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Introduction

In recent years Jacobians of mappings of finite distortion have been studied
intensively and have proven to be fundamental tools in the calculus of varia-
tions, PDEs and nonlinear elasticity. Some of their rather special properties
were already visible in the “div-curl ”lemma of Murat [Mu] and Tartar [Ta).
This lemma initiated the theory of “compensated compactness ”. Because of
its wide application and theoretical significance the subject has been greatly
expanded.

Before presenting our results, we would like to make a few general com-
ments. One way to look at the compensated theory is to consider it as one
consequence of the study of oscillations in nonlinear partial differential equa-
tions, arising from Continuum Mechanics, Physics or Differential Geometry.
It is far beyond the scope of this work to discuss the reasons for such a
study but we would like to mention at least that it is natural for the issue
of the existence of global (generalized) solutions for many nonlinear systems
of interest. It is quite obvious that, in such a study, a fundamental role
should be played by weakly continuous nonlinear quantities. The compen-
sated compactness theory has identified classes of such nonlinear quantities.
The terminology stems from the fact that compensations arise in nonlinear
quantities as J(u) = det(Vu), compensations which in turn allow the weak
continuity or the compactness. Indeed, we shall show that these nonlinear
quantities have an improved regularity. This improved regularity has many
applications and recently there have been considerable advances in this field.
In particular, it is a useful tool to apply to divergence and nondivergence
elliptic equations.

It is worth pointing out that the starting point in the theory of the regular-
ity of the Jacobian is the celebrated result due to S. Miiller [M] that for an
orientation preserving mapping [ € %;é"(Q, R™), J belongs to the Zygmund
space £ log Z(K) for any compact K C Q.
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The following estimate, proved by T. Iwaniec and C. Sbordone in [IS]

[Df(x)["

/ J(x, f) de < c(n,K) / dz
Df(x
o % log (e + (551 )

when K is any compact subset of 2 and | D f|q denotes the integral mean of
|Df| over €, can be viewed as dual to Miiller’s result.

At this point it became clear that the improved integrability property of the
Jacobian could be observed in Orlicz-Sobolev spaces near %;&”(Q,R”). To
illustrate, we mention the inequality by H. Brézis, N. Fusco and C. Sbordone
[BFS] :

1-a J(uﬁf)\) [Df ()"
/KJ(x,f)log <e+ T dr < c¢(n,K) /ﬂlog“ (6+||DD]L,‘)E§:$))‘L) dx

for a € [0, 1], which was then extended to all & € R by L.Greco [1].

As a matter of fact, under the above hypothesis of Iwaniec and Sbordone,
the Jacobian is even slightly higher integrable.

Indeed G. Moscariello in [MO] proved that J(z, f) lies in .Z loglog -Zoc(2).
Subsequently, L.Greco, T .Iwaniec and G.Moscariello proved that if | D f(z)|" €
£P(Q) with P a log-convex function and if J > 0 then J € Z¥. () where
U(t) =P(t) + ¢ [ P ds.

However these results are only a part of more general spectrum about esti-
mates of Jacobians.

In this spirit following the results above, we can realize that it is quite nat-
ural to study the Jacobians in more general spaces (see [GIOV] , [G2]).

As suggested in [BFS] it is interesting to study the regularity of the Jacobian
when D f belongs to Lorentz spaces. It appears that to get positive results
one cannot rely only on these spaces but it is forced to encode the theory in
the Lorentz-Zygmund spaces (see Chapter 3).

It is also possible to extend this study to the couple (B, FE), B : Q@ — R",
E — R"™, of vector fields on €2, such that divB = 0 and curlE = 0, having the
scalar product (B, F') nonnegative. In this case we obtain results of higher
integrability for the scalar product (B, F). Let us remark that if A(x) is a
symmetric matrix and we consider the equation div A(z)Vu = 0 we obtain a
couple taking B = A(x)Vu and E = Vu (see Chapter 3). Another example
of operator in divergence form is given in Chapter 4.

R. Coifman, P.L. Lions, Y. Meyer and S. Semmes in a famous paper “Com-
pensated compactness and Hardy spaces”studied the regularity of the map-
pings with Jacobian of arbitrary sign and as a consequence of couple (B, E),
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belonging to Lebesgue spaces, where div B = 0 and curl £ = 0 whose scalar
product is of arbitrary sign. Following this idea, we study analogous regu-
larity properties of couple in the framework of Lorentz spaces (see Chapter
5).

Finally, the last chapter (see Chapter 6) is devoted to study nondivergence
elliptic equations.

In 1963 Miranda [M] proved that if the coefficients lie in #1™ then the
Dirichlet problem

Lu = h
ue WEQ) N A2 (Q)

is well posed. Here ) is bounded open set in R” and h € .Z?(f2). This result
is optimal in the category of ZP-spaces. Indeed, for a;; € wirn—e ¢ >0,
the uniqueness fails.

Somewhat later an improvement of Miranda’s result was given by Alvino

Oa;j

and Trombetti [AT]. They assume that oz lay in the Marcinkiewicz space

L. and, the constants in the weak type inequality for %an are sufficiently
small.

Here, we develop a theory for elliptic equations with bounded coefficients
having sufficiently small BM O-norm and we find a higher integrability of
the solution. More delicate is the case of unbounded coefficients and the

main result is the following .#? log % estimate

IVl 2108 2(®n) < () [[h]] 22108 2 @®")-

We notice that our assumption, the BMO-norm of the coefficients a;; to

be sufficiently small, is weaker than the smallness condition for the £

norm of their derivatives %‘;ij which allows the authors in [AT] to obtain

their existence and uniqueness theorem in #22n 7/01’2 of the solution to the
Dirichlet problem
Lu=he 2L
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Chapter 1

Functional spaces

1.1 Decreasing rearrangement of a function

Although the Lebesgue spaces £P, (1 < p < o0) play a primary role in many
areas of mathematical analysis, there are other classes of Banach spaces of
measurable functions that are also of interest. The larger classes of Orlicz
spaces and Lorentz spaces are of intrinsic importance.

From now on, let us consider R™ or its subsets, endowed with the structure
of measurable space of Lebesgue. Let €2 be a measurable subset of R™ and
denote its measure by || and with M (), or simply M the set of the real
measurable functions on €2 a.e. finite. We will identify two functions equal
a.e. Let [Q] > 0.

Definition 1.1.1. The distribution function puy of a function f € M(S) is
given by
prA) =Hz € Q:|f(2)] > A}, A=0.

Let us remark that ;1 depends only on the absolute value |f| and so it may
assume the value +oo.

Definition 1.1.2. Two functions f,g € M() are said to be equimeasurable
if they have the same distribution function, that is pg(X) = pg(X) for all
A>0.

In the following proposition we list some properties of the distribution func-
tion.

Proposition 1.1.3. Suppose f,g, fn, (n = 1,2...), belong to M(Q) and let
a € R\ {0}. The distribution function py is nonnegative, decreasing and

1
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right-continuous on [0,00). Furthermore,
9l <[fl ae = pg <py;

paf(N) = pr(Mlal), (A= 0);
(A1 4 A2) < pp(A1) + pg(A2), (A1, A2 = 0);
|f| < liminf|f,| a.e. = pp <liminfpuy,;

i particular,
[ful TIf] ae. = pp, T oy

Many integral expressions for a function f € M(Q) may be written
throughout a distribution function s .

Lemma 1.1.4. Let us consider an absolutely continuous function ® : [0, 00) —
[0,00) and f € M(Q). If ® is monotone, i.e. ®'us € £L(0,00), forallt >0

| 0@ = 2@reg) + [ @ @t ap
t
we will use the convention 0 - oo = 0. Furthermore if ®(0) = 0 we have

[ots@hds = [~ ¥urio)dp
Q 0

For example, if ®(t) = t* with p > 0,

Pdr = T .
Ammd pA;fww@

Definition 1.1.5. Suppose f € M(QY). The decreasing rearrangement of a
function f is the function f*:[0,00) — [0,00] defined by

FH() = inf{A s i (N) < 1)

Here we use the convention that inf ) = co. Thus, if 1r(X) > ¢ for all A > 0,
then f*(t) = oco. If |Q| < 00, the distribution function s is bounded by ||
and so f*(t) = 0 for all ¢ > |Q|. In this case we may regard f* as a function
on the interval [0, |2|]. Notice also that if ¢ happens to be continuous and
strictly decreasing then f* is the inverse of ji;.

Furthermore we can remark that f*(¢) can be expressed as follows:

f5(t) =sup{A > 0: pus(X) > t}.
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Example. In dimension n = 1, let us consider  =]0, co[ and f(z) = 1—e™*.
The distribution function is infinite in [0, 1] and equal to zero in [1, 0.
Hence f*(t) =1, ¥t > 0.

In the following proposition we list some properties of the decreasing re-
arrangement

Proposition 1.1.6. Suppose f,g and f,, (n = 1,2...), belong to M()
and let a € R\ {0}. The decreasing rearrangement f* is a nonnegative,
decreasing, right-continuous function on [0,00). Furthermore

gl <[f| ae. = g" <[5
(af*) = lalf™;
(f+9)" (i +1t2) < [(t1) +g"(t2), (tr,t2 > 0);
|f| <liminf|f,| a.e. = f*<liminf f
i particular,
[ful TIfI ae = fo T f7

(LFP)" = ()P, 0<p <o (1.1)

if 1p(\) < 00 then f*(ug(N) < A, if F7(1) < 0o then py(f(1)) < t.

Next theorem shows that a function f and its decreasing rearrangement
have the same norm in £P.

Theorem 1.1.7. Let f € M(Q2). If 0 < p < oo, then

00 12
[ir@pa = p [“x uoyan = [ pepa
Q 0

0

Furthermore, in the case p = 0o

esssug]f(a:)] =inf{A > 0: pur(N) =0} = f*(0)

Xe
In particular if f is defined on [0, c0[, f* is nonnegative, decreasing, right-

continuous and equimeasurable with f.

It is possible to generalize (1.1) taking a function ® : [0, 00[— [0, 0], in-
creasing and left-continuous on ]0, co[, we have:

(D" = @(f7).
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Trivially ®(f*) is decreasing and right-continuous and equimeasurable with

O(IfD)-
Proposition 1.1.8. Let f € M(R2). For all t € [0,|Q|], we have

t
/ f*(r)dr = sup {/ |fldx : F C Q measurable, |F| < t} (1.2)
0 F

Furthermore if Q has finite measure, the supremum of (1.2) is the mazimum.

It is worth to point out that the decreasing rearrangement does not nec-
essarily preserves sums or products of functions, there are nevertheless some
basic inequalities that govern these processes.

This is due to an elementary inequality of Hardy and Littlewood. The
inequality involves finite sequences (a1, as, ...,a,) and (b1, ba, ..., by,) of non-
negative real numbers, and asserts that

n n
D by <Y aiby, (1.3)
j=1 j=1

where (a})7_; and (b})}_; denote respectively the sequence of elements a;
and b; arranged in decreasing order.

It will be convenient to regard such sequence (a;)7_; as a simple function f =
2?21 a;jX[j—1,j) defined on the interval [0, 00). In this case the rearrangement
f* of fisjust the simple function f* = Z?Zl a;X[j—1,j) corresponding to the

rearranged sequence (a*)?zl. The inequality (1.3) will be seen as a special

J
case of the more general inequality established in the theorem below

Theorem 1.1.9. If f,g € M(Q) then

/Q ol de < /0 £*(5) g (s) ds (1.4)

An immediate consequence of the Hardy-Littlewood inequality (1.4) is
that

| 1l as < /0°° F*(s) g7 (s) ds

for every function g on ) equimeasurable with g. If g is a characteristic
function of a set € of positive measure ¢ the Hardy-Littlewood inequality
(1.4) becomes:

1 I
’Q|/Q’f\da: < t/o fr(s)ds, feM(Q)
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So the average of |f| over any set of measure ¢ is dominated by the corre-
sponding average of f* over the interval (0,¢). Notice that the latter average
is also maximal among all averages of f* taken over sets of measure t, this is
an immediate consequence of the fact that f* is decreasing. For this reason
the function on the right-hand of (1.4) is called maximal function.

Definition 1.1.10. We will denote by f** the maximal function of f* de-
fined by

1 t
o= [ reds >0
0
Let us remark that there is a certain subadditivity of the maximal operator.

Furthermore we have the following properties:

Proposition 1.1.11. Suppose f,g and f,, (n = 1,2,...), belong to M(2)
and let a € R.
Then f** is nonnegative, decreasing and continuous on (0,00). Furthermore

=0 f=0 ae;
<
gl < [f] ae. =g < [
(af)™ = la[f*;
[fal Tl ace.= f37 T f7.

1.2 Lorentz spaces

We collect here some definitions and results related to Lorentz spaces whose
proofs are contained in [BR] and[BS].

Definition 1.2.1. Let 2 C R™ a measurable set and suppose 0 < p,q < co.
The Lorentz space £P4 = LP1(|Q]) consists of all f € M(Q) for which

st £ @179}, 0<q < oo

sup ¢ f* (1), q = oo.
0<t<oo

[f]gra = [f]p,q = (1.5)

s finite.
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Let us remark that in general [],, is not a norm,in fact the triangular
inequality is not verified. Instead, if we replace f* with f** in the definition
above we obtain a norm that we denote by || ||.¢r.a or || ||p,q-

Definition 1.2.2. Let us suppose 1 < p < oo and 0 < q < oo; for f € M(RQ)
we set

Q=

Ul @)y s, 0<q < oo

‘P#I = sup t;f**(t), q = .
0<t<oo

1fl.zva = Il

(1.6)

is finite.

Lemma 1.2.3. For 1 < p < oo and 1 < ¢ < 00, [Jpq and | |p,q are
equivalent.

It is easy to prove this assertion by the Hardy inequality.

Lemma 1.2.4. (G.H. Hardy). Let ¥ be a measurable nonnegative func-
tion on ]0,00[ and consider —oo < v < 1. If1 < q < oo, we have

NERTI %g - Crwmed % (1.7)
[ (rf vorw) G < o { e
and
TG ds>qit} < {f ereorgl as

with evident modification if ¢ = oo.

Q|-

v v

-

Proof. Let us suppose 1 < ¢ < co. Writing W(s) = sa's ¢ ¥(s) and apply-
ing the Holder inequality we have

]{\y(s) ds < (]{ s”ds)tzl, ({sz’qﬁf(s)%); =

Hence, by an interchange in the order of integration,

[e] t q dt o] t
/ (t”][ U(s) ds) — < (1- V)l_q/ t”_2dt/ YD (5) ds =
0 0 t 0 0
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= (1—1/)1_‘1/ s”(q_l)\ll(s)qu/ =2 dt.
0 s

For the conclusion of the proof, it is necessary to perform the integration
over t and considering the é—th roots, we obtain (1.7). If ¢ = 1, it is sufficient
to change the order of integration. If ¢ = oo it is sufficient to apply Holder
inequality. With the same arguments it is possible to prove inequality (1.8).

O

To prove the lemma below it is sufficient to apply relation (1.7) with

I/:l.
p

Lemma 1.2.5. If1 <p < oo and 1 < q < 0o, we have

flpg < N fllpg < p/[f]nq

for all f € M(Q), where p' = (p’%l).

The triangular inequality is a consequence of the subadditivity of f —
f**.
Theorem 1.2.6. [f1<p< oo and 1 < g< oo orifp=q=oc0, LP7 with
the norm || || .¢».a is a Banach space (see [BR]).

Definition 1.2.7. If 1 < p < oo the Lorentz space £P>° is also called
Marcinkiewicz space or weak-ZP space.

Definition 1.2.8. The Marcinkiewicz space £P>° () weak-£P(Q2),(p > 1),
where Q C R™ is an open set, may be defined according the norm

1
[ fll.poe = SUP|E|”7[ |fld.
ECO E

The following result shows that for a fixed p, the Lorentz space ZP1
increases when ¢ increases.

Proposition 1.2.9. Let us suppose 0 < p < oo and 0 < ¢ <r < oo. There
exists a constant c, depending only on p, q and r, such that

[flpr < clflpg
for all f € M(Q) and therefore £P4 C LPT.

The inclusion relations between the Lorentz spaces P9 when is the
first exponent to change are the same of these of the Lebesgue space and
are dependent from the measure of 2. The second exponent doesn’t matter.
For example, if |Q] < 00, 0 <p <7 < o0 and 0 < ¢, s < 0o, it happens that
L8 C LPA.
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Theorem 1.2.10. Suppose 1 < p < 00, 1< g < 0. The dual of the Banach
space LP1 can be identified (up to equivalence of norms) with L4 where
%—I—%zl and%—i—%:l.

As in ZP spaces we can obtain a Sobolev inequality also for Lorentz
spaces (for more details see [A]).

Theorem 1.2.11. Let be u(x) a function sufficiently regular, with compact
support; for all p € [1,n[ and for all r € [1,p] we have:

ullgr < C'| Dullpe r

np

—p) and

with p* =

o = LA +n/2}3" p
e n-—p

and (1.9) is the best constant possible.

(1.9)

1.3 Lorentz-Zygmund spaces

Throughout this section Q will denote a bounded domain in R™ and for
simplicity, let us assume |2| = 1. By a measurable function on Q we shall
mean an equivalence class of measurable functions on €2 which differ only
on a subset of measure zero.

Definition 1.3.1. When 1 < ¢,p < 00 and —oco < o < 00, the Lorentz-
Zygmund space LP1(log L)* on Q consists of all (classes of) measurable
functions f on Q for which the functional

(HEr (1 = log ) f*()]74) s 0 < g < oo,
pae =Y sup [tr(1-logt)?f7 (1)) q=oc.
o<1
(1.10)

I f1l 2p.a10g 2)> = |1 f]

1s finite.

Moreover if 1 < p < 00, 1 < ¢ € o0 and —0c0 < a < oo, then the

functional )
1 1 d q
r= ([ o=t ary)

(with evident modification if ¢ = 0o) defines a norm in .Z?4(log £ ) which is
equivalent to the quasinorm (1.10). In particular Z?9(log £)“ is equivalent



1.3. LORENTZ-ZYGMUND SPACES 9

to a Banach space, see [BR] for more details.
It will be useful to observe that since log % and (1 —logt) are asymptotically
the same at ¢t = 0, we have

e~ ([ [t (05) 0] Cff) (1.11)

provided only that the integral converges at t = 0, i.e., provided « + % > 0.
It is clear that for & = 0 we return to the Lorentz space £P1.

Moreover in the special case p = ¢ and —0co < a < oo it is easy to ver-
ify that f € ZPP(log Z)“ if and only if it belongs to the Orlicz-Zygmund
space ZP(log £), i.e.

/Qf\ploga(eJr |f]) dz < oo.

Various inclusion relations among the Lorentz Zygmund spaces hold.

Theorem 1.3.2. Suppose 1 < p <L oo, 1 <a,b<<ooand —o00 < a,f <o
then
ZPlog L)* C LPP(log £)°

whenever
1. a<band a> p;
2. a>banda+%>ﬁ+%.
see ([BR]) for more details.

It is trivial to prove by the simple definition of Lorentz-Zygmund space
the following lemma

Lemma 1.3.3. Let us assume f > 0,
fe P (log L) = fr e L7 (log L)

Proof. Let us simply apply Definition 1.3.1:

1, Jdt @
170 = ([ 16570 @ = 1ogt™ ) = 171,
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Theorem 1.3.4. Suppose 1 < p < 00, 1 < ¢ < 00, —00 < a < 0O .
Then the dual of the Banach space £P4(log L) can be identified (up to
equivalence of norms) with £ (log £)~°, where %—i—% =1 and %—i—% =1.

Let us consider the case p = ¢ = 1.

Lemma 1.3.5. The dual of the Zygmund space £ (log L) is given by the
Zygmund L (log L)~

Definition 1.3.6. When 0 < p < o0 and —oo < a < 00, the Zygmund space
ZP(log L)% consists of all measurable functions f on Q0 for which

/g [1f(2)[10g™(2 + [ f(2)])] d < o0

If a > 0, the Zygmund space Expi consists of all measurable functions f
on § for which there is a constant A = A(f) > 0 such that

/ exp[A| f(z) % dz < oo
Q

Definition 1.3.7. If 0 < p < 00 and —o0 < a < oo then a measurable
function f on Q belongs to the Zygmund space £P(log L)% if and only if

1
1 P
</ [(1—logt)*f*(¢)]P dt> < o0
0
If 12 0 then a measurable function f on € belongs to the Zygmund space
Exp~ if and only if

sup (1 —logt)"*f*(t) < o0
0<t<1

Let us observe that a comparison with Definition 1.3.1 shows that

L% (log L) = E:vpé, az>0

In view of the forthcoming chapters we now state the following propositions

Proposition 1.3.8. Suppose 1 < p,q < o0, 1 < a,b< 00, —00 < a, < o0.
1,1 1,1 _1

If f € £P%log® ¥, g € LT 1og’ & with 5+ =1, 2 +3=¢,7=a+p

then fg € £V Clog? Z.

Furthermore, we obtain the following estimate

Hngflvelog‘Y.z’ < Hf”ﬂpv“log‘)‘ﬁngugq,blogﬁg (1.12)
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Proof. By Definition 1.3.1, we have

(&

1
1f9llzrcrogr 2 = </0 [t (t)g*(t)(1 — logt)]° Cit>

([ (o) (o) @t

1

e LT .0 17 \e
— (/0 [f (t)tp(l—logt)atl/a] [g (t)tq(l—logt)ﬁtl/b] dt) (1.13)
Applying Holder inequality to (1.13), with conjugate exponents GTH’ and
atb and setting ¢ = 2

245 the above term can be estimate by the following
espression

a+b

a a2

[/o1 (f*(t)t;(l B logt)atll/a>a dt} N </o1 (9*(t)t3 (1 —1logt)? tll/b)b dt) o

= | fll.zratog.ze 9]l 2abrog 25

Let us consider, now, the case p =a = o0

Proposition 1.3.9. If p = a = 00, 1 < b < o0, —0 < o, < 00,
a+ B =r~. Let us suppose f € L>(log £)* and g € L P(log £)P, then
fg € LV (log £).

Proof. Using Definition 1.3.1 and by elementary calculation

1 !
1£9ll 2101052y = (/0 [t f5()g*(t)(1 — logt)7]° ‘f)

1
b

1
! bdt\?
<([ [ a-1oe0] §)" (s 10~ 10ge))
0 0<t<1
<9l e og 298 1 f1l .20 0g 2)e
OJ

Corollary 1.3.10. Suppose a > 0,—o00 < f < o0 and v = a+ (. If
f e L>(log L) and g € L(log L)’ then fg € Llog’ £L.



12 CHAPTER 1. FUNCTIONAL SPACES

1.4 Orlicz Spaces
An Orlicz function is a continuously increasing function
P :[0,00) — [0,00),
P(0) =0, tlingop(t) = 00,

though in most of our applications P will be convex, in this case we call
it a Young function. The Orlicz space, denoted by #% (), consists of all
measurable functions f on §2 such that

/ Pk7Yf]) < oo, for some k = k(f) >0 (1.14)
Q

ZP(Q) is a complete linear metric space with respect to the following dis-
tance function :

distp(s,g) = inf {k >0 / P (k7Hf —gl) < k} .
Q

There is also a homogeneous nonlinear functional on .27 () called the Lux-
emburg functional:

1fllr =inf{k > 05 [ P < 7><1>} (1.15)

in the case when P is a Young function, the expression ||| is a norm and
ZP(Q) becomes a Banach space.

As a first example, if we put P(t) = P, 0 < p < oo then the space 7 (Q)
coincide with the usual Lebesgue space £P(Q2). Note that £P(Q) is a Ba-
nach space only when p > 1.

The Zygmund spaces, denoted by £?log® £ (), correspond to the Orlicz
function P(t) = tPlog®(a + t) with 1 < p < oo, @ € R and suitable large
constant a.

The defining function P(t) = t?log*(e + ), 1 < p < oo is a Young function
when a > 1 — p and there we have the following estimate

1fllzriog—1e < fllp < [Ifllzrioge

and

/]
£l

1
p
[fllzrioge < Ulf\plog <6+ >] < 2|[fllzrioge
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For p > 1 and « > 0 the non-linear functional

e = [ [, e (e |||f|:p>];

is comparable with the Luxemburg norm, given at (1.15).
The following estimates are straightforward

[fllzrog—rz < Ifllgr < [Ifllzrioge e < [[fllpa < 2[fllzriog «
(1.16)
We have the Holder-type inequalities

1f9llze10g7 2 < Capla,b)|[fll.2e10ge 2 - [19]l g010g7

whenever a,b > 1 and «, 8 € R are coupled by the relationships
1 1 1 Q@

_ y_o, B

¢c a b ¢ a b

Another important example is the exponential class defined with the Orlicz
function e — 1.

Holder’s inequality for Zygmund spaces will be quite important. It takes
the form

1.l 2ri0ge 2 < cllorllzrioger 2 oo ||kl 2rr 10gox 2
where pi,po,...,pr > 1 ; ap,a9,...,ar € R and % = pil + p% + o+ i,
a _ a1 + a2 + + Qg
p p1 p2 T pr; . ‘ o
The constant here does not depend on the functions ¢; € ZPilog™ Z.
Another important case arises when we take any Young function ¢ and set

P(t) = ;fb(t’”), P; = ;@(tm) i=1,2,...k

=14 .+ pik' Then we have

1
P(ti,ta, ... ty) = , (e ..AF)

p1 tpk

< 1<1><pt1+ +p’“>
p b1 Pk

1 p1 1 Pk

< o)+ ..+ —0(t))

p1 Dk
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=Pi(t1) + ... Pr(ty)

A pair of Orlicz function (P, Q) are called Holder conjugate couple, or Young
complementary functions, if we have Holder inequality

[ < croliiplalo
for f € ZP(Q) and g € L2(Q).
If we take as Holder conjugate couple P(t) = tlog(e + t) and Q(t) = €' — 1

defining the Zygmund and exponential classes, respectively. We have the
following estimate

I/g}(f,g)‘ < Al fll210g.2 19 Bzp-

In view of the same homogeneities on each side we can assume Luxemburg
norm equal 1. From the definition of these norms we find

/Q flog(e + [f]) = log(e + 1)

/Q(elg|—1):e—1

Then we have the elementary inequality

and

fllgl < |flog(L +|f]) + el —1 (1.17)

to conclude that [, |f||g] < 4 as desired.
To define the dual space, we must assume a doubling condition on P.

P(2t) < 2°P(¢)
for some constant G > 1 and all ¢ > 0.

Theorem 1.4.1. Let (P, Q) be a Holder conjugate couple of Young func-
tions with P satisfying a doubling condition. Then every bounded linear
functional defined on £F(Q) is uniquely represented by a function g €
Z22(Q) as

f—={f9
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Without a doubling condition the dual of .7 (£2) does not have a nice
description.
If we consider the Holder conjugate couple

P(t) =tloga(e +1t) Q) =e" —1

with a > 0, we find that the dual to glogé Z () is the exponential class
Exp.(Q) = £2(Q), but not conversely.

Theorem 1.4.2. Let P be an Orlicz function (not necessarily a Young
function) satisfying a doubling condition. Then the space C3°(2) is dense
in the metric space £7T ().

For simplicity, we write Exzp(Q) for Exp;(Q2) as this space will be fre-
quently used.
Thus Exp(Q) is the dual space to the Zygmund space £ log Z ().
1

We can identify the space Fxp, with £ log.#" ~. In this way Proposition
1.3.9 becomes:
Theorem 1.4.3. If1 < b < oo, —00 < v < 00. Let us suppose f € Expy
1
and g € L1 (log L), then fg e L0,
Zlog Z and Fxp have traditionally be regarded as more general Orlicz

spaces, it is neverthless the case that can also be regarded as more general
types of Lorentz spaces.

1.5 BMO-spaces

In this section we will examine the space BMO of functions of bounded
mean oscillation.

Our discussion begins in a local context of a fixed cube g in euclidean space
R™. If Q is any measurable set of finite positive measure |{2| and f is an

integrable function, let us recall that fo = + f(z)dz indicates the integral
Q

mean of f over €.

Definition 1.5.1. If f is integrable over Qo, the sharp function féo of f
relative to Qo is defined by

fo@) = sup 7[|f ~ foldy,
T€EQCQo
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where the supremum extends over all cubes () that contain x and are con-
tained in Q.

The sharp function féo measures locally, at the point z, the average
oscillation of f from its mean value over cubes containing z.

Definition 1.5.2. For a fized cube Qo € R™ we will denote by BMO(Qy)
the class of functions f, such that

1£ll-0o = sup 7[|f(w)-fé\dw (1.18)
QRCQJQ

1s finite, where the supremum taken over all cubes Q C Q.

It is clear that (1.18) does not define a norm since it vanishes on constant
functions. However it is easy to verify that BMO(Qo) is a Banach space
under the norm

[l Baro(qo) = Ifllx.@o + [1fll21 Qo)

Lemma 1.5.3. (John-Nirenberg lemma). Let Qg be a fized cube in R™.
Then there is a constant ¢ such that

(F - Foxal () < clfxallg tog" (1), (¢ o)

for all f € BMO(Qo) and all subcubes Q of Qo; equivalently,
er@ﬁﬂm—f\>AH<6@mw{<x}
| G A Fxall-a
holds for all A > 0.

Corollary 1.5.4. Suppose 1 < p < co.Then an integrable function f on Qg
belongs to BMO(Qo) if and only if

1 » }P
» = o1 — — d
1flsaorae = Ifll2 +5£Jﬁm[Jﬂw folP dy

1s finite. In fact, there is a constant ¢ such that

1l Brmo@e) < IfllBaor@e) < cllfllBrroo)
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The fact that BM O-functions have singularities whose rate of growth
is at most logarithmic identifies them as members of the Zygmund class
Exp(Qop). Thus we have the following continuous embeddings, (0 < p < 00),

Z>(Qo) — BMO(Qo) — Ezp(Qo) — £*(Qo)

There is an observation we wish to make. Only BMO(Qo) in the above
embeddings fails to be rearrangement invariant. Hence, the inclusions per-
sists if BMO(Qo) is replaced by the rearrangement-invariant hull, that is,
the space of all BM O-functions and all equimeasurable rearrangement of
BM O-functions.

Let us introduce W (Qo) the rearrangement-invariant hull of BMO(Qy).

Definition 1.5.5. Denote by W = W (Q) the set of all measurable function
f on Q for which f* is everywhere finite and for which the functional

[ fllw = sup[f™ (&) — f*(¢)]
t>0
18 finite
The following theorem holds

Theorem 1.5.6. Let Qg be a cube in R™. Then W (Qo) is the rearrangement-
invariant hull of BMO(Qy), that is, a function f belongs to W(Qo) if and
only if f is equimeasurable with some function g in BMO(Qo).

Corollary 1.5.7. The following inclusions hold for (0 < p < o0),

Z%(Qo) = BMO(Qo) — W(Qo) — Ezp(Qo) — ZL*(Qo)

Definition 1.5.8. A locally integrable function f is said to be of bounded
mean oscillation on R™, in symbols f € BMO(R"™), iff

11l = supj[ ) — fol dy (1.19)
Q JQ

18 finite, where the supremum extends over all cubes Q) in R™.

It is clear that (1.19) does not define a norm since ||f||. = 0 whenever
f is constant. However, by factoring out the constant functions, that is
considering the quotient space BMO/C, we have the following result
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Proposition 1.5.9. BMO/C is a Banach space under || ||«

As on a cube @, also in R"™ John-Nirenberg lemma holds.

Corollary 1.5.10. (John-Nirenberg lemma) There is a constant ¢ =
c(n) such that the estimate

(F — fo)xal” (1) < cllf]l-log* ( Q') (t > 0),

holds for all f € BMO(R™) and all cubes Q of Qo; equivalently,

{z € Q:|f(x) — fol > N} < G'Q'“p{cm*}

holds for all A > 0.

Before providing a more detailed background, let us observe that clearly

Z>°(R™) € BMO(R™), and for f € Z*°(R™) we have

Iflle < 20 fll=

and it is interesting to remark the following equivalences.
Denote

T —supmffu ) elde, || = 7[7[!f y)| de dy.

Then
A < F1e < FI NI < AN < 201 £l

This means, that in the definition of the BM O-class one can use the mean

oscillation 2161]}27[ |f(x) — ¢|dx or 7{)%@ |f(x) — f(y)|dx dy.

One reason for the importance of BMO is that it arises as the range of
certain singular operators, acting in .£*°. While BMO contains L*°, the
fundamental John Nirenberg lemma shows that it is “slightly ”larger than
L.

A consequence of Definition (1.5.8) is the stronger condition

sup][ @) = fol?dz < AJIfIP < oo
Q JQ
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which is a corollary of an inequality of John-Nirenberg about functions of
bounded mean oscillation. Their inequality is as follows

Hz e Q:|f(x) — fol > a}] < exp_e/Ifl|Q|,  for every a > 0.

We observe that if f € BMO then / M dx < oo, and more pre-
Rn 1 + ]w\""’l
cisely
flx) —
[ b < A,

where @ is the cube whose sides have length 1, and is centered at the origin.
There is another delicate observation to make. Bounded functions lie in
BMO(R™), but they are not dense. For example g(z) = log|z| lies in
BMO(R™) but cannot be locally approximated by bounded functions near
the origin. Also the C§° functions on R" lie in BMO and they too are not
dense. However, their closure in BMO(R") is the space VMO(R"), those
functions of vanishing mean oscillation.

Let us define the VM O(2) space as follows

Definition 1.5.11. Let Q be an open subset of R". We shall say that a
locally integrable function f has vanishing mean oscillation on ) and write

feVMO(Q) if
1 -
clgﬂrilo@/Q'fo' =0

uniformly for cubes Q@ contained in €.

There is an observation we wish to make. It is possible to replace balls by
cubes in the above definition yield the same spaces with comparable norms.
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Chapter 2

Maximal function

In this chapter we will introduce the Hardy-Littlewood maximal operator
and we will discuss some techniques related to it.

2.1 Definition and some properties of the maximal
function

Definition 2.1.1. Let f be a locally integrable function on R™. The Hardy-
Littlewood maximal function M f of f is defined by

(M) () = sup][ F@)dy, (xR
x€QJQ

where the supremum extends over all cubes Q containing x (here, as through-
out, cubes will be assumed to have their sides parallel to the coordinate azes).
The operator M : f — M f is called the Hardy-Littlewood operator.

The maximal function takes into account the local, opposed to the point-
wise, behavior of f. It provides the magnitude of f amenable to differen-
tiation and integration theory. Quantitative measurement of magnitude is
most naturally made by expressing the functions as members of ZP and
LPlog™* L.

The following properties hold:

1. M f(x) is measurable in fact {x such that M f(z) > t} is open.
2. M is sublinear. In fact

M(f+g) < Mf+Mg, MAf)=I[\Mf

21
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3. fe L= Mfe L

We have e.g. that for f = xjo,1), M f behaves as % ¢ L.

It is worth to underline in this chapter the relevance of Theorem 2.1.9 (see
[BR] for more details). To give a complete proof of it it is necessary to
show some preliminary results. We would like to estimate the size of M f
for integrable f.

Lemma 2.1.2. If f € £ then |Mf|l.ge < ||f]lge.
It will be useful for the sequel to recall the two following theorems

Theorem 2.1.3. Suppose f belongs to M(Q).Then

t
inf {llgllgr +tlhlz=} = / F(s)ds = ¢ (1),
f=g+h 0

for allt > 0.

Theorem 2.1.4. If f belongs to L' (R"), then
tMf) () <4 fllgr, (E>0). (2.1)

If g = M f the estimate (2.1) shows that the areas of the rectangles lying
below the graph of g* are uniformly bounded.
This condition that sup, ¢ g*(¢) be finite, is clearly weaker than integrability.
The collection of all such functions is referred to as weak-#", being satisfy
for every .#!-function and by non-integrable functions such that ﬁ .

In other words, we can say that the maximal function M f is in weak-.2!
whenever f belongs to .Z*.

Theorem 2.1.5. (Lebesgue’s differentiation theorem). If f is a locally inte-
grable function on R™, then

| ngg]{? )~ f@)ldy =0, zeQ,

for almost every x in R™.

Corollary 2.1.6. If f is locally integrable in R™, then

\clgiffo Qf(y) dy = f(r), x€Q,
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Corollary 2.1.7. If f is locally integrable in R™, then

[f(@)] < (Mf)(x) (2.2)
for almost every x € R™.

Before proceeding further with our study of the maximal function we
shall need a covering lemma. The cover is made up from the collection of
dyadic cubes, i.e., the cubes formed by means of dilatations and contractions
by a factor of two of the basic partition of R™ into unit cubes with vertices
at the lattice points.

Lemma 2.1.8. Let ) be an open subset of R™ with finite measure. Then
there is a sequence of dyadic cubes Q1, Q2, ..., with pairwise disjoint interiors,
that covers 2 and satisfies

1.QenNQ 4D, (h=1,2,..);

2. 191 <Y _|Qkl <2719,
k=1

Let us recall that the function f**(t) = 1 fot f*(s) ds is the average of f*
over the interval (0,¢). This is maximal among all averages of f* over inter-
vals containing t because f* is decreasing. Hence, f** is the Hardy maximal
function of f*. It is possible to prove the equivalence of the maximal func-
tion of the decreasing rearrangement and the decreasing rearrangement of
the maximal function.

Theorem 2.1.9. There are constants ¢ and ¢, depending only on n , such
that

c(Mf)(t) < f7(t) < (MS)(H), (t>0) (2.3)
for every locally integrable function f on @ (see [H],[BS]).

Proof. Fix t > 0. For the left-hand inequality, we may suppose f**(t) < oo,
otherwise there is nothing to prove. Given € > 0, by Theorem 2.1.3 there
are functions ¢; € ! and h; € £ such that f = g; + hy and

gl 22 + el oo < EF(E) +€ (2.4)

Then, by Theorem 2.1.4 and Lemma 2.1.2, for any s > 0,

S

(MF)(s) < (Mg)* (5) + (Mh)* () < Sllgell o + el o=
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C
< ;(HgtHzl + 5| Al 2o ).

Putting s = t, using (2.4) and letting ¢ — 0, we obtain the first of the
inequality of (2.3).

For the right-hand inequality in (2.3), we may suppose (M f)*(t) < oo,
otherwise there is nothing to prove.

The lower semicontinuity of M f ensures that the set

Q={zeR": (M[)(x)> (Mf) ()}

is open, and we have |Q] < t because M f and (M f)* are equimeasurable.
Applying Lemma 2.1.8 we obtain a sequences of cubes 01, Qs, ..., with pair-
wise disjoint interiors, that cover {2 and satisfy

QrNQe£0, (k=1,2,.) (2.5)

and
> 1@kl < 20 < 2nt (2.6)

With F' = (U, Qr)°, we set

9= fxq. h=fxr
k
so f = g+ h. Then the subadditivity of f — f** gives

*k *k *k 1
Fr@) <g” @) + 70 < Sllgller + [[hl.ze. (2.7)

Now, by (2.5), each Q) contains a point of Q¢ and at such a point the
maximal function has value at most (M f)*(t) because of the way in which
Q is defined. Thus,

1

IVl |f(y)|dy< (Mf)*(t)v (k:172"")'
Qx| Jq,

The .Z'-norm of g may be estimate by

lallr =3 [ 1@y < 3 1Qul47)" 1)
K @k k

Hence, using (2.6), we have

lgllr < 2%(MF)"(t) (2.8)
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On the other hand, the set F' is contained in {2¢ and so the maximal function
is bounded by (M f)*(t) on F. Hence, using (2.2), we have

[Pllzee = Il xpllze < [[(Mf)xrllze < (Mf) ().

Combining the last estimate with (2.7) and (2.8), we obtain the right-hand
inequality in (2.3). O

This equivalence is useful to establish the boundedness of the maximal
operator on rearrangement-invariant spaces.
To establish the .ZP-boundedness of the Hardy-Littlewood maximal opera-
tor inequalities (1.7) and (1.8) are crucial.

Theorem 2.1.10. Let 1 < p < oo and suppose f € LP(R™) then Mf €
ZLP(R™) and

[ M fll.zr®ny < cpll fll.2r@n)
where ¢ is a constant depending only on p and n.

Proof. Since p > 1, we may use (1.7) with A\ = % and ¢ = p. Since

[*(t) ~ (M f)*(t), with ¢ depending only on n,

I ey = ( oo(Mf)*(t)pdt);
<c (/OOO (1/0tf*(3)d8>pdt>;
<o </OOO f*(t)%) g

= || ]| 2r(mny-

O]

We will study the Hardy-Littlewood maximal function in the several
spaces introduced in the first chapter.
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2.2 Maximal function in Lorentz-Zygmund spaces

Let us introduce some notions related to the interpolation of operators.
We have seen in the above section that the fundamental inequality

wuuw<ctéf@ws (2.9)

for the Hardy-Littlewood maximal operator M provide the .£P-boundedness
of this operator for p > 1 (Theorem 2.1.10).

We want to develop an interpolation theory such that the boundedness from
ZP to L1, for intermediate values of p and ¢ will follow by applying the
appropriate Hardy inequalities.

Definition 2.2.1. Suppose 1 < pg < p1 < 00, 1 < qo,q1 < 00 and qo # q1.
Let o denote the interpolation segment

() )

that is, the line segment in the unit square {(x,y) : 0 < x,y < 1} with
endpoints (1/p;,1/q;),(i = 0,1). Let m denote the slope

_VYa -1/
1/po —1/m

of the line segment o.
Consider for each measurable function f on (0,00) and each t > 0

S =1 [ g

0

—l—tl/ql/ sﬁf(s)ﬁ
¢ s

m

The operator Sy : f — Sy f is the Caldéron operator associated with the
interpolation segment o

Let us give the definition of operator of joint weak type (po, p1,qo,q1)

Definition 2.2.2. Suppose 1 < pg < p1 < o0 and 1 < qo,q1 < oo with
qo # q1- Let T be a quasilinear operator and suppose T f is defined for all
functions f for which

1 o0
(W) = [ Smpe T [T e

0 1 S
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Then T is said to be of joint weak type (po, qo; p1,q1) if there is a constant ¢
such that
(T () < eSolf)(E), (0<t<oc)

for all f satisfying (2.10)

Recalling inequality (2.9) it is easy to verify that the Hardy-Littlewood
maximal operator M is an operator of joint weak type (1, 1; 00, 00).

We can apply the following theorem (for more details see [BR] and [BS]):

Theorem 2.2.3. Suppose 0 <p <r < oo and0 < q,s < 0o with q# s. Let
T be a quasilinear operator of weak type (p,q;r,s). Suppose 0 < 6 < 1 and

let
1 1-0 60 1 1-6 0

u D r’ow q s

Suppose 0 < a < 00, —00 < a < 0. Then
T: 2% log L) — L% (log Z£)™.

Since M the Hardy-Littlewood maximal operator is an operator of joint
weak type (1, 1; 00, 00)

M : L% (log Z)* — L% log L)%, u>1

Moreover it is possible to establish the ZP9(log.Z)“-boundedness of the
Hardy-Littlewood maximal operator.

Lemma 2.2.4. Ifp>1, and 1 < ¢ < 00, —00 < a < 00 then
M : P (log L) — £LP(log L)
is a bounded operator.

Now, it is interesting to study the case p = 1.
Let us introduce the definition of maximal function relative to a cube.

Definition 2.2.5. Let f be locally integrable and let Q be a cube on R™.
The Hardy-Littlewood maximal function Mqf of f relative to Q, or simply,
the Q-maximal function on f, is defined by

(Mf)(x) = sup [F(y)l dy
z€Q'CQJQ’
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where the supremum extends over all cubes @’ that contain z and are

contained in ). The following lemma holds for the Zygmund spaces:

Lemma 2.2.6. For 0 < a < 1, f € Llog L*(Q) if and only if Mg f €
Z(log L) HQ). In particular there exists ¢ = c¢(n,a) such that

o f|> al( MQf>
/Q\f\log <e+’f‘Q d:céc/QMQflog e+ Flo dx

To prove our main result (Proposition 2.2.8) let us state the following
lemma, contained in [BR].

Lemma 2.2.7. Suppose 0 < v < oo, let ¥ be a nonnegative decreasing
function on (0,1) and fix t with 0 <t < 1.
If 1 <r < oo, then

(/Ot (70 (s)]" f)i < C/Ot sw(s)% (2.11)

Remark. Let us observe that if —s+ % > 0 we have for any t satisfying

O0<t<l1 +1 .
1 —S8r 1 —S8r
<log ) = (—sr+1) / (log ) —du
t t U U

Proposition 2.2.8. If r > 1,0 < s < % and Mg f € LV (log £)~* then
fe LV (log L)t

Proof. Let us assume, for simplicity, || = 1. By Definition 1.2.1 and rela-
tion (1.11), we have

gyt = 4 [t =057 0] ‘ff} <
At

|64 3

~e{ [ () " ([eror %) )
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Using Lemma 2.2.7, the last term is dominated by

L6 (feroty ) -
:c{/ol (logi)_srur <i Ouf*(t) dt)r CZ‘} _
:c{/ol <logi>_srur (F* (u))" ‘fj}

By Theorem 2.1.9, we can conclude

1
T

1 1\ % r J
”f”w<logL>s+%<C{/o Kk’gu) U(MQf)*(U)] ;‘} _

= || Mg fll 1.7 (og )~ < 00.

If we are dealing with Lorentz spaces, Proposition 2.2.8 becomes
Corollary 2.2.9. Ifr > 1 and Mgf € L7 then f € L1 (log ,,2”)%
We can also introduce a more general definition of maximal function.

Definition 2.2.10. Let Qg be a cube in R™ and s > 1. The Hardy-Littlewood
mazimal function of f: Qo — R is defined by the rule

(Mf)@) = sup (7{2 f\S)i L reQo

TEQCQo
we shall conveniently discard the subscript s = 1. Now consider a con-
tinuous function <7 : [0, +00) — [0, +00) satisfying:
1. doubling condition: there exists k& > 0 such that o7 (2t) < ko/(t) for
any t > 0.
(1)

tp
Lemma 2.2.11. If the above conditions hold and </ (|f|) € £ (Qo), then

2. growth condition: for some p > 1 the function t — is increasing.

A (Msf) < co | A(|f]) (2.12)
Qo Qo

for all 1 < s < p, where ¢y = co(n,p, s, k).
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2.3 Maximal function in Orlicz spaces

We shall give a brief review of maximal inequalities in Orlicz spaces. This
approach leads to the theory of higher integrability of functions.

Proposition 2.3.1. (Mazimal inequality) Given an Orlicz function ® we
define

U(t) = ®(t) +t/t s72®(s)ds (2.13)
0

where fol s72®(s)ds < co. Then for each measurable function h we have

[hlle < 3" [ Mhlle (2.14)
and
/<I>(Mh) dr < 2-3" / U(2h) dx (2.15)
Q Q

Moreover, we do not gain any higher integrability if the function t — t P®(t)
is increasing for some p > 1. In this case

and we have the following asymptotically sharp bound for p near 1:

4-3"p
p—1

[Mhlle < 1Pl

This proposition is a generalization of the result of Stein [S] which assert
that Mh € £1(Q) if and only if h € Zlog.Z(Q). In fact it is sufficient to
set ®(t) = tlog(e + t), we find the following precise inequalities:

1 Al
Mh < / hllo <€—|—> < 2"/Mh
3”+2/Q Q| | og |h|o Q

To observe a regularity phenomenon of a Borel measure as well as the higher
integrability of ! functions, one really must assume that Mh(z) lies in a
Orlicz space .Z®, with ® not too far from the identity function. The un-
expected twist is that such measures have no singular part with respect to
Lebesgue measure and, therefore, are presented by locally integrable func-
tions.
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2.4 Maximal function in BMO spaces

By Definition 2.2.5 certain estimates for the sharp function are easy to come
by. It is clear that

Fo,(x) < 2Mg,f(x), (z € Qo), (2.16)

where Mg, is the (Qp-maximal operator.
In particular Mg, f < M f, it follows from Theorem 2.1.9 that

(f5,)7(8) < ef™(t), (0<t<o0), (2.17)

for every integral function f supported on Q.

The inequalities (2.16) and (2.17) cannot be reverse since there are un-
bounded functions f whose sharp functions are bounded (for example f(z) =
|log |z||, for —1 <z < 1) . Nevertheless there is an inequality in the oppo-
site direction to (2.17) when the quantity f** is replaced by f** — f*.

The following theorem holds

Theorem 2.4.1. Let f be an integrable function supported on a cube Q.
Then
Qo

P = f5(t) < e(fh) (), (o <t< 6) :
(for the proof see [BS]).

Lemma 2.4.2. Let Qg be a cube in R™ and suppose f € BMO(Qo).If Q is
any subcube of Qq, then

(MQof)Q < CHfH*,Qo + igf MQofv

where ¢ is a constant independent of f.

This lemma implies that M, is a bounded operator on BMO(Qo). This
lemma implies a stronger result.

Let us define the BLO(R™) class of function f with bounded lower oscil-
lation. This class consists of all locally summable functions f which are
locally essentially bounded from below and such that

I fllBro zsgpL(f; Q) < o
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Here the supremum is taken over all cubes @ C R™, and
LU5Q) =y [ o~ essin f(2)
Q)= — x)dx — essinf f(x

1Ql Jg z€Q

Actually, M f acts from BMO to BLO.

Theorem 2.4.3. Let f € BMO(Qy), where Qo C R™ is a cube. Then
Mf e BLO and

IMfllso < C|lflls

where the constant C' depends only on the dimension n.
The following inclusions hold

2>(Qo) € BLO(Qo) € BMO(Qo)

Theorem 2.4.4. The Hardy-Littlewood maximal operator Mg, is a bounded
operator on BMO(Qo). Furthermore, Mg, maps BMO(Qy) into BLO(Qy).

Remark. The space BLO(Qo) is exactly the range of the maximal
operator Mg, on BMO(Qy).

2.5 Maximal operator on distributions

We shall rely on one particular approximation of the identity. That is, we
fix a radially symmetric function ® € C§°(R") supported in the unit ball
and having integral 1.

For example

1 .
exp oy if [z] < 1;
d=C x[*—1 2.18

(”){0 if |z > 1 (2.18)

where the constant C(n) is chosen so that [ ¢(x)dz = 1. For each t > 0, we
consider a parameter approximation to the Dirac mass ®4(z) = t7"®(7).
Given h € 4L (Q), we recall the mollifiers

(h s @) = /Q By — y)h(y)dy

whenever 0 < t < dist(z,09). So we can extend the mollification to
Schwartz distribution h € 2'(Q) as follows

(h x @) = h[@i(z —-)]
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where we remark that the function y — ®,(z — y) belongs to C§°(2) for
0 < t < dist(z,09).
Then the associated maximal function of h can be defined as

Mah(x) = sup{|h * ®4(x)| : 0 < t < dist(z,00Q)}

and for 2 = R"
Mh(z) = sup{|h * ®y(x)| : t > 0}

This maximal function works well in connection with #!-spaces defined in
chapter (5).
Let us compare the maximal function Mh with the classical Hardy-Littlewood
operator Mh.
If Q is a cube

Mh(z) < C(n)Mh(z) for all x € Q

Indeed, for 0 < ¢t < dist(x,99Q) the function y — ®;(x — y) is supported in
the ball B(z,t) C Q(z,t) C . Thus
(h* ®4)(x) < C,Mah

A reverse is also true locally. In fact if we consider o = o(n) = (1/v/64n) < 1
and the cube of2 which has the same center as 2 but is reduced o times in
size. Then we have

Myah < e(n)Mgqh
for all z € 0. Indeed for t = 4,/n|Q|"/" and all y € Q we obtain

_ 1/n 1
xty‘gx/ﬁ!Q\ <1

t 4

Hence

L (ol L -4/ O
oo = o (B0 > g > G

But t < dist(z, 02). We apply the definition of maximal function Mqh to
obtain the reverse inequality.
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Chapter 3

Jacobian of Orientation
Preserving Mappings

3.1 Introduction

In higher dimensions there are many example of nonlinear differential ex-
pressions. Most familiar is the Jacobian determinant. Consider a smooth
mapping f = (f1, f2,..., f") : @ — R" defined on an open region 2 C R",
briefly f € €>°(Q,R"). Its differential, sometimes called the gradient ma-
trix, consists of the first order partial derivatives of the coordinates functions.

roft oft of'
ox1 Oxro " Oxn
afr  of? of?
_Df = ox1 Oxo Oxn
of"  ofm™ ofm
L Oz dra " Oxpd

The determinant of this matrix is called Jacobian of f. We reserve several
different symbols to denote the Jacobian, most commons are

a(fL, £2, ... ™
o) = deepy(e) = WLl

The Jacobian function occurs in many different contests such as geomet-
ric theory of measure and integration, the mapping degree theory, quasicon-
formal analysis, nonlinear elasticity, etc...

Most often the expression J(x, f) serves us as a volume element on 2, which

35
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in conjunction with the formula
J(x, f)de = df' A ... Adf" = d(fPdfP A . AdFT)

leads, via integration by parts, to important estimates.

In order to make use of these properties it was necessary to integrate the
Jacobian, thus the usual hypothesis was f € ”//1;&”(9, R™).There arise a nat-
ural question: under what condition on f is the Jacobian function locally
integrable? There is no reason to expect that the degree of integrability of
J(x, f) is different from that of |D f|™. This idea followed from the inequal-
ity of Hadamard |J| < |[DfY||Df?|...|Df™|, this implies that if f € w1
certainly J € £ .

Surprisingly, just one condition that J(z, f) does not change the sign in €,
implies the higher integrability of the Jacobian.

It is worth pointing out that the starting point in the theory of the regular-
ity of the Jacobian is the celebrated result due to S. Miiller [M] that for an
orientation preserving mapping

1. |Df| € £™(R2), then J € ZLlog Z(K) for any K compact subset of {2
(see also [CLMS)).

In [IS] T.Iwaniec and C.Sbordone proved that

2. if [IDf| € £"(log £)1(Q), then J € L (D).
In [BFS], H.Brézis, N.Fusco and C.Sbordone interpolated between 1)
and 2) by proving that

3. if |[Df| € Z"(log L)~ %(R), 0 < a < 1, then J € Z(log L) ~*(K),
for any K compact subset of 2.

The spaces £"(log.£)~%(Q), Z(log.£)'=*(Q) for 0 < a < 1 are Orlicz

spaces generated respectively by the Young functions
x(t) = " log= (e + )

O(t) = tlog (e + t)

It is possible to generalize these results as follows (see for more details
(MO])).
If |Df| belongs to the Orlicz space .£X(Q2), where x(t) is a Young function
such that

at"log e +1t) < x(t) Vt>=to
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with @ > 0, tp > 0, and if ©(t) is defined by

o(t) LX (s
e /1 ds

g2—1/n

where ~ denotes the usual equivalence notation between convex real func-
tions,then J € .Z°(K) for any compact subset of .

An important tool to prove these results, is the following estimate, proved
by T. Iwaniec and C. Sbordone in [IS]

[Df["

J(x, f)dx < c(n,K)/ dx
b i+ 7

when K is any compact subset of 2 and |D f|q denotes the integral mean of
|Df| over Q. It can be viewed as dual to Miiller’s result.

At this point it became clear that the improved integrability property of the
Jacobian could be observed in Orlicz-Sobolev spaces near %3&”(9, R™). To
illustrate, we mention the inequality by H.Brezis, N.Fusco and C.Sbordone
[BFS]

o |J(a:f)|> [Df()|"
/KJ(g;,f)log <e+ ) s C(n’K)/ﬂloga(e+|'[§}ng>Q) da

for all @ € [0, 1], which was extended to all & € R by L. Greco [G].

As a matter of fact, under the above hypothesis of Iwaniec and Sbordone,
the Jacobian is even slightly higher integrable.

Indeed, G. Moscariello, in [MO], proved that J(z, f) lies in £ log log Zoc(2).
Subsequently L.Greco, T.Iwaniec and G. Moscariello proved that il | D f(x)|" €
ZP with P a log-convex function and if J > 0 then J € ZT where
T(t)=P(t) +t f 7§ ds.

However these results are only a part of a more general spectrum about
estimates of Jacobians.

In this spirit following the results above, we can realize is quite natural to
study the Jacobians in more special spaces. As suggested in [BFS], it is inter-
esting to study the regularity of the Jacobian when D f belongs to Lorentz
spaces . It appears that to get positive results one cannot rely only on these
spaces but it is forced to encode the theory in the Lorentz-Zygmund spaces.

In [BFS] it is proved that if the Jacobian .J of a mapping f = (f!,..., f*) €
wL1(Q,R") is nonnegative, and if |Df[" € #bw with 1 < 4 < 00, then
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we have MgJ € iﬂlic% (Q) where Mg is the maximal operator defined in
Chapter 2.

Many properties of the Jacobian may be emphasized writing J as diver-
gence of a vectorial field. Let us consider f € €2(Q2,R"); developing detD f
according to the last row, we have

"~ 9fn

deth = % a
J

=1

where we denote by adj;; the algebraic complement of the element (i,7) in
the gradient matrix D f. With this notation it is possible to write
detDf = Df, - B.

With a direct calculation it is easy to prove that div B = 0. These tech-
niques will be examined carefully in Section (3.3).

3.2 Regularity result

Let us state an important lemma in the framework of Lorentz-Zygmund
spaces.

Lemma 3.2.1. If g € ZP(log L)%, 1 <p<q and a > —% then

1

lim EP][ lg|P~¢(x)dz = 0. (3.1)
Q

e—0

Proof. By applying Theorem 1.3.2, we have that £P9(log £)* C £P(log &)~

then the lemma follows from the result in [BFS] which implies that for
g € LP(log £)~%(Q), 0 < s <1 we have

(see for more details [G1]) O

Theorem 3.2.2. If [Df|" € £ 7w (log L) *(), J >0, and 0 < s <
then J € Zl’%(log .,?)_SJF%(K) for any K compact subset of .

1

P



3.2. REGULARITY RESULT 39

Proof. For f € #1"¢(Q,R"), —00o < e < 1 and Q C Qo/2, Qo a cube
contained in 2 we have

fiosreae <o izt f e [ pa® ) "

This inequality firstly proved in [IS], was then extended to more general
cases in [GIOV] and [G2].

Since, by Theorem 1.3.2, £ (log £)~* € £(log £)~! we can pass to the
limit as ¢ — 0 in the above inequality and use Lemma 3.2.1 to obtain, for

any cube QQ C %
n2
fosem|f paEn
Q 2Q

and therefore for almost every x € QQy/2 we have

(n+1)
n

(n+1)

n

Moy 27 () < cfn) {MQ()(\DfH‘fl)(x)] (3.2)

Since |[Df|" € £Vw(log £)~*, then |Df["*/(+1) belongs to the Lorentz-
Zygmund space £ +D/na(n1)/n? (Jog £)7*7T and then by Lemma 2.2.4
MQO(|Df|”2/(”+1)) belongs to the same space.

n+1/n
From this it follows that [MQO (|Df]”2/(”+1))} and also M Jg, /2 belongs

to £ (log £)~*(Qo/2).
Finally from Proposition 2.2.8 we deduce that J € £V 7 (log %) * (K )
for any compact K C €. O

Remark. Following the same ideas of [BFS] if we consider the function

x 1 —
fz) = m\loglx\l  (log | log |a]|)~*/"
where |z| < a < 1, n < ¢ then it is easy to check that
|Df| e £™1 (3.3)

and J ¢ Z(log ¥ )% as it was reasonable to expect.
Actually, by elementary calculation, we can prove that locally

J e 31’%(log$)%. (3.4)
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Verification of (3.3). It is easy to check that |Df| is equivalent to

1 1

(1/|z[)[log |||« (log | log |«[) ™=

then the claim follows since

/a[ 1 rdr
T I — < Q.
0 [|logr|s(log|logr|)=] T

Verification of (3.4). We can remark that J is equivalent to

(1/][™)] log |||~ ="/ (log | log |||) !

then, since by our assumption 1 — £ < 0, the claim follows thanks to the
fact that

a a 1 n dr
NI, ng/ T s
Zruog2)e  Jo ||logr| log|logr| r

3.3 Div-curl fields

Let us assume that 2 is a cube in R™ and o2 a cube of the same center as
) but o times smaller than €, for 0 < o < 1.
IfB:Q — R" E:Q — R” are integrable vector fields on 2 such that

div B = iaB" =0
=1

8.’EZ'
curlE—(aEl—aj) =0
Ox;  Ox; ij=1..n

in the sense of distribution, the scalar product (F, B) is referred to as a
div-curl product.
Let us state this useful lemma

Lemma 3.3.1. Let (B, E) be a nonnegative div-curl product such that B €
LPlog™! Z(Q,R") and E € £%1og™t L(Q,R™) with 1 < p,q < oo, %—i—% =
1. Then for any 0 < o < 1

f e () (o)

where%—i—%:l—i-%,lgrgp,lgsgqandc:c(n,p,q).
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E € 29 (log £) "7 (L, R"),

Theorem 3.3.2. Let B € fp’“(logf)_%( Q,R™),
+3 and 0 < 2 < § <1, then

wh@r@%-l—%:l,a>pandb>qz’f%:%
(B,E) € LY (log &) 515 (00, R™).

Furthermore
(B, E) |

Ifa>p,b>qand;<1,then
|B] € £7(log £) ()

< Bl -

o1l
ZL19(log 770 (0R2) Zp.a(log .£)

IE] ]

(@) Zab(l0g.2) 7 (Q)

and
|E| € Z(log L)1 ()

We are under the hypothesis of Lemma 3.3.1 and there is a constant ¢ =
¢(n, p, q) such that for any cube 02 C 2

]éa (B.E) dr < c <7{2|Br)i (7{2|E|8>‘1 (3.5)

where r,s are any numbers such that 1 <r <p, 1 <s<q, %Jr% =1+ % If
we denote by M the local maximal function associated to the cube o§2 C Q2
and by M the maximal function in €2 this inequality yields:
1 1

M((B, E)) < ¢[M|B["]*[M|E[*]>

pointwise in o). Here the constant depends on o. Applying Lemma 2.2.4
1 1
M|B["]* € ZPa(log. %) 7(Q) and [M|E[*]s € Z%(log £)”7 (). Then
2

applying Proposition 1.3.8 we have that M((B, E)) € Z"(log.Z)” 7 (o).
Then applying Proposition 2.2.8 with r = 6 and s = % we have that (B, F) €
L (log . )7%+% (6€2). Furthermore the inequality yields

< .
BB - 2ed oy < IMBLEN 2 (36)
By (1.12) and Lemma 2.2.4
BB | 2o ey <AIMUBL BNy 2o
1
<l MIBYTF IMIBFE o2
1 sl
<l MBI, L ot g IIMIEPT s
2P (log Z) 7 (Q) Za(log L) 7 ()
< <[lBll 1 MEH -2
2P (log £) 7 (Q) 20 (log £) 7 (Q)
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3.4 Div-curl fields coupled by the distortion in-
equality

Let us introduce another definition which will be generalized in the following
section for div-curl couple

Definition 3.4.1. A mapping f : Q@ — R" is said to have finite distortion
if

1. few QR

loc

2. The Jacobian determinant of f is locally integrable and does not change
stgn in §2

3. there is a measurable function Ky = Ko(x) > 1 finite almost every-
where, such that f satisfies the distortion inequality

DF@)" < Ko@) (. f)] ae. © (3.7)

Assumptions 1. 2. and 3. are not enough to imply f € %ig”(Q,R")
unless of course Ky is a bounded function.
We shall investigate the degree of integrability of a class of div-curl fields
(B, E) which are coupled by the distortion inequality:

B FE|?
‘p’ + ’q’ < k(z)(B,E) a.e. in Q (3.8)

where 1 < k(z) < oo is a measurable function in  and 1 < p,q < oo are
conjugate Holder exponents, p + ¢ = pq.
We shall assume

(B,E) € () (3.9)

Theorem 3.4.2. Let F = (B, FE) be a div-curl field verifying (3.8) and
(3.9).

If k(z) € Exp,(Q) for some v > 0 then B € £P(log L), R") and E €
Z(log L)NQ,R™) for any A > 0, locally.

Furthermore

1B+ B

c|l{B, B}l (3.10)

1 < 1
L10(log )V (0Q) L19(log £)* 71 (Q)

Proof. Since (B, E) € Z%%(Q), by (3.8) and Lemma 1.3.3 we deduce that
1 1
|B| € P (log £) "7 (Q) and |E| € £%%(log L) 7 (Q).
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Since v > 0,certainly |B| € £P(log.£)~ Q) and |E| € Z(log L)~ 1(Q).
Therefore, we may apply inequality (3.5) and following the same argument
of Theorem 3.3.2 we deduce that (B, E) € Z"(log Z)_%+%(UQ).

Again from distortion inequality using the fact that K(x) € Exp, we obtain
that [B| € 2% (log.2)% (o) and |E| € £%%(log.£)% b1 (o). Let
use mathematical induction to deduce that (B, E) € £ (log f)m(%_%) (cQ2)
for any integer m and then (B, E) € .Z%%(log £)*(of2) for any A > 0. The
estimate (3.10) can be deduced by distortion inequality arguing as in The-
orem 3.3.2. O

A motivation for this type of inequality arises from the study of the
p-harmonic equation

div |[Vu[P72Vu = 0 (3.11)
In fact, setting E = Vu and B = |Vu[P~2Vu we obtain

EP |BY

D = <B7E>
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Chapter 4

A Divergence free vector:
the oo-Laplacian

4.1 Introduction

This chapter is concerned with various linear and nonlinear PDEs whose
prototype is the p-harmonic equation

div (|VufP™?Vu) =0, 1<p<oo (4.1)

The focus is on the limiting case as p approaches oo, referred to as the
oo-Laplacian

Uz, Uy
ooll = 2 L
Z |Vul|? 8:018%

Upon multiplication by a suitable function A = A\(Vu) it is possible to ex-
press this operator in divergence form. There may be several such functions
A = A(Vu), called divergencefactors. Writing the oco-Laplacian in diver-
gence form allows to speak of weak oo-harmonic functions in the Sobolev

class ”//IOC ().

4.2 Divergence factors and integrating fields

In this chapter it is interesting to underline that dealing with nonlinear par-
tial differential equations, it is often convenient to write them in divergence
form. Consider, for example, the question of the domain of definition of a
given nonlinear differential operator. Expressing this operator in a diver-
gence form, makes one derivative dispensable in the definition of its domain.

45
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Naturally, there may exist many divergence forms of an operator, leading
to different domains of definition. A typical example is furnished by the
Hessian determinant in two variables:

det Hu = det [ Yz Uzy ]

Uzy  Uyy
2,2
= UpgUyy — UpyUay for we #,.7°(Q)
2,4/3
= (Uztyy)e — (Ugliay)y for ue W, / (€2)

= %(u Uga)yy + %(u Uyy)zz — (Ulgy)zy for ue 7/1361(9)

= (UglUy)ay — %(umum)yy - %(uyuy):m for we V/I;EQ(Q)
(4.2)
In another example, the reader may try to verify the following identity for

the Gaussian curvature of a surface z = u(x,y) in R?,

Uz Uyy — UgyUgy det Hu
Ku = — 4.3
YT AT w)? T (L [VaP)? (4.3)

First notice that Ku is none other than the Jacobian determinant of the
mapping

Ug Uy

(4,B) = ; , (4.4)
\/1+u§+u§ \/1+u§+u§
K=A,B,— AyB,. (4.5)
We can express Ku in divergence form using two different formulas
K= (ABy), — (ABx)y = (AIB)y - (44B), (4.6)
This leads us to two different divergence forms of the curvature
K =divF. (4.7)
The so-called integrating field F = (F!, F?) can be expressed as
1_ Uz 2
= (1+u2 + u2)? [(1 4 uZ)uyy — oty ]
) o ) (4.8)
S
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or
u
Fl— y 1+ 42 _
(12t u2)? (1 + )y — iy, ] (49)
Uu .
F? = Y [(1 + ug,)um — uxuyuxy]

(1 +u2 + u2)?

Adding up these two solutions we gain a symmetry with respect to z and y.
Namely,

2K = (AB, — AyB),+ (A:B — AB$)y (4.10)
Up Uy — Uy U, UyUpy — Uplh
( 1+u%+u§ ’ 1+u§+u§ ) ( )

One interesting outcome of this calculation is that the Gaussian curvature
can be defined for surfaces parameterized by functions in "//lgcl(Q) Such
parametrizations have integrating factors F € 4! (Q,R").

4.3 The p-Laplacian
The p-harmonic equation
div |[Vu[P~2Vu = 0 (4.12)

is the Euler-Lagrange equation of the variational integral

Eplu] = 11?/9 |[Vu(z)lPdz 1 <p< 0. (4.13)

That is why the Sobolev space #1(Q) is viewed as the natural domain of
definition of this equation. However, this equation can also be expressed
as a fully non-linear equation, in nondivergence form, by carrying out the
differentiation

VulPAu+ (p—2) D >ttt thya; = 0. (4.14)

i=1j=1

We are looking for a solution in #'%" with r < p (very weak solutions).
The border line exponents p = 1 and p = oo can also be considered. We
set
def

Ug; U ; 2
Asou = 2 L T
u= Z Va2 8:51(")93] |Vu\2 r (Vu ®Vu)Hu
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and

def " ; Uy, U . aQu 9
Au=2) (0~ gr = Te (|Vul?] — Vu @V
a 2 (Z IVUI2>8xiamj NE r([Vu| u @V u)Hu

ij=1
The p-Laplacian is then a linear combination of Ay and A,
Ap =LA+ E2A,
More explicitly we have

2 n ; Ug, Uy 821,6
A= 25 (67 4 (p— 2) Mot

ij=1

2 2

Thus, the scalar function A = [VulP~2 is a divergence factor of A,u. Pre-
cisely we have

2
|VulP2Au = 5div|Vu\p*2Vu (4.15)

The corresponding integrating field equals F(V) = |[V|P~2V. Indeed,

(4.16)

VeV
DF:\V|P—2<I+(p—2) @ >

V]2
4.4 The p-harmonic equation in the plane

The class of divergence factors is particularly rich in two dimensions due to
the complex structure in R?2 =2 C = {z = 2 + 1wy, z,y € R}. Let Q be an
open subset of the complex plane. A function u € €2%(Q) is:

e oo-harmonic if

% |Vu\2Aoou = Ugy ui + Uy UgUy + Uy u% =0, (4.17)

e 1l-harmonic if

— gy Ugty + Uy uZ =0, (4.18)

1
3 |Vu]2A1u = Ugy uz

and
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e p-harmonic if

% |Vu]2Apu = ;1) |Vu]2Au+ (1 — %) (Ugs ui + 2Ugy Uz Uy + Uy “13) =0.
(4.19)

We shall make use of the Cauchy-Riemann derivatives

o 1[0 0 o 1[0 0

and the complex gradient of u, which is defined by

fz) = uz = 5 (ua —11y).

Since
af 1 ) ) . 1 )
9. 1 [Uzz — Ty — 1 (Uzy — TUyy)] = E(Um" — 2iUgy — Uyy);
of 1
and e
af 1

9. 1 [Uaa — tyy + i(Uay + uyy)]
The p-Laplacian of u can be expressed in terms of f as

1 _af 1 1\ [fof , fof
=g+ ﬂfaz*faJ

> (4.21)

0z

This is an elliptic operator for all 1 < p < co. However, the borderline cases
lead to formally parabolic operators

L of 1[fof  fof
and 3 %5 57
1 _of 1Lifof  fof

We can view the complex gradient of the p-harmonic function as a solution
of the Beltrami equation

fen@f u= (3-3) [F+25] (1.24)
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which is always elliptic if 1 < p < co. For p = 1 and p = +00 we observe

1
that the distortion function K(z) = + :ME?} is still finite at the points
z
where
fof
foz

At these points the equation (4.24) remains elliptic.

Of particular interest to us will be the complex gradients of co-harmonic
functions.
In fact if we consider the equation A u = 0 we obtain

of _ _(f of  f 8f)

97 F oz " F %

Recalling that Re(z) = 252 and Sm(z) = 2%, These are solutions of the
quasilinear first order system

O _ e (f f’f>

1(f of  f Of
o T 2('+f->. (4.25)

f 0z 0z

The Jacobian determinant of f is computed as:

af |
‘3o (4.26)

|~

T f) =1 F 1 | fo]? = 'csm

Thus J(z, f) is positive at the points where (4.25) is elliptic.

4.5 Divergence factors for oo-Laplacian

To define co-Laplacian in the weak sense for functions having only first order
derivatives we need to express A, in a divergence form. In particular, in
the plane the oco-laplacian equation becomes

2 2
UpUgy + 2UpUylUzy + Uy Uyy = 0

multiplying by a suitable divergence factor A we would like to write the

oo-laplacian in a divergence form. Let us find all divergence factors A =
A(ug, uy) of the equation (4.17). That is, we are looking for solutions to

g%’(ux,uy). (4.27)

0
— . (Ug, Uy) +
( y) 8y

)\uium + 2 Uty Ugy + )\Uzuyy = o
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This identity holds if and only if

Dot 0B

a2 2Z 2 4.2
. Auz, o Ay, (4.28)
and o/ OB
97 — 9\, . 4.2
o, + D A Ug Uy (4.29)

It will be advantageous to work with the complex function
o def
F =F(w) = o +1958,

of the complex variable w = u, 41 u,. In this notation the system takes the

form L
0% 1w [ 0F 0 w . 0F
aw:2w<&u+aw>:w%ﬁw (4.30)
and 2Fs  2ReF
W €T w
Sl (4.31)

Observe that .# is orientation preserving in the sense that |.%,|? — | 5| =

| Fw|? — |Re Ful? = |Sm Ful? = 0.
4.6 Basic examples

A family of basic solutions of (4.30)

%—n%(w)wd+w+n%<w)hl

|w] |w]

Fp(w) =

e (4.32)

for k =0,1,2,.... The corresponding divergence factors of (4.32) are
2ReFr(w k—Dk(k+1 w \* [ w k
i) (e[ ()
|wl |w]

Me(w) = w2 |w|F>+2

ay, cos kO + by sin k6

- T‘k2+2 ) ag, bk eR.
(4.33)
where w = re”. In particular, the real valued functions
cos k6 sin k6
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are divergence factors of the operator (4.17). We may, therefore, introduce
the complex divergence factors

coskf +1sinkf etkd _ rk ekt _ wk (4.35)

Ap(w) = ) R T

The case k = 0 gives Zy(w) = yw, where v € 1R. Hence the divergence
factor is trivial, A = 0, being the real part equal to 0. For £ = 1 we obtain
F1 =7 € C, so again A = 0.

The first nontrivial case occurs when & = 2

_ yw? + 3ywlw]?

Fa(w) (4.36)

|w]®

Next we look for one solution of particular interest to us by studying the
limiting case of (4.32) in which & is considered as real parameter approaching
zero. Let v, = 1, so that .%p(w) = 0. Then we have

Fe(w) (k- 1)e®H0 4 (k4 1)e(k-10

2k 2krk*-1 (4:37)
Therefore, we can compute the limit
o Fg(w)
k;hi>n0 on = w(l —1Argw). (4.38)
Thus
F(w) =w(l —1Argw) (4.39)

might be a solution to (4.30), in any simply connected subset of C — {0}.
Note that choosing a different branch of Argw will not affect the equation
(4.30) since 2w is also a solution. Direct computations reveal that indeed
(4.39) is an integrating field:

OArgw  —1
= 4.40
ow 2w ( )
and BA
rgw 1
=—. 4.41
ow 2w (441)
Hence, we obtain
0.7 1
— == —1A . 4.42
5y — 5 ABW (4.42)
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We find that
0.7 w 0.7 0%
2 —_ - _ = 1 4.4
ow o ™ 0 T ow (4.43)
as desired. The corresponding divergence factor is
2% 1
=—=—. 4.44
W Tl (4.44)

Proposition 4.6.1. The oo-Laplacian has a divergence form in which the
integrating field F (w) = w(l — 1Argw) is multivalued.

In other words

2 2
: Uz Uy Uy 0 0
— 22— T Uy = — —AB :
u? + ul e+ u +u tay u2 4 u2 R (s ty) + dy (v, uy)
(4.45)
where v
A (U, ty) = Uy + uyy tan~+ 2 (4.46)
€T
B(uy,uy) = Uy — Uy tan ! Ty (4.47)
Uz

The Jacobian determinant of % = & +14 is positive as long as Argw # 0.
Indeed, we note that |Z,|*> — | Zg|* = |3 — tArgw[* — |12 = (Argw)? > 0.
Another example of the divergence form of the equation (4.17) is obtained

by taking into consideration the solution
3 1
Fo(w) = —— + —. 4.48
w) = ——+ = (1.49)
Hence, we can write, remembering that w - w = |w|?

1 3

o +19B =
(ug — 1uy)®  (ug + 1uy)?(ug — 1uy)
, (4.49)
- 4ui B 4auy,
(u2 + u§)3 (u2 + u§)3
Thus, we have
A g uy) = 2 (4.50)
Uy, Uy) = ——e .
SRR
7 4 4.51
(Ux,uy) = Wa ( . )
and ) )
12(uz —u
R Criatr) (4.52)

(w2 + “5)4 ’
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4.7 The conjugate functions

To every integrating field there corresponds a conjugate function. Having
written the oo-Laplace equation in the divergence form

[ (ugs uy)], + [Pz, uy)], =0 (4.53)

the conjugate function v is defined by the rule
o (Ug, Uy) = Uy
(4.54)

B(ug,Uy) = —Vg

Set

Al (0 02V} 00 05
- \Ouy  Ouy Qug Ouy’

According to the general classification of the first order nonlinear PDEs this
system is:

e elliptic at the points where A < 0
e hyperbolic at the points where A > 0
e parabolic at the points where A =0
For the two examples discussed above we obtain

3
4uy,

e
(u2 + ug)?’ Y

(4.55)

3
4uy

(u2 + ug)3 N

and
-1 Yy
Uy + Uy tan™ — = vy
Uy
(4.56)
U
Uy — Ug tan~! -2 = — Uy
Uy

In the first example, the system is well defined outside the zeros of Vu.
Both systems (4.55) and (4.56) are parabolic at every point. However, a
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given pair (u, v) can also be consider as the solution to an elliptic system.
Let us analyze this point of view in a general setting

A (Ug, Uy) = Uy
(4.57)
B(Uug,uy) = —Uy,

where we recall that & +1% = .7 and Fy = 52 (Fw + Zw). In analogy to
the Cauchy-Riemann equations we introduce the complex function

h(z) = u(z) +1v(z) (4.58)

We want to express the system (4.57) as a nonlinear Beltrami type equation
for h. Our computation is as follows

F (ug + 1uy) = A (Ug, uy) + 1B (Uug, Uy) = Vy — 10s. (4.59)

In terms of h this reads as

F (hz + hz) = h. — hz (4.60)
F (h: + hz) + h; + hz = 2h.. (4.61)
Next we consider the function
U(w) & Z(w) +w = w(2 — 1Argw) (4.62)
that we need to invert. First compute its complex derivatives
U, =14+.%, = g —1Argw (4.63)
and 1w
Vg = Fgp = 35 (4.64)

Hence the Jacobian determinant of ¥ is positive

W |? — V5] = Z + (Argw)® — i =2+ (Argw)? > 2. (4.65)
Therefore, the equation ¥ can be locally inverted. We proceed as follows
he + hz = U1(2h,) (4.66)
or, equivalently
hz = U~ (2h;) — h. (4.67)

It takes a form of a nonlinear Beltrami equation

hz = H(h;) (4.68)
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4.8 Analysis of #12-solutions

We consider here co-harmonic functions in the Sobolev class %;CQ(Q) To
make use of the integrating field .#(w) = w(1 — 1 Argw) we must spec-
ify a brunch of the argument of w = u; + wu,. There are many ways to

choose a measurable branch of Argw def ArgVu. The divergence equation
at (4.53) has a meaning in the distributional sense only if both o7 (us,uy)
and A(uz,uy) are locally integrable. This will be easily assured by assuming
that the branch of ArgVu lies in Z2 ().

Definition 4.8.1. A function u € V/I;CQ(Q) for which we can choose an £ —
branch of Arg Vu, is called a weak solution to the co-Laplace equation if

/Q (N2 A (U, Uy) + Ny B(Ug, Uy)] dzdy = 0 (4.69)

for every n € €5°(12).

Since oo-harmonic functions have continuous derivatives by Savin’s the-
orem [S], every oo-harmonic function is a weak solution in the sense of
definition 4.8.1 in a neighborhood of points where the gradient does not
vanish.

From now on we assume that € is a simply connected domain in C. Thus
the system (4.56) admits a unique (up to a constant) conjugate function

ve #HQ).

loc

Theorem 4.8.2. The mapping h(z) = u+ w € ”//I;CI(Q) solves the elliptic
Beltrami type equation

he = p(2)he,  p(z) = 5— 7~ (4.70)

where 6(z) = ArgVu. Moreover, the distortion function of h is locally inte-
grable

1+ {u(2)]
K() = ) = (|9| + \/4+92) 1+10) e L (Q) (471

The Jacobian determinant of A actually does not depend on the choice
of ArgVu. Indeed, the first order system takes the form

Uz +0O0uy = vy -
4.72

Uy — Ouy = —vy,
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or equivalently
1 ArgVu

div —ArgVu 1

Vu = 0. (4.73)
Hence
J(z,h) = upvy —uyv, = ui—k@umuy—i—uf]—éuxuy = |Vul* € AL.(Q). (4.74)

Next, let us assume that ArgVu € Z*°(Q), say |0] < M. For example, this
is the case if u, > 0 a.e. in €). In this case the distortion function is bounded
and h € #2(Q).

loc
Corollary 4.8.3. If ArgVu € £°(Q) a.e. in Q then h is a K-quasireqular
mapping, with K = (1 4 ||Arg Vu|ls)?. In particular, Vu may vanish only
on a set of measure zero.

In fact, by Astala’s area distortion theorem [As| we see that h € Vﬂkl)ép (Q)
with every p < 1?7]—(1 Also, h is Hélder continuous of exponent o = % Its
Jacobian is positive a.e. and hence Vu may vanish only on a set of zero
measure.

Whether Vu may vanish is not clear. For example, Aronsson [Ar| proved
that non-constant co-harmonic functions of class ¢(2) have nonvanishing

gradient. We believe that Vu # 0 if u € €1%(Q), with o > 1/3.

Corollary 4.8.4. Suppose that ArgVu € "//1;(’:2(9), then u has locally inte-
grable second derivatives; that is u € 7/1(2);1 (Q).

Proof. 1t suffices to observe that the Laplacian of u lies in the Hardy space
L (Q). Indeed,

loc

Uy Uy

o |em@. am)

Ugg + Uyy = Ugly — uyl, = det {
O

The Laplace equation with the Jacobian determinant in the right hand
side has been investigated by Wente in 1969 [W]. His work originated in-
tensive study of the Jacobian determinants in Hardy spaces [CLMS], [IV].

Finally we note that if 6 € "//lif(ﬂ) a theorem of Hempel, Morris and

Trudinger [HMT] implies that there exists A > 0 so that [, exp A6? < oo.
Then h = u + w becomes a mapping of exponentially integrable distortion

IDh(2)|? < K(2) J(2,h), K € Exp(Q). (4.76)

Some properties of such mapping have been investigated in chapter (3.1) in
the case K € Exp, (), v > 1. For other properties of such mappings see
[IM], [MM], [IKMS], [IKO].
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Chapter 5

Div-curl couple of arbitrary
sign

This chapter is devoted to the illustration of intrinsic links between the
theory of compensated compactness and classical tools of Harmonic and Real
Analysis. Before providing a more detailed background we will establish
some preliminary results and we will show some examples. Our main result
is Theorem 5.1.5, which is a generalization of Theorem 5.1.2.

5.1 Some definitions and examples.

Let u € #1"(R" R") then its Jacobian J(u) = det(Vu) belongs to the
multidimensional Hardy space. This space can be characterized as follows

HTR™) = {f € LY R™) :sup |hy x f| € fl(R”)}
t>0

where h; = t%h(./t), h € C§(R™), h > 0, Supp h € B(0,1). Let us recall
that

sy = [ nte—pra= [ S (T s

B(z,t) "

One of the most prominent result in harmonic analysis is that by Fefferman
and Stein [FS]. They proved that BMO(R") is the dual of the Hardy space.
The BMO-5#" pairing denoted by

(o) = [ 50 9tw) dy

59
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For f € BMO(R") and g € #*(R"). The latter symbol coincides with
converging integral if the product f - ¢ happens to be integrable.

Lemma 5.1.1. If f € #*(R") and g € BMO(R™) then *

< W fllser lgllBaro (5.1)

" Fy) aly) dy
R’ﬂ

Another important result of Sarason is that #!(R") is the dual space
of VMO(R™).

Let us come back to our first example. Let u € #1"(R" R", trivially
J(u) belongs to .Z'(R") for the Hadamard inequality (|.J(u)| < |Du|™) but
the structure of J(u) allows to find a proper subspace of .Z!, namely J#!,
which contains the range of the mapping u — J(u) from #%"(R",R") into
Z1(R™). Furthermore ! is the minimal linear vector space containing
this range.

The above example indicates an improvement of the .Z! regularity. This
improvement can be appreciated recalling Stein’s lemma about the i”léc
nonnegative functions f € 1

femt, = flogfe L.

loc

Therefore it is covered the result of Miiller : let u € #1"*(R") assume
J(u) > 0 then J(u)log J(u) € L} ..

This result inspired many succeeding works. It is worth to show three ex-
amples, just like in [CLMS], to succeed in proving Theorem 5.1.5.

The first example, as mentioned above, is the Jacobian under the hypothesis

ue L (R R") for all ¢ < oo, Vue ZL"(R",R™M). (5.2)

The second example deals with vectors E,B on R" satisfying

11
Ee ZP(R",R"), Be Z9R"R"), withl<p<oo,—+-=1 (53)
P g

* Hereafter we propose the following abbreviation A < B for inequalities of the form
|A| < C - B, where the constant C' > 0 (called implied constant) depends on parameters
insignificant to us, such as the dimension n and so forth. One shall easily recognize those
parameters from the context.The implied constant will vary from line to line.
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divE =0, curl B=0 in%'(R") (5.4)
Then, we form the scalar product E - B which clearly belongs to Z*(R").

For the third example we consider a scalar function v and a vector field
v on R™ for n > 2 satisfying

{ Vu € LR R"), ue. 2?02 ifn>3;

ue L1 (R™) for all ¢ < oo, ifn=2. (5:5)

Vv € Z2R",R™M), dive =0
v e L2/ (=2)(R?, R?), if n > 3; (5.6)
ve 4l (R, R")for all ¢ < oo, ifn=2.

then

Vu - <§U ) for some fixedi € {1,...,n} € L1 (R").
T

In [CLMS], the main result is
Theorem 5.1.2. 1. Let u satisfy (5.2) then J(u) € #*(R™).

2. Let E and B satisfy (5.3)-(5.4), then E - B € *(R").
3. Let u satisfy (5.5)-(5.6) then Vu - 6% c 1 RM).

Remark. The cases 1) and 3) are included in case 2). Indeed in the case
3) of Theorem 5.1.2 we observe that Vu € Z%(R",R"), 22 ¢ Z%(R",R")

) Oy
while curl (Vu) = 0 and div (%) = a%i(divv) =0in D'
This means that case 3) is a reduction of case 2) with F = 597” and B = Vu.
The case 1) is a reduction of 2), since we may write
J(u) = det(Vu) = Vu' - o
with '
dive =0 in2'(R"), |o| <I_,|VW!| ae.
This means that is possible to take £ = ¢ € £ (~1D)(R",R") and B =
Vul € (R, R").

Therefore we have only to prove the second assertion of Theorem 5.1.2.
The proof follows from this lemma
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Lemma 5.1.3. Let E,B satisfy divE = 0 and curlB = 0. For all o, 8

satisfying
11 1 )
—+—-=1+—-, I<a<p, 1<B8<p.
e n

B
There exists a constant C (depending only on h, o, ) such that

: ;
[{h+ (E-B)} (z)] < C (ﬁ( , |E,a> <7i( t)|B,ﬁ> (5.7)

for all x € R™,t > 0. Here we denote by B(x,t) the open ball centered at x
of radius t.

Admitting Lemma 5.1.3 we conclude with the proof of Theorem 5.1.2,
since 1 < p < oo and ;1) + 1% =1, one can find o and [ satisfying (5.7) and
alsoa <p, B<p

! 3
sup (7[ rEa> (7[ |B\ﬁ)
t>0 B(z,t) B(x,t)
1 1
o 8
< (sup][ |E|a> <supf |B|ﬁ>
t>0J B(z,t) t>0J B(z,t)

We deduce from the maximal theorem that sup|hs * (E - B)| € £ (R") and
>0

that

1 1
suplhy (B B)| < C M(E|)= M(|B|")"
>

Here, we omit the details of proof of Theorem 5.1.3, since we will argue
Theorem 5.1.5 in the same way.

This result was generalized by Dolcini. In [DO], it is proved a regularity
result in the framework of Orlicz spaces.

Let us define the N-functions.

Let a be a real valued function defined on [0, 00) and having the following
properties:

1. a(0) =0, a(t) >01if t >0, tlim a(t) = oo;

2. a is nondecreasing, that is, s >t > 0 implies a(s) > a(t);
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3. a is right continuous, that is , if £ > 0, then lim+a(s) = a(t).
s—t

Then the real valued A defined on [0, c0) by

is called an N-function. (see for more details [Ad])
An example of N-functions are

At) =1, 1<p< oo,
Alt) =€ —t —1,
A(t) = (1 +t)log(l +t) —t.
Given a function a we define @ as follows

a(s) = sup s.
a(t)<t

The N-functions A and A given by

A(t)—/ota(T) dr, A_/Osa(a) do

are said to be conjugate. Examples of such conjugate pairs are:

P ~ 59 1 1

—, A(s)=—, 1<p<oo, —4+-=1;

p q p g
Alt)y=e —t—1, A(s) = (1+s)log(1+s) — s.

In the framework of Orlicz spaces we have the following theorem

Theorem 5.1.4. Let A(t) be an N -function, and A(t) its conjugate. Sup-
Alt) A(t)

tp G 18

pose that there exists 1 < p < q < oo for which
decreasing, with ¢ < p*.t )

If Be ZA4R",R"), E € ZAR",R"), divB =0, curlE =0 then E - B €
HL(R™). Moreover

18 1ncreasing,

IE- Bl < clEl gallBllga- (5.8)

T Hereafter p* = np/(n — p) if p < n, any exponent bigger than p if p > n.
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The space to which this result implies include as particular case the Zyg-
mund space ZPlog® .Z, with 1 < p < o0, a € R.

Our aim is to encode this theory in the Lorentz spaces. The following
theorem holds

Theorem 5.1.5. Let us assume 1 < p,q < oo. If B € ZLP4R") and
E e 274 (R") with 1% + Z% =1 and % —}-% =1and divB =0, curlE =0
then E - B € 1 (R™).

Furthermore, the following estimate holds

|- Bl < ¢ |l E |y oy | B llzmagan)

Proof. Let us take B € ZP4(R™) with div B = 0 and E € .77 (R") with
curl £ = 0.
Assume first of all, ¢ > p
Be "
r>0 0O<e<p-1
since ¢ > p, it follows that ¢’ < p’ for the duality between respectively the
exponents p, p’ and ¢,q'. By Theorem 1.3.2

Eecx”

loc

We can find € > 0 such that

(p—e) < @)
simply assuming that p, = ([p']*) <p —e.
Then there exists m € .,S,”(p) 4V =E.

loc

The assumption that divB = 0 implies that div(7B) = E - B in the
distributional sense, then if A is a function in €5°(R™), h > 0 and Supph C

B(0,1)
/ﬂ'BVgpz —/E-Bcp
Q Q

For every ¢ € C§°(Q).

If h is the function defined above, for any x € R™ and for all ¢t > 0, we have:

b (B B) (z) = /B L = [ B)w)] dy
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_ /B(m L (x;y) (E-B) () dy

1 zT—y .
i [ () s

_ tln/f;(g;,t) i <:v;y> B(y)tﬂ(y) i

1

t
since supp(h) C B(0, 1) the equality becomes:

’ht*(EB)(x) ’g c(n,h) <]é( ) | B ’p€> L (7[3( . YY) — Wzt

1

with a = ((p — €)").

dy

Y

1
p—e [
< c(n, h) (7[ B |> (7[ |V |“)
B(xz,t) B(z,t)

Considering the supremum in both sides of the above inequality

sup | hex(E-B)(2) |< c(n, h) sup (7[ |B|p—€> (7[ |V |a>
B(z,t) B(zt)

1

1

1 1
p—e a
< c(n,h) (sup][ ]B\p_5> (sup][ | E \a)

1

— c(n, h) [My_o(B)]7 [Mq (E)

Q=

Applying Holder’s inequality and noting that (M,_.(B))

(MQ(E))é € .,Z’jgc’q/ we have by Lemma 2.2.4

1

[sup [hs  (E- B)(2)|l| 21 < cll (Mp—e(B))7== || zpa || (Ma(E))

< CBllgrallE | gv o
and this proves the result for p < q.
If p = ¢ we have the proof in Theorem 5.1.2 in [CLMS].

1

— ¢ P and

loc

1
* ng’,q’ <

65
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We have to consider a third case with E € .27 (R") with curl E = 0 and
B e ZP1(R™) with div B =0 and ¢ < p. Let us remark that

E e 27 (R") implies L

loc

B e ZPY(R") implies £L.

For definition (p'), = T:f;, <p,Vvp.

So there exists 7 € iﬂﬁ;(ﬁ):Vﬂ =FC iﬂlgﬁl)*. As in the first case
hex (B - B)(@)| < c(n.h) (7[ |B\p) (7[ )= (e
B(z,t) B(z,t)
1 1
p , @) «
< cln.h) (7[ B|P> (7[ \E|<P>*>
B(z,t) B(z,t)

Considering the supremum in both sides of the above inequality we have

1
P
sup [hy * (B - B)(@)] < e(n, h) sup (7[ |B|P> (7[ |E|<p’>*)
B(x.t) B(x.)

==

1
®") «

I
Q
—~
S
>
~—
=
—~
S
=
S
=
<
7
—~
&
~
—
X
b

Applying Holder’s inequality and the fact that [Mp(B)]% € L0 [IM(E)g) ]
2@ by Lemma 2.2.4 we have

loc

1

L 7
[sup [he  (E - B)(2)||l 21 < ell[Mp(B)]7 | zra [[Mpr), (E)] x| o

*

< O|Bllgval E | gv.a

so Theorem 5.1.5 is proved. ]



5.2. ANOTHER EXAMPLE 67

5.2 Another example

We want to show in this section a few examples from PDE’s theory that this
can be pushed further if more cancellations are present.
Let u, v satisfy

{ Vu e L2R"), Vve L*RM), (5.9)

divu = dive =0 in Z'(R"™)
We wish to consider the quantity
n
8;?{;(%‘%‘)
i,j=1 J
Theorem 5.2.1. Assume (5.9), then
n P

8:1:%0 (u,v]) € %1(11%”)

».7

Before proving Theorem 5.2.1, let us claim the following lemma

Lemma 5.2.2. For all f satisfying Vf € ZL?*(R") there exists a constant
C > 0 such that

1
[ |sf {
n | t>0JBt) | T

2
f—7[ f‘} dyl e < C|Vf|p
B(z,t)

Proof of Theorem 5.2.1. We have to estimate

— m(ui%’) (7)

= h T — 7[ Uj Vs —7[ V; dy
Z /n “ 3%3% [( B(x.t) ) ( B(x.t) )]

2,7=1

ht*

7,7=1

a Z / B(at) Z <8xz3x3> <x2y> {1 <ui_7[<m>ui>}{1 (Uj _7{9@@%)} w
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Therefore
9207, (uiv5)

1@._7[ v
t\7 Jeay ’

ht *
ij=1

e,
- | wi— u;
¢ ( B(a,t) >

We deduce from Holder inequality

dy.

<C
S Z /B(:c,t)

1,j=1

sup |hy * ——(uv;
=0 t et axzax]( (2 ])
1 1
27 2 27 2
1 1
< C [sup - uw— U - | sup —v— v
t>0/B(z,t) |t B(z,t) t>0/B(z,t) |t B(z,t)
Using Lemma 5.2.2 we deduce that
1
27 2

1

212

1 1
sup -l u— U ;| sup - |lv— v
>0/ B(a,p) |t B(x,t) >0 B(a,t) | ¢ B(x,1)

belong both to .Z?(R"™).

Therefore, sup |hy * W(Uﬂ}j)
t>0 ig=1 L0

belongs to .Z1(R").

Many other examples may be illustrated
Example 5.1 Let us consider the Hessian of a mapping u € #2P(R"),
where p > n"—jQ For simplicity, let us consider n = 2. We observe that we
have )
0%u 0%u 0%u
det(D*u) = —5— — [ ———
(D) 0x? dx3 <8x18x2>

L (w12 ((ou)) 18 (o’
- 83518:1:2 81'1 8x2 2 835% 6:1:2 2 8.%% 6x1
This last expression make sense when Vu € .22 _(R?, R?) which is the case

loc
D?*u e £}

loc*
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Theorem 5.2.3. Let n =2, u € #?%(R?). Then the expression

@ (ouwdu 10 ((ouN) 10 ((ou)’
8:6181'2 8951 6:1;2 2({9%% 81'2 28%% 81'1

belongs to 1 (R?).

Example 5.2 Let n = 2 and u € #?2(R"). The quantity |Au|? —

n 02
Zi,j:l Tz, that we define to be

S0 (ouony 1o ((ou)) 1o ((ou)’
oy O0x;0x; \ Ox; Ox; 261‘? Ox; 28:Uj2. o0x;

belong to 71 (IR?).
It is possible to combine the Examples 5.1 and 5.2 by considering all the
minors of the Hessian matrix D?u.

The following lemma is due to [CLMS]

Lemma 5.2.4. If u € #?%(R"), then all the minors of the Hessian matriz
V2u, which have order 2, belong to H*(R").
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Chapter 6

Nondivergence elliptic
equations with BMO
coefficients

6.1 Introduction

In dimension n > 2 little is known about nondivergence elliptic operators
with measurable coefficients. The uniqueness problem has been studied
in a number of papers mainly, by Aleksandrov, Bakel’'man and Pucci (see
[A],[B],[P] and the references therein).

For the existence, the uniform ellipticity condition is generally not enough,
additional conditions being needed.

In 1956 a “cone ”condition was introduced by Cordes. It deals with the
scattering of the eigenvalues of the coefficient matrix A(z) = [a;;(z)], see
also Talenti [T]. In the two-dimensional case, the “cone ”condition is a
consequence of the ellipticity condition, so it is redundant.

Under the cone condition Campanato [C] established higher integrability
properties of the second derivatives of the solutions, in the same spirit of
the results of Meyers’ [ME] for divergence elliptic equations.

In 1963 Miranda [M] proved that, if the coefficients lie in #1™, then the
Dirichlet problem

Lu = h
ue W) N Q)

is well posed. Here ) is bounded open set in R” and h € .£?(2). This result
is optimal in the category of .ZP-spaces. Indeed, for a;; € wrinE e >0,
the uniqueness fails.

71



72 CHAPTER 6. NONDIVERGENCE ELLIPTIC EQUATIONS

An improvement of Miranda’s result was given by Alvino and Trombetti

[AT]. They assume that %(Z lay in the Marcinkiewicz space £ . and the
8aij

constants in the weak type inequality for Ja. are sufficiently small.

New ingredients to this theory came in 1981 from the celebrated results by
Krylov-Safonov [KS] concerning Holder continuity.

In [CFL] Chiarenza-Frasca-Longo originated a study of the equations with
V MO-coefficients. They showed that if f belongs to ZP (Q),1 < p < oo,
then u belongs to -7 ().

Very recently D’Onofrio and Greco [DG] have studied the degree of regu-
larity of solutions of an elliptic equation of nondivergence form, which does
not fall under any of the preceding assumptions.

The aim of this chapter is to develop this theory for elliptic equations with
coefficients having sufficiently small BM O-norm. To formulate the results
we must first set up some notation and terminology (see 6.3). The last part
of this chapter is divided into two sections. The first one deals with elliptic
equations with bounded coefficients and the main result is a higher integra-
bility of |[V2u|. The second one deals with unbounded coefficients and we
obtain the following .#?log.% estimate

IV?ull 22108 2®n) < 1Pl 22108 2(R7)

We notice (see Proposition 6.5.3) that our assumption the BM O-norm of the
coefficients a;; to be sufficiently small is weaker than the smallness condition

for the ,iﬂvﬁeak norm of their derivatives % which allows the authors in

[AT] to obtain their existence and uniqueness theorem in #22nN ”//01’2 of the
solution to the Dirichlet problem

Lu=he £

6.2 Hodge decomposition

Given a vector field F = (f!, f2,..., f*) € £P(R", R") one can solve uniquely
the Poisson equation

F = Au=(Aul, Ad?, ..., Au™),

for U = (u!,u?,...,u") € 2'(R",R™). This yields the div-curl decomposition
of F, also known as Hodge decomposition:

F=E+B, (6.1)

* We have already introduced this symbol < in Lemma 5.1.1



6.2. HODGE DECOMPOSITION 73

where
B =AU—-VdivU and E = VdivU

where B and F are easily seen to be divergence and curl free, respectively.
More explicitly, with the aid of the Riesz transforms R = (Ry,...,R;,), we
find that

B=(I+R®R)F and E=—-(R®R)F.

Hereafter, we use the notation R ® R = [Ry;] for the matrix of the second
order Riesz transforms. We consider the projections of ZP(R™ R") onto
the spaces BP(R") and EP(R™), where we denote by BP(R™) and EP(R"™) the
spaces of divergence free and curl free vector fields in £?(§2, R™) respectively.
These projections are easily expressed in terms of the Riesz transforms B =
I+R®R and E = —R ® R. The uniqueness of the decomposition at 6.1
gives

ker B = EP(R") and ker E = BP(R")

There is another way of expressing F' in terms of the potential field U,
namely

F =V (divU) + div (curlU) (6.2)
Let us note that the divergence of a matrix function is being used here,
which is a vector field whose coordinates are obtained by computing the

divergence of the row vectors.
Now, if curl F € Z*(R", R"*"™), consider the Poisson’ equation for curl U

A(curlU) = curl(AU) = curl F € Z*(R",R")

By ellipticity of the Laplace operator we gain some regularity of curl U. The
second term in the right hand side of (6.2) belongs to the Sobolev class
wbs (R, R™), while the first term, denoted by Fp, is a curl free distribution.
It brings us to the following Poincaré type inequality

Lemma 6.2.1. For each distribution F € D'(R"™,R"™) with curl F € Z*(R",R"),
1 < s < o0, there exists Fy € E(R™,R™) such that F — Fy € #15(R",R")
and we have the uniform bound

|F — Follyrs = |DF — DFpl|gs < Cs(n) ||curlF|| »s
In much the same way, we obtain the following dual estimate:

Lemma 6.2.2. For each distribution F' € D'(R",R"™) with divF € Z*(R"),
1 < s < 00, there exists Fy € B(R™,R") such that F — Fy € #15(R", R")
and

| F = Follyrs < [|DF — DFyll s < Cs(n) || div F|| ¢



74 CHAPTER 6. NONDIVERGENCE ELLIPTIC EQUATIONS

It is worth mention that in both lemmas Fj is obtained via a singular
integral operator acting on F'. Consequently, if F' has compact support,
then Fy decays as C|z|~™ at infinity.

Some Orlicz-Sobolev variants of these lemmas are also available, but we shall
pursue this matter later on.
Let F € ZP(R™",R"), 1 < p < oo, be a given vector field. We decompose it
as F'= B+ FE, with B € BP(R") and E € EP(R™). Then we introduce the
operator S : ZP(R",R") — ZP(R",R") by the rule SF = E — B. Precisely,
we have

- S=B-E=1+2R®R

Here are the basic properties of this operator, showing great resemblance to
the Hilbert transform in the real line

1. S is an involution; SoS =1

[ sre = [ wsa

for any F € ZP(R",R") and G € Z4(R",R"), with 1 < p,q < oo,
satisfying p + ¢ = pg. Thus, in particular,

2. S is self-adjoint;

3. S: Z%R"R") — £?(R",R") is an isometry.
These are the legitimate reason for calling S the Hilbert transform in
R™.

6.3 Preliminary results

In this section we introduce the necessary background for the succeeding
proofs. The following lemma (see [IMMP]) establishes boundedness of sin-
gular integral operators and related commutators in the Orlicz classes.

Lemma 6.3.1. Let ®(t) =tPlog*(e+1), 1 <p < oo, a € R and let T be a
singular integral operator in R™. Then

IT(Nlzriogr 2 < Cpla) [[fllzrioge 2

Moreover if k € BMO(R"), then the commutator kT —Tk : £Plog® £ (R") —
ZLPlog™ Z(R™) is a bounded operator satisfying

(KT —TEk)f|l zriogc 2 < Cp(n,a) ||k||rroll fll.zr 1o -
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Lemma 6.3.2. Let us assume the following inequality holds

2
/ M <A withA>1
rn log (e + u)

w2
/ (%) <1
rn log (e+ %)

Proof. 1t is sufficient to observe that for A > 1

then

u)? 2
/ B G:7 Y B S
e log (e + %) rn Alog (e + u)
0

Let us recall a useful version of Gehring Lemma, for more details see

Gi].

Proposition 6.3.3. Let Q be a bounded open set in R" and g € £9(N2),
q > 1. If for any cube Q C 2Q CC )

q
7[qu93 < c (7[ gd:v) —|—7[ fldx + 07[ gdx
Q 2Q 2Q 2Q

where f € £ (), 7> q and 0 < § < 1, then there exist C = C(n,0,c,q)
and ¢ = €(n,0,c,q) such that g € £F (Q), p € [q,q+¢) and

loc

(/ gpdxy . c{@ngdx)i (iprdx)i}

In view of the forthcoming Theorem 6.4.1 we now state the following
lemma.

Lemma 6.3.4. Let u € #*%(R"). Then for every n € C*(R™), the follow-
ing inequality holds:

/ 2IVal? < 4 / IV 12 / V2l
n Rn Rn

Proof. Integrating by parts, we have

/nn|Vu|2:/n77<Vu-Vu>
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:_/nuwu-vn)—/nn-um

< / | |Vl [ V] + / 192 Jul I
Rn Rn

Replace n by n? € C§°(R™) in previous inequality to obtain
Lo 1va <2 [ qul (Fullal (90 + [ (9l
R” R” R”
This implies, in view of the elementary inequality 2zy < 6222 + g—;, that
1
[ <& [ v g [ aenP s [ 9Pl

Hence:

1 1
2 2< 2 2 2 2
LRIVl < s [ Rt = [ 19l

Taking 62 = % we obtain the desired inequality. O

6.4 Bounded coefficients, a higher integrability re-
sult

Let A : R" — R " be a matrix valued function on R” such that
€7 < (A@@), &) < K[¢)? (6.3)
for all £ € R™ and for a.e. x € R™. Let

Al Bro®n grxny < € (6.4)

where € > 0 is sufficiently small.

Consider the operator

n

Lu = (A(z), Viu) = ) AY(x)

3,j=1

0%u
69@83:]-

(6.5)

for u € W>1(R").

Our aim is to give a higher integrability result for second derivatives of
a solution u of equation
Lu=nh (6.6)
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Theorem 6.4.1. Let Q2 be a bounded open set of R" and u € %302(9) a
solution to equation (6.6) with h € £"(Q), r > 2.
There exists p = p(e) > 2, such that V?u is locally p-integrable and

1 1
<7[ |v2u|de>" < <7[ |V2u2d:c>2
Q 2

for any cube Q C 2QQ CC 2.
The following .#? estimate is useful to prove Theorem 6.4.1

Theorem 6.4.2. Let A € BMO(R"™, R"*") satisfy conditions (6.3), (6.4).
If u solves equation (6.6) then

IV?ull g2y < IRl g2mn) (6.7)
provided |V?u| € L*(R") and h € £?*(R").

Proof. We denote by f the gradient of u, f = .(fl,fz, ey J™) = Vu, where
the coordinate functions satisfy f; = Uy, = f7. Hereafter the subscripts j
and 7 stand for the partial derivatives with respect to x; and x;, respectively.

We have by (6.3)

V2ul> = |Df|? = ZZf‘”f“ ZZA” Vi

a=1i=1 a=114,j5=1
= Z U 128 + 30 Y AR
a=11,j=1 a=11i,j5=1

the second term of the right hand side is equal to Au - h, so we obtain

ZZA” (fOfL — 2 1) + (Au)h

a=114j5=1

ZZA” (f2f3 = fa )+ Vnlhl D]

a=114j5=1

by the elementary inequality ab < %aQ + %b2 the second term can be esti-
mated by the following expression

i arJ 1 2 g2
ZZAJ W fo = 21D + 51DFIP + S 1A

a=14,j=1
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Finally, the following estimate holds true

IDFE< 2> N AV(@)(f2 £ — £ f]) + nlhf? (6.8)

a=11i,j=1

Integrating on R", recalling by Lemma 5.2.4 that > -1, > ', fﬁfé—fgff €
' it is possible to use Lemma 5.1.1, Hélder inequality and assumption
(6.4):

| DS < 20Almiol 5 3 5ot = g2 i+ [ b

a=1i,j=1 R

<2€/ |ny2+n/ e
R™ R"

The first term in the right hand side is absorbed by the left hand side, pro-
vided ¢ = €(n) is sufficiently small.

Then we conclude with the desired estimate:

/ V20 = / IDFI? < efn) / n?
R” R™ R”

Let us state the following Caccioppoli type estimate

Lemma 6.4.3. Let u € %3&2(]1%”) a solution to equation (6.6) with h €
L2 (R™).

loc

Then
$AIV2uf? < K1 / 2 ([0 1920 + Vo) (6.9)
R~ Rn
+ [ Y Lu?
RTL
for any ¢ € C§°(R™).

Proof. Consider a test function ¢ € C§°(R") and v = pu. The partial deriv-
atives are: v; = pu; + @ju and vi; = Qu;; + QUi + Piiu A+ Piu;.
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By Definition (6.6)

n n
Lv = Z Azjvij = Z AY (gouij + @ju; + piu + (,Oin)
i,j=1 ,5=1

n
= ph+ Y Alpjui+ piju+ i)
ij=1

Using Theorem 6.4.2 and hypothesis (6.3), the following inequality holds
I V20 2 <l @h ll2+ 1 K VoVu [l2 + || K uVe 2. (6.10)
Since v = ¢u then
©V?u = V20 — 2VpVu — uV3p,

hence
I oVu 2 < || VP ll2+ || VeVu (2 + || uVZe ||

Finally, in view of (6.10) we conclude with the inequality
loV2ull2 < llehlls + || KV@Vu [|l2 + || KuVZe ||2

+| VoVu |2 + || uVZ ||z

This means that

[ A < [ meepivaP+ [ Kvepe
R™ R™ R™

4 / 22| Luf?

Applying Lemma 6.3.4 to the first hand right side with n = |V¢| and noticing
that |Vn| < |V2¢|, we obtain

LoIvi < &2 [ R+ [l [V 9l

S I
n R
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If we set = %, then [V| < [¢]|Ve] and [VZ¢| < [ V29| + [V,
This yields:

VR < K2 [ (VR + V)’

R

K /R ol [V P12 [V + /R | Lf?

Finally
WV < K / 2 (|20 + [V 2)° (6.11)
RTL

R’!L

LK /R 2| Vot + /R W Luf?

Let us consider the first term of the right hand side in (6.11) by the ele-
mentary inequality (a + b)? < 2(a? + b?) we obtain the desired inequality.

AVRP < [ (IRl 96R) + [t
R™ R™

RTL

Now we are ready to prove our main result

Proof of Theorem 6.4.1. Let us consider a bump function

0<y <1l ¥elr(2Q)

Yv=1 on Q
such that )
Vil <
VYl diam @
and .
V2 <

(diam Q)?
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Replacing the function ¢ in the inequality (6.9) we obtain

K4
V2u2<,/ u2+/ Lul?
/Q | | (diam@)* Joq 20 Ll

This inequality is not affected if we subtract any linear function from w, say
ug = Fx + A, so that we can write

2
V2u2<K47[ [“_“0} +7[ Lu|?
7{91 | 2¢ | (diam@)? QQ‘ |

Next we recall Poincare inequality:

(el = (f )

which holds for every s > max{1, HQ—& .

U — ug
diam?Q

Take s = nQ—fQ, to obtain weak Reverse Holder inequality

3 2 3
<][ \v"'uy?) < K2 (7[ |v2u|f+’5> +<][ \Lu|2>
Q 20 20

By Proposition 6.3.3 (with ¢ = 2) there is p = p (n,K) > 2 such that
V2u is locally p-integrable, provided h = Lu € .ZP(R") and so Theorem
6.4.1 is proved. O

6.5 Unbounded coefficients, a priori estimate

In this section, we wish to deal with unbounded coefficients.
Consider the equation
Lu=h (6.12)

where
Lu = (A(z), V) = f:AU(x) O
N ’ N 8.%18‘%]

ij=1

(6.13)
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for u € #%1(R") and
€7 < (Ax)g, €) (6.14)
for all £ € R™ and for a.e. x € R™. Let

IAll Bro@n rrxny < € (6.15)

where € > 0 is sufficiently small. Then the following a priori estimate holds.

Theorem 6.5.1. Let A € BMO(R"™, R**") satisfying conditions (6.14),
(6.15). Assume that A(x) = Ay, Ag constant, outside a compact set B C R™.
If u solves equation (6.12), then

IVl 22108 2(Rn) < 1Al 22108 2(R7)
provided V2u and h lie in the space .£2log £ (R").

Proof. Let us consider a test function

MlDf|>
IDfll2

Furthermore a well known result of Coifman and Rochberg [CR] tells us that

the function ¢ = log (e + %) is in BMO(R"™) and

p = log<e+

Il aro@) < e(n)
Let us multiply D f by the test function ¢. By Hodge decomposition
oDf = Dg + H. (6.16)
where both components are given explicitly by means of Riesz transforms.
Indeed
Dg = S(pDf), S : LPR",R™") — LP(R",R™"), 1<p< o0

and the divergence free vector H can be expressed as

H=T(eDf) =Ty —¢T)Df
where T is a singular operator in R" (for more details see [IMal]).
Since ¢ € BMO(R"), by Lemma 6.3.1

| H| 22108 2@n) = 0l BMO (1D fll.2210g 2R
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< 1Dl #2108 2R

Let us recall the pointwise inequality (6.8)

IDfP? < ZZA” YFEfL— fof]) + | (6.17)

a=11,j=1

It is obvious that

er\> ( M!Df\>
1°g<e+quu2 S s { < n7, (6.18)

Multiplying inequality (6.17) by ¢ , we obtain

eIDfI* <o ZZA” (FEfL = fo 1) | + olh)?

a=11j5=1

= Z Z A(2) [(pf) fL = IV F] + elhP? (6.19)

a=11,j5=1
Recalling (6.18) and (6.19), we have the following estimate

‘ i a ay £J
Ditog (e+ 100L) < 3750 a(w) [(o) 2~ (10 + ol

a=114,j5=1

(6.20)
Since, using (6.16)

pff =g + HY, ofs =ga+H™
we get by (6.20)

IDf [ log <e+ 5l ) 33 A ) [ - o

a=114,j5=1

+ 0N AT (g L - 9o t]) + el

a=14,j=1
Integrating the previous inequality, by (1.16)

1D 12100 ) < /|Ar|H||Df|+HAHBMo 1SS g0 g il
a i,

(6.21)
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4 / olhf?

where in the right hand side we have employed Lemma 5.1.1.

The estimate we are going to prove is technical but also fundamental to
higher integrability properties of (6.21). Let us go step by steps estimating
the right hand side of inequality (6.21).

Estimate for [, |A||H||Df]|.
Using the elementary inequality 2ab < a? 4+ b with a = |H| and b = | D f|

2 [anEDA < [ 1AlEE + [ alpE 622)
R R™ R
Adding and subtracting Ag, we obtain

2 /R AllH||DS| < /R A Aol |HP + /R A = Aol DS

+!Ao\/ (HP + [DfF) = I + I + I3
Rn
Let us denote by Iy, I, I3 respectively the first, second and third term in

the right hand side of the above inequality.
Let us estimate [, using inequality (1.17) and Definition 1.3.1

HP 13
= [ a- e = [ ( NiA— a0 ) 1 (603
- A3 N

7 < HP) N|A-A 1713
</ [ log ( 1+ + (eNA—Aol _qy | 1212
o L3 1513 N

2 2 1713 N|Ao—A
< NHHH‘Zﬂong + N " (6 o=l _ 1)

By assumption A(z) = Ay, for x € R” — B a.e., hence

/n (eN\A07A| . 1) _ /B (6N|A07A\ _ 1)

Since A belongs to BMO, we know by the John-Nirenberg lemma (see
Lemma 1.5.3) that for N large and A € BMO

/ (eNlAO_Al — 1) < 00
B




6.5. A PRIORI ESTIMATE 85

Recalling that ¢ € BMO and the BMO-norm of ¢ may be bounded by a
constant depending only on the dimension and applying Lemma 6.3.1 the
following inequality holds

1152105 2 < 2l 8210 1DFI%210g 2 < IDf %2105 2 (6.24)
Furthermore by Theorem 6.4.2, recalling relation (1.16)
1H |3 < lellzaro IDFIZ < 1IR3 < 1Al%2 105 (6.25)

It follows from (6.24) and (6.25) that

2
I = /R |A— Aol|HI? < N||Df|@2 og.2 T 11152 105 2 (6.26)
Analogously
2 2 2 9
I = /R |A — Aol DfI* < NHDfujzlogj + 171152 105 2 (6.27)

for the last term I3 using again (6.24), and (6.25) we have

I3y = 2IAol/Rn(IHI2 +[DfPP) = Aol [IHIIZ + |IDfI3]

< Aol {112 105 2 + I1013]

< Al 10g (6.28)

According the estimates (6.26), (6.27) and (6.28)

4
2 [ VAIHIDS < 1D g+ Mg (629

Estimate for Hgf‘fgz — ggfz]H)fl

According to a generalization of the results in [CLMS]

i o;_ ali A1 X P2log™t ¥ ZL?log & .
195 2 — gt er < 11Dgll g2 10g IDf]l (6.30)

Next we will estimate [|Dgl| g2 1551 o

IDgll 221051 2 = 150 D) 21051 2 < N0 DSl 221051 2
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=|[Dfll 221052 - | Fll 221051 & (6.31)
where D
T
||Df||$210g$

With the aid of the elementary inequality (1.17) we arrive at the estimate

¢F =(p—-1)F+F < Flogle+ F)+¢* ' =1+ F (6.32)
Since
-1 q = Jos(erimpi)-1 1 <6 MIDf) ., _ Mpy]
€ 1D ll2 el Df|l2

then by (6.32)
M|F|

oF < 2Flog(e+ F) +
el Fl2

Squaring
MF |?

1E]l2
dividing by log(e + ¢ F") and applying Theorem 2.1.10 and (1.16)

2 172 2 172 2
/ ¢’ F </ ©°F <8+HMFL12<,€
gn log(e + @F) = Jgn log(e + F) I1£']5

where k = k(n) > 1.
Hence, by Lemma 6.3.2 we get

O’ F? < 8F?%log’(e + F) +

/ (£F)° :/ Lt </ N
R”log(e—i—%) R"kﬂog(e—i—%) = Jre klog (e + @F)
Then by definition of Luxemburg norm
[eF | g2105-1 » < K(n) (6.33)
Hence, replacing (6.33) in (6.31)
1Dgll 221051 2 < () |Df]l 22105 2 (6.34)
It follows from (6.30) and (6.34) that

lgf' f2 = 9a i Lt < 1Dl g2 1051 2 - 1 DFll 22108 2 (6.35)
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< k(n)HDfH?fQ log Z"

Estimate for [, ¢|h|*.
To estimate the last term in (6.21), we need the following inequality

log(e 4+ 2) < 2 +log(1 + z?) (6.36)
Applying (6.36) to ¢, we obtain the following estimate

2
M|D/] 14 (ﬂﬂ?’ﬂ) ] (6.37)

IDfl2

><2+log

gpzlog(e—l—

Assume ¥ = log [1 + (%)2 .

Multiplying relation (6.37) by |h|?> and using inequality (1.17)
plhf? < 2|h[* + |h|?

Next using inequality (1.17)

|h?
17113

h 2
log <1 + |||h:| ) +e¥ — 1} A1k (6.38)
2

oI < 2l + [

by definition of ¥ and Lemma 2.2.11

v [ (MDf)?
Lo =1= [ Sppg <© (659

According to Definition 1.3.1, by (6.38) and (6.39)
e < 1By + 1lEaig s

< PN 2 10g 22 (R (6.40)

Finally, using the previous Estimates and (6.21), we obtain

/10 °g<”qu\2

4
< S IDFI%2 10g 2@ny + ||h”?f2log$ Rr) T 5k(”)||Df||§,ﬂ21ogy Rr
N g 2(Rn) (") (R")
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2
A2 10g 2@mn)

If N is large and ¢ is small so it is possible to absorb the first and the third
term to the right hand side then

HDfH?fﬂog.f(R") =< HhH?imlogf(R”)

1.e. :
IVl 22108 2(rn) < 1Al 22108 27
O

By using the following theorem, (for more details see [G]) we can deduce
a relation between the spaces weak-2"(1.2.8) and BMO (1.5.8).

Theorem 6.5.2. Let a € #11(Q) where Q is convex, and suppose there
exists a constant K such that

/ \Va|dz < KR"™ for all balls Bp.
QNBRr

Then there exist positive constants og and C depending only on n such that
/ exp (gla - aQ\) dx < C(diamQ)"
Q K
where o = o9|Q(diam) ™.
Proposition 6.5.3. Leta € #11(R™) be such that |Va| belongs to £ ™ (R™)
and ||Val| gn.~ < €.

Then a € BMO(R") and

lallrro@ny < Ce
where C=C(n).
Proof. Fix a ball B C R™. By Theorem 6.5.2, we know that if for B C B

R7[ |Va|dz < ¢
Br

then there exist constants o = o(n) and C' = C(n) such that

]{Bexp (g|a—a3]> de < C
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and this implies that

U][ la —agldx < C
€J/B

hence, taking the supremum with respect to B C R"

C
llal|Bpo < —e.
g
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