
Q

/me:cwy EcCQ,
Q

where xg is the characteristic function on the set E.

The Choquet integral is not linear. One might, however, hope for
sublinearity, i.e.

/Q(f-f—g)dcﬁ/gde—i—/diC.

Choquet [C] has shown through, that sublinearity is equivalent, to strong
subadditivity, i.e. for all Fq, Fo,

C(E1 U EQ) + C(El n EQ) < C(El) + C(Eg)

Of course, there is a slight difference here between our formulation and
that of Choquet. He confines himself to upper semicontinuous inte-
grands f and Choquet capacities C'. Our treatment allows a more general
function f but at a price: we may be giving up capacitability. See also
an alternative approach in [An]. The following theorem holds:

Theorem 1. The Choquet integral for a C satisfying (2.9), (2.10)
and (2.12) is sublinear if and only if C is strongly subadditive.

We will not pursue this point further, for it seems that there are only a
few capacities that are actually known to be strongly subadditive. These
include Cyp and C, p for o < 1 as well as C’Lp and dyadic Hausdorff
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capacity A((fo). Hence the sublinearity of the Choquet integral will not
play much of a role in the following. Note, however, one trivially has:

/Q(f+9)d0<2[/9fd0+/ggd0}

and the constant 2 replaced by N when N-summands are used in the
integrand. Thus, although the Choquet integral may fail to define a
norm, one can easily eke out a very useful version of Holder’s inequality
here, using the above:

LfgdCSQ(Af”dC)l/p (/gzgp/dC’)l/pl.

(e) Quasi-additivity.
A capacity C is said to be quasi-additive with respect to a closed
set ' C R™ if there is a countable tessellation of R™ \ F = LkJMk into

nonoverlapping regions such that

C(E) > A C(EN M)
k

for any E C R®\ F. A is a constant independent of E. This, with
countable subadditivity, gives

C(E) ~> C(EN M)
k

which implies

/ fdc~> [ fdc.
%Ek k Ey

If F = {x0}, we can take the M}, to be annuli {2¥ < | — x| < 281},
k=0,+1,£2,... with C = C.'%p; see [Ad4]. If F is a set of Minkowski
dimension d < n — ap, then M}, can be taken to be the Whitney cube
decomposition of R” \ F and again C' = C, ,; see [Ai] and [AE]. Note
that for such a set F, C’a,p(F ) = 0. This follows from the usual relations
between Hausdorff capacity and Riesz capacity; see [AH, chapter 5].

Quasi-additivity has been useful in dealing with the concepts of thin-
ness and the associated fine topology. In particular, it has been used
in the classification of the fine topologies associated with the capacities
Co p; see [AH, 6.5.8]. Also we employ it below in the proof of Proposi-
tion 3 of section 6(a) and in Theorem 15 of section 6(b).
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3. Spaces of quasi-continuous functions

(a) Quasi-continuity.

Often our interest is in the Choquet integral of a more regular class
of functions. A natural such class is the quasi-continuous functions. A
function ¢ : @ — R is termed C-quasi-continuous on €2 if given any
€ > 0 there is a relatively open set G C €2 such that C(G) < € and the
restriction of ¢ to the compliment of G, G¢, is continuous on G°.

Note that the classical theorem of Egorov implies that any Lebesgue
integrable function ¢ on (2 is £, -quasi-continuous there. Here £,, is the
usual Lebesgue n-measure of subsets of 2 C R™, {2 measureable. Notice
also that the potential G, * f, f € L?, is Cy p-quasi continuous on R";
see [AH, p. 156].

Proposition 1. If C is an outer capacity on subsets of €1, an open
subset of R™, (i.e. C = C°), and ¢}, a sequence of continuous functions
on  with compact support with (p > 0)

/ b — BIP dC — 0
Q

as k — oo, then ¢ is C-quasi-continuous on Q.

The proof can be found in [AH, Theorem 7.4.2].

We shall say that ¢ € LP(C;Q) if ¢ is the limit of continuous func-
tions with compact support on  in the sense of Proposition 1. The
space LP(C; Q) will be refered to as a Choquet space and will be studied
below for various choices of C'.

(b) Capacitary strong type inequalities (CSI).
From the definition of C, ,, it easily follows that

Cop((Gax f>1) <t | f(a)de
R™

for any f > 0 a.e. on R™. Such an estimate is often refered to as a “weak
type inequality” in analogy to the situation of operators between mea-
sureable functions. Here, if we use the Lorentz space notation (see [SW]),
we are thinking of the operator

Gqo 1 LP — LP(Cq p),
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i.e. LP? into the weak Choquet space. The corresponding “strong type
inequality” should be

(3.1) /H(Ga * f)PdCqp < A - f(x)P dx,

again for f > 0 a.e. and 1 < p < o0; A is a constant independent of f.
For a proof of (3.1) see [AH, p. 187].

The history of such inequalities really begins with Maz’ya in [Mal],
where the CSI for first order variational capacity was given; see also
[Ma2] and [Ma3]. Here, for simplicity, we adopt the notation

CP(K):inf{/|v¢|pdx:¢608°(R"),(bZlonK}.

The CSI for C,, is

(3.2) /|u|pde < A/|Vu\pdx,

1 < p < n. We discuss extensions of (3.2) below. The technique involves
the notion of “truncation”, i.e. if u € WP, then H ou € WP whenever
H is a Lipschitz function with H(0) = 0. An attempt to extend (3.2)
to higher order derivatives using “smooth truncation” has only been
partially successful, i.e. replacing H by a smoother version. For a more
complete account of the background for CSI, see [AH, section 7.6.2 and
7.7]. Also section 7.5 of [AH] gives an alternative approach to CSI, this
time for the Lizorkin-Triebel spaces.

(c) Choquet spaces L?(Cy ;).

For 1 < p < oo, we see by (3.1) that any ¢ > 0 and C, p-quasi-
continuous on R", for which there is an f € LP such that ¢ < G, * f,
Cy p-a.e. in R", belongs to LP(C, ;). Also, by our earlier remarks about
the sublinearity of the Choquet integral, we do not know whether or not
the quantity

33) ([ac.,)”

always defines a norm on LP(C, ;). Note though that when ap > n,
LP(Cap) C L= (Cap)

and then (3.3) is just the C, ,-ess. sup. norm. This is because Cyp, > 0
for all sets # () when ap > n.
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Two questions arise:
(i) can we characterize the membership in LP(Cy ) by the above
domination principle, and,

(ii) is it possible to norm the space LP(Cy p)?

To answer both of these questions, we introduce a functional capacity

Lo p(u) = nf{|[f[, : f € Ku}

where K, = {f € LP : f > 0, G * f > |u] in R"}. Clearly, T'y, ,(xx) =
Cop(K). We also have:

Theorem 2. The functional Ty, ,(-)'/? defines a norm on Co(R™), the
continuous functions with compact support, and there exists a constant A
such that

1
(3.4) (Pap(w) < [ 7 dCoy < AT (w)

For a proof of Theorem 2, see [AH, p. 199].

Thus we see that if ¢ € LP(Cy p), then there must exist an f € L?
such that G, * f > |¢|, Cq p-a.e., and the domination principle is a
characterization of membership in LP(C,, ). Further, with Theorem 2,
it follows that L?(C, ;) is a Banach space.

Duality: The dual of the space LP(Cl,p) is known:

Theorem 3. The dual of the space LP(Cyp), 1 < p < 00, can be
identified with the space of all p € M(R™) such that G * |u| € LP'.
Further, if u € LP(Cyp) and p € LP(Cyp)*, then uw € L'(|u]) and
duality is given by

(b, u) = /nudu.

The norm of u is
[l = 1Ga s [l | o

For the proof of Theorem 3, see [AH, p. 202].

Embedding: The space of Bessel potentials can be embedded into the
Choquet-Lorentz spaces. Such a result is given by:
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Theorem 4. (i) The map G, : LP — LP9(C, p) is continuous for
1<p<qg<Loo, e

00 1/q
{ [ @CusiGor s> < Al

for q < 0o, with the usual modifications for ¢ = oc.

(i) The map Go : LP — LP9(Cl, ) is compact for 1 <r < p < g < oo,
a > 0.

Proof: (i) follows easily from the weak and strong inequalities men-
tioned above. Note that L?9(C, ;) is a Choquet space of the Lorentz
type; see [SW]. For the proof of (ii) we follow the main ideas of [AP].
We will consider only the case & = m = positive integer. The reader
is refered to [RS, p. 363] for the necessary results to make the general
case work. The main idea is to first use the equivalent Sobolev norm and
show

35) (G ® )P/ fwrmer < AGon # FIET " F o + |G  FIBL)-

Then, if {fx} is a sequence in LP that tends weakly to zero, there is a
subsequence { i/ } such that Gy, * fis tends to zero strongly in L(C,, ),
r < p, since

o0 /v o
G MWy = | (7 ConrlGn e 12 57m) T
< AlGx DI
Now just use (3.5).
To see (3.5), we compute

D™ (G 5 [T < A(Go 5 [)PHK FL 4+ M)

via the celebrated lemma of Hedberg [Hel]: 0 < 6 < 1,
Lo+ f < A(Lax f)(Mf)'°.

Here K f is a Calderon-Zygmund singular integral operator and M f is
the usual Hardy-Littlewood maximal function. Thus (3.5) follows from
the LP boundedness of the operators K and M and Holder’s inequality. W

One can also obtain a compact embedding result
Go: LP - L"(Cy,yr), T<p

from the above by multiplying G, * f by a smooth cutoff function with
compact support and estimating the part near infinity uniformly in f.
See [AP], where this is done for bounded domains @ C R”, instead, as
here, for the whole space R™.
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One can also translate the results of Theorem 4 into continuous and
compact embeddings of Bessel potentials (and hence Sobolev functions)
into Lebesgue spaces taken with respect to a Borel measure i supported
somewhere in R™. The usual condition is

(3.6) 1K) < Cop(K)"”
for all compact sets K C R™. This gives,
Go : LP — Li(p)

is continuous for 1 < p < ¢ < co. When ¢ > p condition (3.6) can
be weakened to require only that K be merely a closed ball, any center
and any radius < 1. See [AH, section 7.2]. Also, the reader should
be aware that there is a sharp compact embedding result into L%(u), in
[AH, section 7.3], that does not follow from Theorem 4(ii).

(d) Choquet spaces L%(Cy ), q # p-

Because the CSI seems to be so closedly related to the space LP(Cl, p)
—and even leads to a method of norming it— it is an interesting question
to find an analogue of CSI for LY(Cl, ), ¢ # p, that at least gives some
sort of domination principle for membership, as we have noted earlier
for the case g = p.

We begin with the variational capacity C), rewritten as
Cp(K) = inf {/ |Vo|P dz : p € WHP(R™), ¢ > xk, Cp—a.e.} .

Here W1» (R™) is the homogeneous Sobolev space normed by

ello + VOl
p* =np/(n—p), 1 <p<n. Modifying this a bit, we define

CY(K) = inf {/ IVo[PpI~P dx : 7P € WHP(R™), ¢ > xk, C’p—a.e.} .
Also, for 1 > 0, set
I'Y(4) = inf {/ IVo[PoI~P dx - 7P € WHP(R™), ¢ > o, Cp—a.e.} :
Note that CE(K) = Cy(K), Cp(K) ~ C1,(K), and T4(xx) = C4(K),

and that
1/q
([1wrac, )

is a norm for 1 < g < oo since C), is strongly subadditive. We now have:
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Theorem 5. The following equivalences hold, for 1 < p < n and all
q>0:

(3.7) Cp(K) ~ CR(K),
(3.8) rg) ~ [ wrdc,

Proof: We first note that

Ci(K) < AC1p(K).
Let ¢ = (I * f)P/49, f = capacitary extremal for C ,(K). Then
Vol = (I f1P/ VT f)

hence

/|v¢|p¢q Pdr < ( /\wl v fP dz < A/fp dr = ACh (K).

Next, we show

Cp(K) < A-CJ(K).
This proof gives the basics for the CSI (3.2). In fact, it gives
[vrac, < a-ryw).

Take ¢ > 1, ¢9/P € WP, then

/ 01dC, < (20— 1) Y. Gyl > 2¥))20
k
/ (Z) k(qg—
DY [ 1 (5 ) pIversar s
£/
= (29 -1)2° Vo|Pokla—p) g
Z / N\ z

A / VolPerT dx
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where H(t) is the Lipschitz function
0, t<1/2
2%—1, 1/2<t<1
1, t> 1.

Thus it remains to show
I‘g(w) <A- /zZﬂ dCy.

Without loss of generality, we can assume that the right side is finite.
Then ¢ < oo, Cp-a.e., hence

I3(¢) =T - xuay)

where Ay, = [2F < < 281k =0,+1,42,... . We now show
(39) FZ('(/) : XUAk) < Z FZWXM%

k
(3.10) Pi(a,) < 2640908 Ay).

With these, we argue as follows:
Ljw) < 432G, (4 < 4 [ wrac,
k

using (3.7).
For (3.9) let ¢r > v¥xa,, Cpae and set ® = sup,dr. Then
® > ¢Yxua,, Cp-a.e. and

/|V<I>|”<I>q*p dx < Z/ |VOPHIP da:
L Y [2=0¢k]

=y / |V |PoL P da
LV [2=0¢x]

<> / |V [Pl da.
k

The proof of (3.10) is just a homogeneity argument. B
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The results of Theorem 5 suggest that the right CSI for the spaces

L9(C,.,) might be

(3.11) /(Ia % f)7dCy., < A/fp(Ia s f)I7P da.

Indeed, according to the above argument, we could get

P4 (Inx f) < A- /(Ia * [)1dCy
provided we can show
(3.12) Cl(K) < A Cop(K).

Here, we have set
Fg,p(w) = inf {/fp : (Ia * f)q—p do : f >0, Iy * f >, Oa,P_a'e'}

and C.’gm(K ) = th,p(XK)' Indeed, for any smooth non-negative func-
tion ¢ of compact support,

< A-IL,x|D"¢|

hence
TP > ALy, x |[D™ )P

for ¢ < p. Thus
/|D%|P¢H de > A-C4, (K).

But if we take ¢ = (I, f)?/9, where f is the C,, ,(K) capacity extremal,
then

/\Dm¢|p¢q—1’ dx < A/(Im * f)(p/q_l)p(|Kf|+Mf)(Im % f)p/q(q—p) dx
< A/fpdz:A~C’m7p(K)

by our earlier argument using the Hedberg lemma. Thus (3.12) follows
for ¢ < p.
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This suggests that (3.11) might be correct. The following verifies the
conjecture for 1 <g<p+ 22—, m < n.

n—m?’

/ (L % f)?dChn pp = / (L % £)9/P]P dC,

< A/|Dm(lm s f)4/P|P dx

<A / (K| + Mp)P (I« )7 do.

So what is needed here is for (I, * f)?7? to be an Ap-weight. This is true
for 1 < g < p by the argument of [APe]. Furthermore, one can easily
verify that (I, * f)TP € A for p < ¢ < —2—. Note that we have shown

n—m’

//(/)q dCa,p ~ fi,p(w)
for 1 <qg<np.

(e) An Li-integration principle for potentials.

In potential theory, whether we are dealing with Riesz potentials,
Bessel potentials or even Green potentials —of a positive measure with
compact support in R"— there are several basic principles that allow
one to think that the worst possible behavior of such potentials actu-
ally occurs on the support of the measure. Below, we shall look only
at Riesz potentials for simplicity, but similar things can be said about
other potentials of positive measures. So, for 0 < o < n and p a positive
measure with compact support, consider the Riesz potential I, * pu(z).
The Boundedness Principle (BP) can be stated as:

(BP) If I,*p(z) is bounded by A for z in the support of u, then I, *pu(x)
is bounded for all z in R™ (by 2"~*A). Note that the BP applies
as well to the Wolff potentials.

The Continuity Principle (CP) states:

(CP) If I, % u(z) is continuous for z restricted to the support of u, then
I, * p(x) is continuous for all z in R™.

The (CP) is sometimes called the Evans-Vasillesco continuity principle;
see [H]. There are also higher order vesions —H6lder continuity and
Holder continuity of the first derativatives; for a excellent presentation
of this, see [CK].
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However, in this section, we are interested in a lower order version
of these ideas, a so called L4-Integration Principle. Roughly, it should
state:

(IP) If I, = u(z) is Li-integrable on the support of p, then it is in L9
on the whole space.

But the difficulty here is what to use as the integrating measure?
Ideally one would like to take some connonical measure on R". But
Lebesgue n-measure will not work here since the support of p could have
Lebesgue n-measure zero. Lower dimensional Hausdorff measure may be
finite on the support of p, but it is well known to be infinite on balls
in R™, where the potential may in fact be very well behaved. Hence,
it would seem natural to try some sort of capacity here, Hausdorff or
potential theoretic, and interpret L?-integration as Choquet integration.
The Integration Principle can be formally stated as:

Theorem 6. Let y € MT(R™) with compact support and such that p
is absolutely continuous with respect to the capacity Cy p (i.e. Cop(€) = 0
implies p(e) = 0 for e Borel: p < Cuop). If0 < p—1<q< oo, then
there is a constant A = A(a,p,n,q) such that

[ oz, <a [ i yrac.,
Furthermore, ifq=p—1> 0,

a,p tp—l

Cap(WE >t])§i / (Wh )P~ dCo .

M
S, = support of p.

Here Wo‘ip is the homogeneous Wolff potential and, when p = 2, this
includes the case of Riesz potentials I, * p as noted earlier. Other ver-
sions of Theorem 6 can be given that include weighted capacity (see
section 6(b)) or the various versions of nonlinear potentials for other
capacities, i.e. those associated to other function spaces.

For a proof of Theorem 6, we need two facts from potential theory:

Cop(K) > A-u(K), for any u € M* such that

(3.13) o
W4 ,(z) <1 on support of .
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(See [AH, Theorem 2.5.5]. Here we have freely used the fact that
an equivalent Ca,p(K) can be obtained by replacing /(Ia * p)i"' dzx by

/ ng)p dp in the dual definition, via Wolft’s inequality.)

(3.14) Cap((Wh, >1t]) < Ap(R™) - 77,
(See [AH, Proposition 6.3.12].)

Lemma 1. Let € M+ (R") with yp < C,.p. Then there is a constant
A= A(a,p,n) such that

pe) <4 [ (W2, ey,
e

for all Borel sets e.

Proof: Set B = [2F < (W )P~! < 28] ne and

pg = 278 P
i.e. u restricted to the set Ej times 27%~!. Then
(WePt <271 (g, )P <1

on Ej. Thus by (3.13) above,

Canl(Br) > Ap(E)27".

By (3.14), we have Cop[Wt , = +oc] = 0, so u[Wk , = +oo] = 0 by
hypothesis. Hence

u(e) = S u(E) < A 2 (B)
k «

<AY CopEN[(WE, P! > 2F])2"
k

< A/ CapleN[(WE )P > 1)) dt. @
0
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Proof of Theorem 6:
Step 1: We first show

/(Wa,p)q dep < A/(Wg,p)q_p+1 dp

forg>p—1.
To see this set u! = u&*, where Gy = [W(‘;’p > t/2] and py = p — pt.
Note W/jfp(x) < t/2 on S,,. The Boundedness Principle applied to Wc‘jtp

yields: ngtp(x) < At for all z, some constant A. Hence by (3.14), there
are constants A; and A, such that

CapWE, > Art] < Asp(Gy) - 177

Consequently,

/ (W )9 dCoyp < A / ¢hop / . dudt? = A / (W )P dp.
0 [

W& p>t]

Step 2: We show now that

/ (i Yo P < A /S (W )9dCy,

I

Indeed, from Lemma 1, it follows that
/0 h p[W > ] dt=r+!
< A/OOo /OOO Cap(SuN[WE, > s|N[Wh, > t])dsP~ " dtrPH!
= A /O b Cap(Su N[WE, > t]) dte.

Finally, we note that the weak type inequality, for ¢ = p—1 of Theorem 6,
is just a combination of Lemma 1 (with e = S),) and (3.14) above. B



CHOQUET INTEGRALS 27

4. Hausdorff capacity

(a) A capacity for p=1.

So far we have considered capacities only for p > 1, Bessel, Riesz
and variational capacities. Of course, there are also the function space
capacities C(+; X) as mentioned earlier where X might be a Besov or
Lizorkin-Triebel space. In this latter setup, especially with regard to
the Lizorkin-Triebel spaces F?'9, where FP'? coincides with the space of
Bessel potentials of LP-functions, 1 < p < oo, it is of interest to identify
F12. As noted earlier, it can be characterized as the space of Bessel
potentials of f € H*(R™), the real Hardy space.

H'@R")={fe L*R"):Rjx f € L}(R"),j=1,... ,n}

where R; is the 4t Riesz transform, i.e. the singular integral opera-

tor f — x f. Similarly, Foé12 is the space of Riesz potentials of

7
‘x|n+1
f € HYR"™). What makes these cases so interesting is that with the
machinery the H!-BMO duality, one can show (see [A3]) that the ca-
A(OO)

n—a?

pacities Cy,1 and C.'QJ are equivalent to AY and

n—ax

In particular, they have the same null sets.
Also, set

Lo (¥) =nf{||flla: : f € Soo, Ia * [ > 1) on support of ¥},

where || f|lgn = [|fllor + 2, [|Rj * fllL and 4 is a non-negative bounded
function with compact support. Spg is the subclass of the Schwartz
rapidly decreasing C'*°-functions on R" such that the Fourier transform
has compact support disjoint from the origin; see [St2]. Then we have
an analogue of the Choquet integral characterization for p > 1, namely

respectively.

for 0 < a < m; see [A3].

It appears to be a bit easier to approach the case p = 1 through
variational capacity, i.e. something like C7, ; (using our earlier notation

from section 1) or what we might call C;nl by replacing ||¢|lwm.1 by

/ D™ 6| da,

i.e. all derivatives of order m on ¢ only. But again one can show that

C";ml is just Ag’fzn; see [T] for a nice account of this approach.
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Since Agfi’l‘, the dyadic Hausdorff capacity, is strongly subadditive,

[[wrai)]”

is a norm for ¢ > 1. However, what is not yet developed is a charac-
terization of membership via a domination principle as we have discuss
earlier in the cases p > 1. Perhaps via the variational capacity methods

one can determine such a principle using the integral [ |D™@|¢?~! da.

See section 3(d) above.

(b) Maximal functions.

Here we use the Choquet integral with respect to Hausdorff capacity
to extend some well known estimates for various maximal operators. For
0<a<mn,set

r>0

M, f(z) = sup fB Wl

the fractional maximal function of f of order a. The barred integral
denotes the usual integral average, in this case, over the ball B(x,r).
Notice that when a = 0, My = M, the usual Hardy-Littlewood maximal
operator. Our interest here lies with

Theorem 7. Let0<d<n,0<a<n.
(a) Forp <g,

(i) let d/n < p < d/a and set & = q(d — ap)/p, then there is a
constant Ay (independent of f) such that

(4.1) HMafHLq,p(Ag‘x’)) < Al”fHLp(AEiOO));

(ii) for p=d/n, there is a constant Ay such that

(4'2) ”MafHLq,oo(Agoc)) < A2||fHLd/n(AEl°°))>

with g =6/(n — «a), 6 > g(n—a);

(iii) for p =d/a, there is a constant As such that

(4'3) HMaf||L°° < A3||f”Ld/a(Afl°°))'
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(b) For q < p, there is a constant Ay such that
(4.4) HMafHLq(wdAﬁlO_Ozw) < A4||fHLp(Ag°°>)
if and only if

(45) ||wHLp/<p*Q)(A(d°j’Lp) < oo

d d
when — < p < —. FEstimates similar to parts (i) and (iii) of part (a)

n
also hold here.

In the above, we are employing the Choquet-Lorentz space notation
as used earlier in Theorem 4. Note that the meaning of the left side of
(4.4) is

/ (Mo f)TwdAS®) = /0 AG) (Mo f)?-w > 1)) dt.

Some special cases, including when d = n and/or a = 0, occur in the
literature. For example, when d = n, (4.1) contains a result originally
due to E. Sawyer [Sa], though not phrased there interms of Choquet
integrals. In [A5], it was stated simply as

/ (Mo f)? dAS), < AlIfIL,

i.e. for ¢ = p and d = n; here 1 < p < n/a. The special case p = 1 here
is a consequence of the simple Vitali covering lemma; see [AH, Theo-
rem 1.4.1]. This gives (4.2) with § = n — o, d = n. See also [BZ]. The
case p = n/a, d = n is just a simple consequence of Holder inequality.

When a = 0 and d = n, (4.1) is the classical estimate of Hardy-
Littlewood. But when a = 0 and d < n, the result is a recent one due
to Orobitg-Verdera [OV]. Their result came out of their effort to under-
stand the special case @ = 0, d < n, and p = 1 that first appeared in [A3]
—a result of the H'-BMO duality theory applied to the characterization
of the Riesz capacities C'a,l, as discussed above. The Orobitg-Verdera
proof is a modification of arguments due to Carleson [Ca2] and Hor-
mander [Ho]. The key to all of these is a covering lemma. The version
we need is also the one employed by Orobitg-Verdera, and is due to
Melnikov [Me].
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Lemma 2. Let {Q;} be a family of non-overlapping dyadic cubes.
There exists a subfamily {Q;i} such that

() > UQw)" <2(Q), Q dyadic,
QjrCQ
(i) A7 (U;Q5) < 2 Q)
k
for0<d<n and l(Q) the edge length of Q.

The method of proof of Theorem 7 follows [OV], with minor modifi-
cations. It is important there to work first with the dyadic version of
Maf>

Mo f(z) = supl f [f(y)] dy
where @ is a dyadic cube containing z. Then to get to M, f one needs
the obvious M, f(z) < A- M, f(x) for some constant A, and from [GF,
p. 136):
AP ([(Myf > 1)) < AN (Mo f > Ag-1])

for some constants A; and As.
We modify the proof in [OV] with

Lemma 3. Let xg be the characteric function of the cube Q, then

1Ma(XQIL 0, < A+ HQ)

for some constant A = A(a, p,d,n).

In fact, what is needed is the computation:

A UQ)Mx — mg|*™™, |z —zg| > 21(Q)
A-UQ), |z — zq| < 2U(Q)

where zg is the center of Q.

Malo)e) < {

And finally, we need the following inequality to pass from integration
with Lebesgue n-measure to the Hausdorff capacities:

n/d
/ fl)de < = ( / i dAé”)

for 0 < d < n; see [OV]. In fact, it is clear that something like this is
necessary to prove (4.3).
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To see (4.4) first apply Holder’s inequality to the left side, reducing
it to the desired integral in w and an application of the case (4.1) with
q = p. For the converse, we argue in much the same way as we did
when characterizing membership in the Choquet spaces using the func-
tionals I'. We begin by setting

HY (K) = inf{/fp dAS) My f > XK}.

We first note that Hipr&O_oip for ap < d. Indeed, since Mo X p(z,r) ~ 7T
on B(z,r),
HE ,(B(x,7)) ~ 1P,

hence HY , < A- Ag’f)p. For the other direction, we see from, (4.1) that

(63

Ago_"()x,,([Maf > t]) < At—PI|f||ip(Aim>),

hence A((ffgép <A- H“ip.
Now set

el () = inf { [rass v > w} |

Then as before, one easily argues that
(o0
ey <A [wanl),

Consequently, if (4.4) holds, then take f such that M,f > w'/ (=9,
This gives
wpP/ (P—a) dA((f_szp < A4£g,p(w1/(pfq))q/p

which gives the result. B

(c) Bessel and Riesz capacity for p < 1.
In section 3(a), we noted that

Con(K) = C(K; FL?) ~ ALY (K)

and _ _
Con(K) = O(K; FL?) ~ A (K).

Here we wish to make a few remarks about the case p < 1, i.e. identify
C(K; FP?) and C(K;FP?). As mentioned earlier, these spaces corre-
spond to potentials of functions (distributions) that belong to the real
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Hardy spaces HP(R™), p < 1; see [St2] for a full discussion of these
spaces.

In the middle 1980’s, it was conjectured that
C’a,p(K) ~ A(OO) (K)

n—ap

for all compact K whenever 0 < p <1 and ap < n. In 1988, J. Orobitg
verified this for p € (n/(n + «),1]. However, it wasn’t until 1989 that
Yu. V. Netrusov completely settled this question, in [Nel]. But what
is rather interesting was how it was done. He did this by studying the
Besov capacities C'(-; B2?). The connection is: F2P = B?P and the fact
that the capacities C(-; F?'?) do not depend on ¢, 0 < ¢ < co. Thus

Cap = C(: FE?) ~ C(5 FEP) = C(5 BLP),

Hence it suffices to identify C(-; B2P) for 0 < p < 1. This follows from
[Nel]; see also [Ne2].

The important observation is:

C(K;BRY) ~ A (K)

n—ap,q/p

where either 0 < ¢ < 1,0 < p<ooor0<p<1 0<qg< oo, when
ap < n. Here, the set function on the right is the Netrusov capacity:

oo 1/6
AS)(K) = inf (Z(miz—idW)

=0

where the infimum is taken over all countable coverings of K by balls
whose radii r; do not exceed €, while m; is the number of balls from
this covering whose radii 7; belong to the interval (27971277,
1=0,1,2,... . Also,

C(K; BP9 ~ A (K).

n—ap,q/p

Note that A((;)l = Agf), 0 < e < oo, and A((;?g < A;L for o <6, ¢> 0.
This verifies the conjecture.

Embedding: An interesting estimate for Riesz potentials of f € HP(R™),
the Hardy space 0 < p < 1, is the Choquet integral inequality

(4.6) / (Mo (Lo + £))? dACS) < A | £,
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for all f € Syp, the rapidly decreasing C'*°-functions on R" with Fourier
transforms compactly supported away from the origin, and a suitable
® € C5°(R™). In the notation of [St2, Chapter III],

Mo (9)(x) = sup|®y + g(z)]

The reader can verify (4.6) using the techniques of [K]; here, of course,
0 <p<1and ap < n. In particular, (4.6) gives

I (HP) ¢ LP(A) ).

n—ap

Duality: We introduce the Morrey space of signed Borel measures
LYAR™), for 0 < A < n, as those p satisfying the condition

sup |u|(B(z,7)) -~ < oo,
r>0
z€R™

Then using the ideas of [A3, Proposition 1], we have
LP(A(OO) )* Lln/p—a

n—ap

for 0 < a <mn, and n/(n + a) < p < 1. The key idea here is to observe

the estimate
(00) 1/p
/fdu‘ <A (/ LI d/\n_ap> ~

This follows by writing

/ il <32 ul(By) < 303 ul(B5)
k kg

1/p

ZZ n/p (x<AZ Zrn ap
k J

< A (A, (B + 2 My
k

( 1/p
<4 </|f|”d1\n ) ) ,

where Ej, = [2F < |f| < 281, k = 0,41,42,..., and the cover {B;}is
chosen so that
Zr" P < A (B + 27
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When 0 < p < n/(n + «) each bounded linear functional on LP(A(OO) )

n—ap
vanishes identically. This follows from the standard argument that one
uses to deal with the case of n-dimensional Lebesgue measure in R™.

The simplier case p = 1 was treated in [A3]. But this can be considered
as a special case of p > 1 as well. This is treated next.

(d) LP(AL?)), 1 < p < co: duality.

As we have seen, the dual of Ll(Aﬁfj}ZX) is a Morrey space of signed

measures. The condition can be rephrased using the maximal function

Map(z) = Sglgr’dlul(B(x,r)),

0<d<n. Thus, p € LY iff Mgu € L.
This leads to

Theorem 8. The dual space to LP(A((;)O)) is the set of all p € M(R™)

such that
, 1/p’
{ [y g} <,

1 < p < oo. Furthermore, ifl is a bounded linear functional on LP(ASX’)),
then

16) = [ odu
for all ¢ € Co(R™). The norm of u is
[ Matl o) < AN
for some constant A depending only on d.

Proof: We use techniques similar to those of Theorem 6 to show that
there is a constant A such that

(4.7) [Many a5 < 4 [ Magy = dla.

Consequently, if [ is a bounded linear functional on LP(AE;)O)) D Co(R™),
then [(¢) = /qﬁ dp for all ¢ € Cy(R™). Hence

1/p
‘ / ¢du‘ <l ( / |¢|pdA£f°>)
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for all such ¢, and, by passing to a limit, for all lower semicontinuous ¢.
Then setting ¢ = (Mgu)? ! gives

1/p
/ (Map)? = dlu| < |J7] ( / (M) dAEf"’)

and the bound for |Mapu|l, , ) in terms of [|I|| is evident.
P (A7)

Thus turning our attention to (4.7), we set Gy = [Mgp > t/2] and
pt = pC, e = p— pf. Then

AP Mg > 2] < AP Mapt > 2% + AT M ape > 2%4).
But, in analogy to the boundedness principle (section 3(e)), we have
Mape () < 29Mgpe(x’) < 29Mgp(a’) < 2971
where 2’ € supp py = [Mgp < t/2]. Hence
MG Mgt > 2740 < Sl (Map > 1/2)

by the weak type inequality —i.e. a direct consequence of the simple
Vitali lemma (as noted earlier). So

/ (Map)? dAg = / AP Map > ] dt”’
0
= A/ Yl ((Maps > t/2]) dt?’
0

<A [ (M dll.
For the converse, we note that for all ¢ € Cp(R™)*,
(45) [odui<a [ onmtanan(,

for some constant A depending only on n and d. The result follows from
(4.8) via Holder’s inequality. So to see (4.8), we first work with a “linear
capacity”, i.e. a measure v such that on all balls v(B(z,7)) < r?, r > 0.
Then it easily follows that

[rt]  swatdut) < [ Mantwoty) dai ).
B(z, 7‘)
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Now we apply Frostman’s lemma (see [Cal, p. 7]): there is a con-
stant A depending only on the dimension such that for every compact set

K C R", there is a measure v —as above— such that v(K) > A -

AP (K). Hence, we have

afetf AN ) o) < [ Mans an.
Now use the lower semi-continuity of the integral as r — 0. ®

(€) L1 (Cyp), 1 < g < oo duality.
It is easy to see that the dual to L'(C, ;) is

{peM:|pu|(K) <A Cyp(K), K= compact set in R"}

for some constant A, since it easily follows that

‘/cbdu’ <A [ o] dCa

For 1 < ¢ < 0o, we have

Theorem 9. The dual to the space LY(Cy p) is the set of all p € M,
|u] < Cq,p and such that

1/q'
L acn, | <o

1 < ¢ < 0. Furthermore, ifl is a bounded linear functional on L1(Cly,p),
then

16) = [ du
for all € Co(R™). The norm of u is
WD ey < Al
for some constant A depending only on a,p and n.

Proof: We use the techniques of earlier results. For the necessity, we
follow Theorem 8 replacing (4.7) by

Jolenee aca, < 4 favihoa = ay,

with almost an identical argument as in Theorem 8. For the sufficiency
use Lemma 1 of section 2(e). W
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Notice that the result of Theorem 9 agrees with Theorem 3 when g = p
since one has
W(ip(x) <A-. Vcﬁp(:lc)

for all z; see section 2(a). Thus

/ (WE )P dCay < AllGa * .,

by (3.1). The reverse inequality follows from Lemma 1.

5. Obstacle problems

A problem intimately connected to the concept of the Choquet inte-
gral is the well studied “harmonic obstacle problem”: find the smallest
superharmonic function u on the bounded domain €2, anchored at 9
—i.e. u fixed at 92— and such that it dominates a given function % on
Q; ¢ < boundary values of u at 9€2. This can also be interpreted as
“stretching a thin elastic membrane” over a fixed obstacle in Q. See [R,
p. 2-6] or [KS, p. 6-7]. It can be achieved by minimizing the Dirichlet

integral / |V|? dz over all v € W12(€) such that v — 0 € W, *(Q) and

v > 1) on ). Here 6 represents the fixed boundary values of the solution
—extended into ) so that § € WH2(Q); ¢ < § on 9.

If the obstacle function is of class C2((2), then it can be shown ([KS,
p. 129]) that the solution has bounded second derivatives throughout
€, but is generally not of class C2? in . Also, Q can be written as
the disjoint union C'U N, where the closed set C' is the coincidence set
{r € Q:ulx) =¢()} and N = Q\ C, the non-coincidence set. On
N, u is harmonic and v and Vu agree with ¢ and Vi on 0C, the free
boundary.

But such obstacle problems are also well-defined for a much larger class
of obstacles. In particular, if we let ¢» = xx = characteristic function
of the compact subset K C 2, then the solution is just the capacitary
potential function —in this case G, the Green function of a measure
supported on K. Here we have taken § = 0. Actually, all that is needed
to get existence of a solution to the obstacle problem is a version of
Theorem 5, restricted to bounded domains €2, i.e.

/ Yt dOP < .
Q
See Theorem 10 below. Also, the differential operator —Laplacian here—

can be replaced by any other linear or nonlinear elliptic second order op-
erator. Below we consider the special case of the p-Laplace operator A,



38 D. R. AbaMs

a prototype for many quasi-linear second order elliptic operators. See
especially [HKM] for a full discussion of the traditional questions for
the Laplace operator A = A, treated for the p-Laplace operator, p # 2.
But our main concern will be to show how the Choquet integral enters
the picture, especially with regard to the tricky problem of the stability
of the solution under a perturbation in the obstacle data.

After consideration of the Aj,-obstacle problem, we say a few brief
words along these same lines for other such problems, namely a bihar-
monic obstacle problem and then an obstacle problem for second order
systems. All of these problems make important uses of the Choquet
integral.

(a) The p-harmonic problem.

Let Q be a bounded domain in R™, with smooth boundary 90f2. Fur-
ther, let # € W1P(Q), 1 < p < oo, and ¢ an extended real valued
function defined on ). Set

Kyo(Q) = {uec WHP(Q) :u—0 € WyP(Q), u > 1, Cyp-ae. on Q).

Here, as usual, W1?(2) is the Sobolev space of functions on €2, p*®
power integrable on 2 along with their first order distribution derivatives.
WP () is the usual closure of C§°(Q) with the norm of W'(Q), i.e.

ullr ) + Z [ Djull e (0)-
j=1

The p-harmonic obstacle problem, with data 6 and v, is the problem

min/ |Vul? dz
Q

where the minimum is taken over all u € Ky 9. When p = 2, it is refered
to simply as the “harmonic obstacle problem” on 2. The p-harmonic
problem can also be written as a variational inequality:

find u € Ky ¢ such that (—Apu,v —u) > 0 for all v € Ky g.

Here Apu = div(|Vu[P~2Vu), the p-Laplace operator, and the brack-
ets (,) denote the duality paring.

The connection between the Choquet integral and the p-harmonic
problem is made explicit by:
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Theorem 10. With the above notation, the following are equivalent:

1. Ky,¢ is non-empty; (5.1)

2. there exists a unique uy 9 € Ky g such that
/ Vg glP de = inf / |Vul? dz; (5.2)

0 uEKwyg Q
3. /[(w —0)t]PdCy} < . (5.3)
Q
Furthermore,
(5.4) inf [ [9ul”do ~ 16 = 0) [y g

Here, we have modified the capacity Cp, of section 3(b) and (d), to

cpt) =int{ [ (Vo dr: o.c G2, 0> e}
i.e. everything is now defined relative to €.

The proof of this result can be found in [AN], but it is, in fact, a
simple varient of the corresponding result for p = 2 found in [A6], and
hence will not be discussed here in detail. What we wish to concentrate
on here is the use of the Choquet spaces in characterizing the stability
of solutions to the p-harmonic obstacle problem under a change in the
obstacle. This result is the main thrust of [AN]. A similar but weaker
result appears in [LM].

We shall say that solutions to the p-harmonic obstacle problem are
stable if the solution operator Sg(1)) = uy ¢ is continuous from LP(CZ?)
into W1P(Q). We intend to show a bit more, namely that Sy is locally
Hélder continuous with exponent

. 11
Qp =min | —, <
P p72

Theorem 11. There is a constant A that depends on the quantities
n,p, 0illwie), Willecg), i = 1,2, such that

190(¥1) = So(¥2)lwreia) < A- b1 — ¢2||§2(cg)-

for 1 <p < 0.

Furthermore, the exponent oy, is sharp for p > 2.
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Proof: The proof proceeds via several steps, the first of which is to
solve an approximate problem (the so called “penalized problem”).

Step 1: Let n(t) € C*(R) such that n(t) = 0 for all t > 0, n(t) < 0
for t <0, and 0 < /() < 2 for all t. Set n(t) = e 'n(t) for € > 0. The
penalized problem is

—Apue = —ne(ue — ), in

ue =0, in 0Q2.

A unique classical solution to (5.5) exists by standard fixed point argu-
ments together with the estimates given below.

We first estimate u. in WP () independent of e.

(5.5)

IVuel o :/Q\Vu6|p_2Vu6V(u6—0)d:v+/Q\Vu€|p_2VuEV9dx

< —/Qﬂe(ue - 1/’)(“6 - 9) dx + ||Vu6||1£;(19)“V0HLP(Q)'
The first term does not exceed

- / e (tte — ) (ue — ) da — / ne(ue — ) () — 0) da
Q Q

< /Q e(te — ) dz < [ Vue| o | Veol| Loy

where w € Wy (Q) satisfies: w > (¢ — 6)* on Q. Thus we get

1/p
IV < A { ( [w-o dc,?) + |ve|mm} ,

from Theorem 10.

Step 2: Since {uc}eso is a bounded set in W1P((Q)), it follows from
weak compactness that there is a subsequence {ue } for which u. tends
weakly in W1P(Q) to some u € WHP(Q). But from the well known Rel-
lich compactness theorem (see [KS, p. 62]), WHP((Q) can be compactly
embedded in LP(2). Hence, there is a further subsequence (still denoted
by ue ) such that u. converges strongly to w in LP(£2). Furthermore, it
follows that u > ¢ a.e. on Q. To see this last fact, we write

o e e P e
which tends to zero with ¢/. On the otherhand, the left side tends to
- [ntu-w)ods

by the LP-convergence of u. . Here ¢p € C§°(€2). Thus n(u — ) = 0 a.e.
on ) and the result follows.
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Step 3: Vue tends to Vu strongly in LP(2). To see this, write
/|Vue\p_2Vu6 — |[VulP2Vu)V (ue — u) dz
=— /776(uE — ) (ue —u)da — / |VulP~2VuV (ue — u) d.

The first term is < 0 since u, < ¥ < u when 7 is non-zero, and the
second term tends to zero by weak convergence.

Now to get our desired estimate on the difference V(u. — u), we need
two basic inequalities associated with the p-Laplace operator:

for £, ¢ € R™, and p > 2, there is a constant A > 0 such that
(5.6) (1€PP2 = [¢]"720) - (§ =€) = Alg — ¢Is
for 1 <p<2,
(5.7 (EPT2e—1CP20) - (€= ¢) = (p = D)IE = ¢I(lel + I¢hP >

For a proof of (5.6) see [BI] and for (5.7) see [AN].

Clearly when p > 2, our result follows. However, when 1 < p < 2, we
estimate as follows:

IV (ue — )P do < IV (ue —u) > (|Vue| + [Vu|)P 2 dz p/2
I U )

| ( /Q (V| + [Val)? d$>1m

via Holder’s inequality. And now the result for p < 2 follows.

Step 4: u is the unique solution to the p-harmonic problem. We show
that v is a solution, uniqueness follows in a standard way. In fact, if
V € Ky, then

/ |VulP2VuV (V — u) dr = hII(l) V[P 2Vu V(V - u) de
Q c—rJaj

=— lirr(l) Ne(te — P)(V — ue) dx >0,
€E— Q

since V' > ¥ > u, when 7, is non-zero.
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Step 5: Let u = Sgp(¢1), v = Sp(w2). Then we will produce the Holder
estimate in the statement of the Theorem. We begin with

/Q(|Vue|”_2Vu6 — |V P2 V) - V(ue — v.) dz
=~ [ e =) = b0 do ~ [ (o~ b0~ vn)d
= [t = o)~ 0o~ [ e = v~ ) da
~ [ e = v = vy o~ [ = b~ ) da

- /ne(ue — Y1) (v —ve) dx — /ne(ve — ) (u — ue) dz.
The first 4 terms are non-positive. The 5th and 6th can be estimated by
IVulZ IV llze + [ Vo7 | Vews | o

where w; € Wy P(Q), wy > (b1 — a)t, wy > (1 — 1)+, The last two
terms are estimated by

IVl IV (0 = v)llze + [ Voel| o s [V (w = ue) | o

Now let € tend to zero. The result follows using Theorem 10 and (5.6)
and (5.7).
To see that the exponent oy, = 1/p, p > 2, is sharp, let

1, 0<t<r
heg(t) =< AtP=/=D 4 B r<t<R
0, t>R

with constants A and B determined so that h, r(t) is continuous on
[0,00). Now set ¥ (x) = h—e)r,r(|2]), for 0 < € < 1/2, and u, = So(¢e).
Then a short calculation gives

IV (ue — uo)|| Lo (B(o.R)) = A~ €/P

and
[he(x) — o(2)] < A" - €

for all x : || < R; A and A’ are two constants that depend only on
n,p,r, R. A
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We close this subsection with an application of the ideas of Theorem 6
applied to solutions to the equation

—Ayu=p, in§)
(5.8) { =

ue WyP(Q)

w a Borel measure compactly supported in Q. In fact by [KM], we know
that any such u must satisfy

A Wh(x, R) < u(z) < Ap B}‘;,fR) u+ As - W (z,2R),

where B(x,3R) C Q and

R
dr
—n 1 —1
Wi ) = [ B

a non-homogeneous Wolff potential of the measure p. Of course when
p = 2, such an estimate is well known —in fact in that case u is exactly a
Green potential of g on Q. Thus, because u = Sy(v) satisfies (5.8), where
1 is a measure supported on the coincidence set —assuming ¢ € C()
and 1) < 0 near 0 implies [u = ¢] € Q— we can derive local LI(C5})
integrability result for such w. In fact, one can easily deduce, in the
spirit of Theorem 6, that for any ' € 2, the solution to the p-harmonic
obstacle problem u = Sy(¢) must satisfy

/ u? dCy) gA./(w)QdC;R
! Q

for any q > p; A depends only on n, p, ¢ and the distance Q' to 9.

(b) The biharmonic problem.
One version of the biharmonic obstacle problem is:

min {/ (Au)?dz :ue Wy (Q) N W22(Q), u> ¢ ae. on Q} .
Q

Here v is the given obstacle, an extended real valued function on §2,
and A is the Laplacian in R™; @ C R™ a bounded domain. One might
refer to this version of the biharmonic obstacle problem as the “hinged”
case, since a natural boundary condition that appears, assuming that the
data v is smooth —say C?(Q2)— is Au = 0 on 9Q. The “clamped” case
corresponds to replacing Wy *(Q) N W22(Q) by Wy *(2); this forces u
and its normal derivative to vanish at 0€2. For simplicity, we will discuss
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only the hinged case here. For a full treatment of this problem, the
author should consult [CF], [A7], [A8]. This last reference is relevant
here since one can view the hinged problem as a 2 x 2 second order system
with the obstacle in the first component.

The appearance of the Choquet integral in the context of the bihar-
monic obstacle problem involves both the question of existence (as for
the p-harmonic obstacle problem —Theorem 10) and of regularity of so-
lutions. Of course, if the obstacle is of class C?(Q) and negative near the
01, then there is generally no need for Choquet integrals. In fact in that
case, one can easily show that the solution u is in W2 (Q) N W32(Q);
see [CF]. However, for more general ¢ one needs the concept of capacity
and Choquet integrals. For this we set

CH(K) = inf{/ﬂ |AG|?dx = ¢ € CF°(),

¢ superharmonic, ¢ > 1 on K } .

Then from [Ha| one has

/u2 dCP, ~ inf {/ Mg da - p € WH2(Q) N W, °Q,

¢ superharmonic, ¢ > wCSQ—a.e. Q} .

Our result is:

Theorem 12. (a) The hinged biharmonic obstacle problem has a
unique solution if and only if

/(q,zﬁ)2 dC3’, < o0.
Q

(b) The solution of part (a) belongs to the Sobolev space W32(Q) if

/[(—Aw)ﬂ?d();? < 0.
Q
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We outline the proof of (b). As in the proof of Theorem 11, we must
first solve a penalized problem, obtain estimates on its solution u. in-
dependent of € and then pass to the limit for a suitable subsequence,
¢/ — 0. This proceedure will then show that the solution u to the hinged
biharmonic obstacle problem satisfies

/ VAuP dr < A / [(— &) dCf
Q

which is the conclusion of (b). Thus we solve

AQU& = _ne(ue - ’(/})a in 2

Ue =0
Auﬁzo}onaﬂ,

where 7, is as in Theorem 11. Then

|VAu|* de = /m(u€ —P)A(ue — ) dx
Q
o RN
<~ [t = 0)IV e ~ ) do
- /ne(ue - ¢)(_A¢)+ dx

<- / ne(te — Wywdz < |[VAul| g2y - IVl 20y
where w > (—Ay)* on Q and w € Wy"*(€). Thus
VAu? dz < A/[(—Awﬂ‘zdc&
Q

with A independent of e. Now we use lower-semi-continuity with respect
to weak convergence in W32(Q), since the weak limit will be the unique
solution to the problem. W

Results extending these ideas together with stability questions for the
biharmonic and polyharmonic obstacle problems will appear in the forth-
coming paper [AV]. Such stability questions have previously been con-
sidered by Schild in [S], but only in very special cases —with real an-
alytic obstacles given on lower dimensional subsets in R2, the so called
smooth thin obstacle case. But using Choquet integrals, the more gen-
eral “rough” situation will be treated in [AV].
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(c) Systems of second order obstacle problems.

There are many papers on systems of variational inequalities, and,
in particular, on the obstacle problem, with obstacles in each compo-
nent direction; see esp. [HW] and [F] among others referenced in [To]
or [R]. But our main concern here is with the appearance of the Cho-
quet integral in some natural way in these problems. One such curious
appearence was noted in [AL]. There a 2 x 2 nonlinear systems was inves-
tigated, for existence, uniqueness, and regularity —a sort of nonlinear
version of “cooperative systems”. The basic operators involved are a
version of the p-Laplace operator. Without going into the details of the
existence proof here, the main relevant point is that one would expect
existence of a solution to a second order system to somehow only depend
on information about no more that two derivatives of the data —the ob-
stacle in this case. However, it was found that using standard Sobolev
space techniques that it was necessary to know (—A,¥)T € L*(Q) and
V(=ApY)T € LP(R), to get existence. This seemed unnatural. Indeed,
it turns out that one can replace this third derivative statement by a
weaker statement, one that depends only on second derivatives:

Jla0)pacg < o
Q

Notice that because of the CSI, such an integral is finite when the gra-
dient of (—Ap1)T belongs to LP(Q).

The reader, interested in systems of second order variational inequal-
ities —and the use of the Choquet integral— might also be interested
in the recent paper [A11] on N x N systems. This paper has a curious
mixture of Choquet integral techniques together with abstract group the-
oretic devices to determine existence, regularity and stability of solutions
to a unilateral obstacle problem that among other things, generalizes the
“hinged plate” biharmonic problem. See also [A8].

6. Differentiation

(a) The differentiation of functions.

(i) Introduction. There are several ways of saying that a given real
valued function, defined at g € R”, is differentiable or even continuous
at xg. Here we consider three such notions for Sobolev functions and
present a unified approach —ultra fine differentiability. One advantage
to this approach is that it produces a stronger notion of differentiability
when ap < n, and uses the ideas of “maximal smoothing operators” of
[CFRY], i.e. the existence of the limit is controlled by a maximal function.
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So suppose we are given a function F'(z) = F(x;x0), then we say:

(1) F(z;0) tends to zero at xg pointwise if F(x;x9) — 0 as x — xg
in the usual sense;

(2) F(x;x0) tends to zero at xq in the mean with exponent g > 0 if

f |F(z;20)|9dx — 0
B(zo,T)

as r — 0;

(3) F(x;x0) tends to zero at xg in the fine topology if there is a set E,
thin at zg, such that

F(z;z9) > 0asx — a9, ¢ FE.

Our notion of thinness will be that introduced by N. G. Meyers (see
[AH, sec. 6.3]), so called (o, p)-thinness, i.e. a set F is termed (a, p)-thin
at i) if

1 ’ d’f’
/ [rP7"Cy p(E N B(zg,r))]? 717 < 0.
0

This can be rephrased using Choquet-Lorentz space notation as
X (@) - | — | € L' (Clp)

locally. A set G is an open neighborhood of zg in the («, p)-fine topology
iff the complement of G is («, p)-thin at xg. Thus it follows that

Proposition 2. F tends to zero in the («, p)-fine topology iff for all
€ >0 the set {x : F(x;20) > €} is (o, p)-thin at xg.

For a proof see [AH, sec. 6.4].
The idea now is to set

lu(z) — Pz — )|
|z — xo|*

F(x;z0) =

where u is a given Sobolev function, say u € W"* at least in some
neighborhood of xg, m > k, and P a polynomial in x — z¢ (with coeffi-
cients depending on z) of degree < k; m,k € Z+ = {0,1,2,...}. With

this, we have three notions of differentiability of degree k at xg.
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In the literature, the notion of L%-differentiation has drawn some at-
tention; see [CZ] and [Z]. In fact an extensive collection of results and
terminology has arisen, especially the so called T} and t{ spaces. The
first indicates that the averages

rikqf |lu(xz) — P(x — x0)|? dx
B(zo,m)

are bounded as r — 0, where as the second implies that these averages
tends to zero as r — 0. It is easy to see that being k*" order differentiable
in the mean with exponent ¢ implies that the function belongs to the
space t} at xg.

The notion of («,p)-fine differentiability is due to Mizuta; see [M1]
and [M2].

(ii) Thin functions. To introduce our notion of differentiability
(using Choquet integrals), we first need an analogue of the Brelot-Meyers
idea of thinness for sets, extended to functions. Thus we say that the
extended real valued function F', defined in a neighborhood of xg, is
(v, p)-thin at zq if

’

1 P
d

/ ro‘p_"/ |F|P: dCoyp T < .
0 B(zo,r) r

Clearly, xg is («, p)-thin at zq iff E is («, p)-thin at xg. Also, it follows
that if F'is (a,p)-thin at xo, then not only does F' tends to zero in the
(a, p)-fine topology, but the averages

f |FIPdCqy,p — 0
B(zo,r)

as 7 — 0, which in turn implies that F' tends to zero in the mean with ex-
ponent p* = np/(n—ap), when ap < n. This is due to the “isoperimetric
inequality”

‘E|170‘p/n <A Ca,p(E)

where |E| denotes the Lebesgue n-measure of E C R"; see [AH, Chap-
ter 5]. When ap = n, it is even possible to show that the exponential
averages

/ [exp(b|F|P') — 1] dz — 0
B(zo,r)

as r — 0, for some constant b > 0; see [A5, Chapter III].
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Notice that the function F(z;x¢) = xk (z)-|z—2x0|? is thin at 2o when
o > 0, even if K is not thin there. For any o € R, the (¢, p)-thinness of
this F' is equivalent to

1

’ /d
/ [rP="C, (K N Bz, )P - 1P 7 <« .
0

r

(iii) Ultra-fine differentiability (Ufd). The mode of differentia-
bility that will supersede the three mentioned above, is the following:

an extended real valued function u defined in a neighborhood of
the point zg is («, p)-ufd of order k at x¢ if there exists a function
¢ differentiable of order k at zy in the usual pointwise sense such
that

u(@) = ¢()| - |2 — o] ™"

is (a, p)-thin at x.

Thus if we write

u—P u— ¢ 6—P

[z — x|k |z —wolF [z — ol

and note the previous discussion, then taking P to be the polynomial
determined by the differentiability of ¢ at xy, we see that the notion of
(a, p)-ufd is stronger than the three modes considered above.

(iv) Maximal smoothing operators. For our estimates below, we
will use certain maximal operators that are known to control differenti-
ation in LP; see [CFR]. We set

Ak
Mju(x) = sup 7| nu(2)]
|h|>0 |h|

where A¥u denotes the k' difference operator: Apu(x) = u(r+h)—u(z),
Aky = A’f;lAhu, k=1,2,3,... . In particular from [CFR], we have
(k <m)

IMgule < Allullwns.

Employing the same methods, yields

Com—kp([Mfu > 1)) < At ullym .,
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for m > k; for m = k, replace the capacity by Lebesgue measure. By
standard methods, such estimates immediately give the required differ-
entiability, Cy,—_j p-a.e. Our main results below is an attempt to upgrade
this capacitary weak type inequality to a strong type inequality.

(v) Ufd of Sobolev functions. Since every u € W™P(R") can
be represented as the Bessel potential of order m of an LP function,
u= Gy * f, Cp p-a.e., we can assume throughout, without loss of gener-
ality, that f > 0. Hence G,, * f is defined everywhere. With this, notice
that we can write

u(x) = g(x;xo) + b(x; x0)
the “good and bad” parts of u, with g(xo;zo) = u(zo) and b(zo; zo) = 0.
In fact just take

sz =[Gl )iy

v = [ Gnlen )

where h = x — xg.
With this in mind, we state our main result

Theorem 13. For Cy, p-a.e. zg each u € W™P(R™) can be written
as

u(z) = g(z) + b(x)
with g(xo) = u(zo), b(xo) =0 Cpy p-a.e., and
L ifmp<n,0<k<m,
(6.1) IMigllLe (s, <A~ llullwms,
(6.2) |z — 20| 7*b(2) is (m, p)-thin at zo;

II. ifmp=mn,0<k<m,

(6.3) (6.1) again holds,
1 ?'/q dr
(6.4) / p(m=F)g=n / 1b(2)[? dCmg(z) b < 0,
0 B(zo,r) r
Jor 1 <q<p;
III. ifn<mp<kp+n,0<k<m,
(6.5) [MiullLr (i ) < Allullwm.
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It is interesting to note the difference in condition (6.2) when mp =n
and condition (6.4) when ¢ = p. As we shall see, they are fundamentally
different. But first note

Proposition 3. Forap<n and 0 <r <1, set

Tu(o,r) = / N @)
B(zxo,

Jo(zo, ) :/ sk (/ [b(2) P dCayp(:E)> @
0 B(zo,s) s

Then Ji(zg,r) ~ Jo(xo,7) for every xg.

and

From this result, we have

Proposition 4. For ap <n and k < «, set

’

1 Pl d
]
Jo(ao) = / ( / ||x—xo|kb<x>|Pdca,p<x>> ar
0 B(xo,r) r

and

1 p'-1
Ju(z) = / (Ma—k)p—n / |b(ac)|pdCa7p(x)> @
0 B(zo,r) r

Then for ap < n, J3(xg) ~ Ja(xo), but when ap = n, Jy(xg) < A-J3(x0)
and Js(xzg) can be +0o when Jy(xg) < 0o.

Proof of Proposition 3: Writing the ball B(xg, ) as the disjoint union

of annuli [277971r < |z — x| < 2797] and using the countable subaddi-
tivity of Cy p, we have

Baor) <2 3@ [ @) dCua),
7=0

(0,2797)

But on the other hand,

Ja (g, 2r) > (1 — 2,,) i(wr),,w /B s b()[? dCy ().

r )=
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To go the other way, we use quasi-additivity; see section 2(e). So with
annuli again, we can write

o0
1(zo, 7 E — ajt1)
7=0

where a; = fB(mo g-ip |0() [P dCq p(x). If b is smooth, it is obvious that

> 23%Pq; < oo for k < a. Hence, our lower bound can be written as

o0

1'07 Z Z kpa

7=0

A similar upper bound holds for Js(zg,r). ®
Proof of Proposition 4: For simplicity set

Qo) =f IbJ? dC .
B(xzo,r)

then by Proposition 3,

1 s
J3(z0) N/ r“p_"/ ~PQ(xo )ds ﬁ
0 0 s "
1 r v
/ ds dr
:/ (Tap—n/ S—kPQ(x07s)-X[s<1](S)_> .
0 0 ° '

We now apply Hardy’s inequality for p < 2, and get
Jg(.’L‘o) < A- J4(J,‘0).

For p > 2, we write the integral over [0,r] as a sum of integrals over
[279=1r 2777, 5 = 0,1,2,..., and apply Jensen’s inequality. The reverse
inequality is trivial.

When ap = n, neither Hardy’s inequality nor Jensen’s inequality ap-
plies, though clearly J3(xzg) > AJs(xo) always holds. But notice that if
p =2, then

! ds
Jg(l’o) = / Q(I075)572k log 1/5?7
0

whereas

1
Jg(xo):/o Q(mo,s)s*%%. [ |
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Proof of Theorem 13: We shall confine ourselves to parts I and III
and, for simplicity, treat only the case k = 1; the other part as well
as k > 1 follow in a similar manner. So write u € W™? as u(z) =
g(x;x0) + b(x;xp), as indicated earlier. Then for mp < n,

Apu(zo) = u(r) — u(zo) = g(z;70) — g(w0;0) + b(2;5T0)

where z = zg + h. Hence

Ang| < / (Gl — ) — Gl — )| () dy
lo—y|> 3 |h|

+ / Gon(z0 — ) () dy
|[z—y|<2|h|
< Alh] - Gt * f(20)

Thus
Mfg(l‘o) S A- Gm_1 * f(l‘o)

Applying the CSI (section 3(b)), we get (6.1). Next,

& — o]~ 1b(z) < |A|"! / Gl — 1) f(y) dy

|zo—y|<2|h|
<4 / Gz — 1) F ()20 — 9| dy
B(zo,2r)

when x € B(xo,r). And again using CSI, we have

/ |z — xOl_lb(x)]p dCpp(z) < A f@)lwo —yl™" dy
B(zo,r) B(zo0,27)

2r
= A/ / dy—
B(xo,s

So (6.2) follows via Hardy’s inequality and the non-homogeneous Wolff
potential estimate

Crnp(Wh p > 1]) < Ap(R™) - 177

analogous to (3.14). See [AH, p. 169]. Here the measure y is played by
fy) dy.
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For mp > n, we argue as in [CFR]. Take n/m < ¢ < p, then

1/q
b(z) < Al "/ ( /| . f(y)qdy>
ro—Y

sup |h|_1b(.13) < A(M(mfl)qfq(xo))l/qa
|R|>0

So

and when (m — 1)p < n,

/(sup |h|_1b($)> dC—1 p(z) < A/(M(m,l)qfq(xo))p/q dA;ofzmil)p

|h|>0
< Allfl%s,

using Theorem 7(a) and the standard estimate for C,, in terms of
A see [AH, p. 134]. When (m — 1)p = n the estimate on

n—ap?

sup |h|~tb(x) is simple. W

(vi) The Kellogg property for thin functions. The idea here is to
apply the standard Kellogg property for thin sets —see [AH, p. 175]—
to produce an analogue for thin functions. Our result states:

Cop{z: F(z) #0}N{z: Fis (o, p)-thin at z}) = 0,

for 1 < p < n/a. Indeed, if we set Ey = [F > A], A > 0, then it easily
follows that E) is (a, p)-thin at points where F'is (a, p)-thin. Hence by
the standard Kellogg property

Cop(ExN[Ey is (o, p)-thin]) = 0.

Thus -
Z Co.p(E2i;N[Eas; is (a, p)-thin]) = 0.

Jj=—00
(b) The differentiation of weighted capacity.

A form of weighted capacity that naturally occurs is variational
weighted capacity, given here by

C(K;w) = int {/ VolPwdz : ¢ € C5°(Q), & > 1 on K}
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where K is a compact subset of the (bounded) domain Q@ C R™. w
is the weight, a non-negative locally integrable function on R™. This
set function is needed in the study of the local regularity properties of

certain degenerate second order elliptic partial differential equations on
Q

3

(6.6) > a%(au(a:)um ~0.

Here the assumption on the coefficients is generally

A-w(@)|E <Y ag(@)&g < A w(x)lEP,
i.j

forallz € Q and € = (&,...,&) €ERM A >0and €2 =&+ +
€2, Generally, more than local integrability of w is needed to build a
complete theory —a theory of local regularity reproducing as much of
the theory of harmonic functions as can be expected. One usually makes
some assumption like w™' € A, i.e. it is an A, weight in the sense
of Muckenhoupt; see [GF]. Throughout, for simplicity we shall usually
assume w € Aj, i.e. on any cube  C R™ with sides parallel to the

coordinates axes,
fwdx < A-infw.
Q Q

The weighted variational capacity closely associated with this degenerate
equation is, of course, C§(-;w). When p # 2, the prototype equation is
a degenerate form of the p-Laplace equation, e.g.

div(w(z)|Vu|P~2Vu) = 0.

We shall restrict our attention here mainly to p = 2, although most
results discussed have p # 2 analogues; see [KM], [M], [MZ].

The case p = 2, w = 1 is treated in [LSW], whereas the case p = 2, w
a general weight, in [FJK] —for the regularity theory of equation (6.6).
In Choquet space notation, the Wiener boundary regularity test can be
phrased as: if n > 2,

o(x,s) =s>"" f wt |,
B(z,s)

/1 ds
0(1’07 8)_ = +00,
0 S

with
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then the point zg € 9 is a regular point for solutions to equation (6.6)
iff
/ O (w0,y) dC3 (y; w) = +o0
EﬂB(Io,l)

where

B(z,y) = /|°° o, 5) 5.

z—y| S

However, our task here is not to give a discription of this rich boundary
behavior theory, but to try to understand the nature of weighted capac-
ity: is it possible to find an alternate form (possibly in terms of Choquet
integrals) that more clearly reveals how weighted capacity acts? The
conjecture might be:

Q . Q
C, (K;w) N/KwdC’p,

i.e. to represent weighted capacity as an equivalent capacity obtained by
integrating the weight with respect to unweighted capacity —sort of a
“Radon-Nikodym type” result. Our first result is of this type; it has
appeared in [A9]. Here, we consider only Q =R"™ n > 2.

Theorem 14. (a) If w € L?>(Cy)™, then

(6.7) lim wdCy = w(x)
=Y B(z,r)
for C3-a.e. x € R™;
(b) if w € Ay N L%(C2)*, then

. Oy(B(z,r);w)
o Gy

for Cs-a.e. x;

(c) if w is superharmonic in R™, then there is a constant A such that
(6.9) Co(Kiw) < A- / wdCs
K

for all compact K ;
(d) if w=1Isxv, v € Ay, then there is a constant A such that

K
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Proof: We prove (6.9) and (6.10) here; see [A9] for the rest. For
¢ € C°(R™),

/|V¢\2wdaz = /(—A¢)-¢wdm+%/¢2Aw

after integration by parts. Passing to a limit, we may replace ¢ by
the Newtonian potential I5 * p1, where p is the C o capacitary extremal
measure for K. Then ¢ =1 on K, ¢ < 1 everywhere, and —A¢ = pu.

Hence
/|V¢)|2wda:§/ wdp
K

since Aw < 0. The result (6.9) easily follows now since p(e) < C o(e) ~
Cs(e), for all Borel sets e.

For (6.10), we use CSI for Cy (or C1 2):

/Kwd02 < /[w1/2¢]2d02 < A/ <$¢2+ |v¢|2w> dz,

for some ¢ € C§°(R™) with ¢ > 1 on K. Since w = I5 x v, the Hedberg
inequality (cf. section 3(c)) gives

2
mSAMUSAU,

w

since v € A;. Thus

/_|Vw|2¢2 dr < A/¢2vda: = 2A/¢V¢VI2 *vdx
w
/ Vw2 1/2 1/2
<4 </¢2—| Z' dx) (/|V¢I2w> :

2
/m¢2dng/|v¢|2wdx. [ ]
w

An alternate approach to such a “Radon-Nikodym type” result is to
work with weighted Riesz capacity

Cop(K;w) zinf{/f(x)pw(x)dm:fZOand I,*xf>1on K}
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To insure that Cy p(+; w) is non-trivial, one must make some assumptions
on w, say w € A, and for ap <n

o [ ot T

Actually, another way to deal with this is to modify w near oco so
that (6.11) holds. And since we are usually only interested in local
properties, this is quite reasonable. This can be accomplished using
[GF, Theorem IV.5.6]: modify w near co so that w ~ 1 there.

With this we prove the following result:
Theorem 15. Let w € A, and choose an xg € R™ such that

(6.12) ap <n —dy(zo),

where dy,(xg) =inf < d: sup rd// w < 00 p;
0<r<1 B(zg,r

. C’Oéyp(B(l’(),T);w)
(6.13) lljntl) r=Pw(B(wo,7))

> 0;

there is a constant A, such that

sup w< A, inf w
(6.14) A (20) Ao )

Apo(20) = {2 : 27777 < |z — 2] < 2771}

for each fized 0 > 1 and all k > ko. Then
(6.15) Cop(K;w) ~ / wdCy
K

for all compact K sets in some fized neighborhood of xq.

Note that if w is (e, p)-quasi-continuous, then d,,(zo) = 0 for C,, ,-a.e.
xo. Also, it is not hard to see that one also has (6.13) holding for C"a’p—
a.e. x9 —note the weighted capacity of the ball is computed, at least
asymptotically as r — 0, in [A10]. Thus the real determination of the
validity of the result is whether or not (6.14) holds at almost all points
xg. For the weight w(x) = |z|77, —n(p—1) < 0 < n, dyw(0) = 0.
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Recall: w € A, iff for coordinate cubes @

p—1
Supf w - q w—l/(p—l)) < 0.
QJQ Q

Proof: Using subadditivity,

Cop(K;w) < Z Cop(Apo N K;w)

(:up w) - Cop(Ape NK)

kio

>
k
< AZ( inf w) - Cop(Ago NK)
k
>
k

/ wdClyp < A/ wdCy p,
Ap.oNK K

where ap < n — dy(xo) allows us to use Lemma 8.1 of [A10] —which
effectively factors out the weight— together with the quasi-additivity of
Co.p; see [A4]. For the reverse inequality, we need (6.13) to guarantee
that the weighted Riesz capacity is quasi-additive in a neighborhood of
29 —the proof is similar to that given in [A4], although an adaptation
of the methods of [Ai] also seem possible. The reverse inequality is now

established by a similar argument. W

7. Additional remarks

(a) Poincare type inequalities.

The simplest form of an inequality that we wish to describe here is: let
u € WHP(Q), © a bounded domain in R™ with smooth boundary, then
there exists constants ag and Ag such that

1/p 1/p
(7.1) ( |u — ag|? dx) < Ay ( [Vul|P dm) ,
Q Q
with
(7.2) |ao] Sf lul dC1 p,
K

K a compact subset of Q, and

(7.3) Ag < A-Cy,(K)~YP . |Q|t/P,
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The barred integral in (7.2) is the integral average —divide by C1 ,(K).
Thus in particular, if u vanishes on K, Cj,(K) > 0, then a9 = 0.
The classical Poincare inequality follows by taking K = 0. And if
Q = B(xg, ), then it follows that Ay < Ar, as is well known.

Higher order versions of (7.1) are given in [AH, sec. 8.3]. There ag
is replaced by a polynomial P of degree < m — 1 when the right side
of (7.1) becomes the norm of |[D™ul, the pure m'™ order derivatives.

But again, the Choquet integrals appear, to estimate sup P in terms of
Q
capacity integral averages.

(b) Bounded point evaluations.

Let P(x,D) = Z a,(2)D? be an elliptic operator of order m < n
lo|<m

with infinitely differentiable coefficients defined in an open set {2 C R™.
Let K be a compact subset of Q and n(K) the set of solutions u, defined in
some neighborhood of K which satisfy the equation P(z, D)u = 0 in this
neighborhood. A question studied by several authors (see in particular
[FP] and [He2]) is to determine when n(K) is dense in LP(K), 1 <
p < 0co. An answer can be given in terms of bounded point evaluations
(BPE). The point zp € K is a BPE for n(K) C LP(K) if there is a
constant A such that

o <4 ([ |u|pdx)1/p

for all u € n(K). See [FP, Theorem 5]. Our interest here is noting that
the necessary and sufficient condition for a BPE given in [FP] can be
expressed via Choquet integrals rather nicely. It is: x( is a BPE for
n(K) C LP(K) iff

/ |0 — $|(min)pl dC pr () < 003
KCﬂB(:E(),l)
see Theorem 3 of [FP].

(¢) Mosco convergence.

Let {K,} be a sequence of convex sets in W, (Q). We say K; — K in
the sense of Mosco (see [Mo)) if both M, and M,, hold:

(M;) for all v € K there is {v;} C K, such that
v; — v strongly in W, *;

(M,,) if {v;, } is a subsequence, v;, € K;, with v;, — v weakly in W, *,
then v € K.
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We apply this notion to the convex unilateral sets that occur with
obstacle problems:

K;={ve WOLP(Q) cv >, Cqp-ace. on O}

and
K={ve Wol’p(Q) cv >, C pa.e. on Q}.

From [AP] one can use the Choquet integral to determine Mosco con-
vergence: let ¢; and ¢ be (1, p)-quasi-continuous on € such that

(H.) /Wrwmwﬂwwvjﬂﬁ

(Ha)  forallt>0, Cip(l(6—;)*" >H) =0, j—o.
It then follows that

(Hy) implies (My)

(H,,) implies (M,,).

Furthermore, if ¢ € L?(C4 ), then (M) implies (H).

Thus one has a very nice set of sufficient conditions for the Mosco
convergence of convex unilateral sets in obstacle problems. And this
would seem like a good tool to establish stability results for obstacle
problems —as noted in section 5 above. Indeed, from [Mo] one can
say that given a differential operator —linear and coercive— and the
Mosco convergence of the unilateral convex sets, then the solution u;
to a variational problem for obstacle 1); converges strongly (in VVO1 Y to
the solution to the “limit problem”. The key here, however, is: what is
the limit problem? With stability, we demand that the limit problem
be of the same type. What can happen with Mosco convergence is the
“appearence of strange terms” in the limit problem; see e.g. [CM]. It
seems that Mosco convergence is a good tool when one is dealing with
a sequence of problems that converges to something, but does not seem
to be strong enough to guarantee stability as noted in section 5 above.
Mosco convergence has also been useful in dealing with questions of
homogenization in partial differential equations —see e.g. [BM].

(d) Probability.

Functionals like Iy, ,,, of section 3(c) above, are appearing in the theory
of probability —as capacities on function spaces, e.g. Wiener space. See
[FLP] or the short survey article [Mn]. Hence, using these functionals,
Feyel and de La Pradelle have considered Choquet spaces in a probability
setting.
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