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1. INTRODUCTION

This booklet is a brief exposition of my lectures given at the summer school
MYSAGA 2018 at ITB - Bandung.

The aim of the lectures is to give a brief account on the problem of regularity
for linear elliptic PDEs of the second order. This goal is too ambitious to be covered
in a few lectures so we suggest the interested reader to study also some classical
books like [9], [16] or [8]. The focus is on divergence form equations and on the
minimal assumptions regarding the lower order terms. No smoothness assumption
is required to the leading coefficients.

I hope this can be of some utility to young researchers and PhD students and
anybody interested in the regularity theory for elliptic equations.

Any suggestion or warning about misprints and typos is welcome from every-
body. You may send your remarks to me by email.

I wish to thank all the organizers for the warm hospitality, nice atmosphere
and useful conversation I had with many interested students and colleagues. Special
thanks to Professor Hendra Gunawan, Denny Ivanal Hakim, Ifronika, Muh. Nur,
Nicky K. Tumalun and Harmanus Batkunde. Thanks to the other lecturers for
important opportunity to share common knowledge and new ideas. Thanks to all
the participants because without any of them and us the school could not happen.
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2. LINEAR ErripTic PDES AND THEIR SOLUTIONS

In this chapter we introduce linear elliptic partial differential equations and
several notions of solution. Indeed, classical solutions very often do not exist. For
this reason in the literature many different kind of solution have been introduced.
In particular we will focus on weak and very weak solutions.

2.1. Uniformly elliptic equations. Let us consider a partial differential equation
of the following kind

div(A(z)Vu) + b(z) - Vu + div(ud(z)) + V(z)u = f(z) + divg(z) (1)

in a given domain ) C R™ where b, ¢, d, V, f and g are given measurable functions.
In general we are interested in the regularity properties of generalized solutions of an
equation like (1). In order to make sense to (1) we will make suitable assumptions
on the coefficients that we will make precise later. The simplest equations of the
kind (1) are Laplace equation Au = 0 and Poisson equation Au = f.

Let A be anxn matrix with bounded and measurable entries {a;;}. Although
it is not really needed, we will assume that the matrix is symmetric. In what follows
we also assume an important condition on the function A, the so called uniform
ellipticity condition.

Definition 2.1 (Ellipticity). We say that equation (1) is uniformly elliptic in Q if
the following condition is satisfied

Jv >0 : vE]? < (Ax)E€) < v HeR Vé € R™ a.e. x € Q. (2)

Condition in Definition 2.1 is said uniform ellipticity because the v does not
depend on z. To simplify the notation we will refer to Definition 2.1 as ellipticity
and the number v will be called ellipticity constant. The prototype of elliptic
equations is Laplace equation.

2.2. Weak solutions and classical results. Since our interest is to allow dis-
continuity in the functions A and B we have to define what we mean by solution
of the equation (1). Indeed, under this generality, classical solutions do not exist.

Definition 2.2 (Weak Solution). Let us consider the elliptic equation (1) in a
domain Q C R™ where b, ¢, d, V, f and g are given measurable functions. We say
that a function u € WH2(Q) is a weak solution of (1) if and only if the following
identity hold true

/QA(x)Vquodx—l—/Qb(x)goVudx—i—/Qd(x)quodx+/QV(x)u<pdx

. / f(@)pdz + / g0)Veds Ve WEAQ). (3)
Q Q

In the following A will be a symmetric elliptic matrix of bounded measurable
functions in Q.

Moreover - to keep the exposition simple - we will set
V=0 b=d=g=0
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so the equation will contain only the leading term A and the known term f that
usually is an element of W—12((2)

Lu = div(A(z)Vu) = f (4)

which is called variational (or divergence form) equation in principal part.

It is a very well known and classical result that if f € W~52(Q) then a unique
weak solution exists. Indeed it is an easy consequence of Riesz representation
Theorem.

Once we know that the weak solution exists we would like to know if the
solution enjoys good regularity properties. The most outstanding classical result
about regularity is given by the Theorem of De Giorgi - Nash - Moser for linear
homogeneous elliptic equations (see [4], [18] and [19]).

Theorem 2.3 (De Giorgi - Nash - Moser). Any weak solution of the equation
Lu = 0 is a Hélder continuous in Q). The exponent a is a function of n and v only.
Moreover, for any ball Bg,(y) € Q there exists a constant ¢ = c¢(n,v) such that the
following estimate holds true

I 1/2
osc u<c () f |u|? dz VR < Ry .
Br(y) Ry Bro(v)

Remark 2.4. Two very important points are the following.

1. The constant ¢ does not depend on the solution. It depends on the operator
via its ellipticity constant v.

2. We do not require any continuity assumption on the function A. Without
further notice the function A will be a bounded measurable function in Q.

Theorem 2.3 is a very important result in the theory of elliptic PDEs and it
has been extended to several different kind of elliptic equations. It is one of the
fundamental tools to attack some classes of non linear problems.

If we focus on equation (4) and we want to allow unbounded and discontinuous
term f we are leaded to assume some integrability conditions. This has already
been done and now it is something that is considered as a classic in the theory of
regularity.

Before stating some classical results we focus on the following examples (see
the book [16]).

Example 2.5. The function
u(z) = log|log|z|| YO < |z < R<1/e
for suitably small R is a weak solution of
n—2 1

~ JaPlogla] 2|2 log? 2]

Au

We notice that the right hand side belongs to LP for p < n/2. Moreover, the
solution is not locally bounded and then we cannot have any regularity on w.
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We can also exhibit the bad behavior of the Dirichlet problem when the
coefficients are not much integrable.

Example 2.6. The functions u(x) and v(z) = log|log R| for any R < 1/e are both
weak solutions of the Dirichlet problem
Au+b-Vu=0 0<|z|<R
u=1log|logR| |z|=R
n—2 1

= 2] - 57 3 so the Dirichlet
|z[?log |z |z|?log® |z]

where b = —F(x)log|z|z and F(x)
problem does not have uniqueness.

The following is a result that parallels De Giorgi Theorem and refers to
differential equation with lower order terms. We quote here a reduced version of
Stampacchia Theorem adapted to equation (4).

Theorem 2.7 (Stampacchia see [25]). Let f € LP(Q) with p > n/2. Then any
weak solution of the equation (4) is Holder continuous in ).

Previous examples and Stampacchia Theorem show that there exists an in-
tegrability threshold depending on dimension such that below the threshold there
is no regularity. Moreover, this phenomena does not depend on the smoothness of
the function A. Looking at the examples and Theorem 2.7 it seems that we can
have regularity if - and only if - the function f belongs to L with p > n/2. This is
true if we consider Lebesgue spaces as the only spaces where to put the coefficients
of our differential equation.

By using a different approach we will see that this can be improved very
much allowing a different family of spaces to be chosen as family of spaces where
to assume the coefficients of the equation.

2.3. Weak solutions and the modern results. The first result in a different
direction is contained in the paper by Aizenman & Simon (see [1]) where they
showed - by using probabilistic arguments - that the weak solutions of the equation

Au+Vu=0
are continuous. The assumption in [1] regarding V is the following

Definition 2.8 (Stummel-Kato class). Let V' be an integrable function in R™. Let

n(r) = sup /B Mdy

vekr S, |7 =y

We say that V belongs to the Stummel - Kato classes S or S if the function n is
bounded or infinitesimal in a neighborhood of zero respectively. The function n is
called the Stummel - Kato modulus of V. If Q is a domain we say V € S(Q2) or
V e 5(Q) means V(z)xa(z) belongs to S or S respectively. In the case n = 2,

log |z — y| replaces W in the definition.
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In general it is not easy to check if a function belongs to these classes. In the
special case of radial functions we have the following result.

Theorem 2.9. (see [1]) Let V' be a radial function in R™. Then, V belongs to S
if and only if

/ r|V(r)|dr < 4o00.
0+

Some years later - in 1986 - Chiarenza, Fabes & Garofalo (see [3]) gave ana-
lytic proof of Aizenman & Simon result for any uniformly elliptic equation

div(A(z)Vu) + Vu =0 (5)
assuming V' in the Stummel - Kato class S(2).

Theorem 2.10 (Chiarenza Fabes Garofalo). Let u be a weak solution of the equa-
tion (5) in Q C R", n > 2. Let us assume V in the Stummel - Kato class S(£2).
Then, any weak solution u is continuous in €.

To better understand Stummel - Kato class we introduce a family of function
spaces introduced by C.B.Morrey in [17] that will be very useful in the sequel. In
order these spaces to be more handy we will make the following assumption on the
boundary of the given domain §2.

Definition 2.11 (Domain of type A). A domain Q C R™ is said to be of type A if
for every x € 0N there exists a constant A > 0 such that

2N Br(z)| = A|By(2)]
for any 0 < r < diam(Q?) and any x € ON.

It is easy to realize that the geometric meaning of the Definition is to avoid
outward cusps.

Definition 2.12 (Morrey spaces - see [12]). Let f be a locally integrable function
in a type (A) domain Q CR", 1 <p < oo and 0 < A < n. We say that [ belongs
to the Morrey space LPA () if

Es= s [ <o
0<r<diam$ ’
There is a simple relation between Morrey spaces and the Stummel class.
Theorem 2.13 ([5] and [6]). The following inclusions hold true
L? C S(Q) p>n/2
and

L'*cs n—2<i<n.

Moreover, the inclusions are strict.
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Proof. The first inclusion is a consequence of Holder inequality

1f(y)] 1/p'

y o

/ = =z W < Ifll / lz — y| (27 gy
Bla,s) 1T =Yl )

and the last integral is finite because p > n/2. In fact, evaluating it in polar
coordinates we get

0(r) < el fllpr?"7.
To prove the second inclusion we use Hedberg trick (see [11]) and Holder
inequality to obtain

=t yij”/ ()l ”dy<||fHuZ( )

(z T/Qk)\B (z r/2’C

where the series is convergent because A > n — 2.
Finally we get
n(r) < cllflar
|

In view of the development of the theory a natural question then is: ”Can we
obtain better regularity results assuming f in suitable Morrey spaces?”

Morrey spaces are not so easy to handle as Lebesgue spaces are. Here follows
some negative properties.

1: Morrey spaces are not the closure of smooth functions.
2: Mollifiers do not converge in Morrey spaces.
3: The Morrey norm does not have the absolute continuity property i.e.
|lul| ».»(By) is nOt infinitesimal with R.
4: For any 1 < p < oo there exists a function u in LP* such that u ¢ L9 for
any g > p.
Despite of that we will see that

1: Morrey spaces imply regularity.
2: If the function f has a sign they are also necessary for regularity.
In the following sections we will show that regularity can be obtained even if

the integrability of the coefficients is lower than the integrability required by the
classical theory.

3. VERY WEAK SOLUTION AND GREEN FUNCTION

We will introduce a different definition of solution. It will be called very weak
solution and it is much more general than that of weak solution.

Our motivation for that is an important result due to Littman, Stampacchia
& Weinberger (see [15]) stating that equation (4) has a weak solution if and only
if f belongs to W~12(Q2). This is very important for us because in general LP*
not contained in W2 and then weak solutions may not exist.
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3.1. Very weak solution. We introduce the definition of very weak solution as
in [25] and [15].

Definition 3.1 (Very weak solution). Let 2 be a bounded domain in R™ and let p
be a bounded variation measure in Q. A function u € L*(Q) is a very weak solution
of the Dirichlet problem

6
u=20 on 0f) (6)

if, for any o € Wy* () N COQ) such that Ly € C°(Q), we have

/uLgpd:z::/g@du.
Q Q

Remark 3.2. The class of test functions is non empty by De Giorgi and Stampac-
chia reqularity Theorems.

Indeed, let ¢ be a C°(Q) given function. Then, there exists a Holder con-
tinuous weak solution ¢ of the equation Ly = 1) so ¢ € Wol’z(Q) and then ¢ €
CO(Q) N W, % (Q).

{Lu:,u in Q

Remark 3.3. Very weak solution is unique. Indeed, if u is a very weak solution
of the homogeneous problem

Lu=0 1inQ

u=0 ondQ
then u = 0. To show this, let » € C°(Q) and ¢ in W)(Q) N CO(Q) such that
Ly = . Since / uLpdr =0 i.e. / udr =0 for any continuous ¥, we have

Q Q

u =0 in Q.
3.2. Green function. In this section we introduce a very important tool for linear
differential operators that is the Green function. Since our exposition follows closely

the paper [15] we first define the Green operator.
Let us consider the problem

Lu=T in
_ (7)
u=20 on 0f).

By the definition of very weak solution, there exists a linear application

G:W™h2(Q) = W2 (Q) (8)

defined by G(T') = u. This is what we call the Green operator. Now, by the
local boundedness and the local Holder continuity Theorems we have that (8) hold
true and for any T € W~12(Q) the function

u=G(T)
is the unique weak solution in W, *(Q) of the Dirichlet problem (7).
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Theorem 3.4. For any bounded variation measure p on §) there exists a unique
solution of the equation Lu = p that is zero on the boundary 0Q2. Moreover it

belongs to Wol’p/(Q) for any p > n.

Moreover, the operator G maps continuously W~=?(Q2) in C°(Q). Indeed, if
p > n, by De Giorgi - Nash - Moser Theorem we have

G:WP(Q) = C%Q)
and there exists ¢ such that
mgXIGW)I <cllYlloip, Ve WHP(Q).

Then, u is a very weak solution of Lu = p vanishing on 02 if and only if

/dez:/gaw)dﬂ

_ ’ [ ew) du‘ <c [ Jaull]-1.
Q Q

for all ¢ € C°(Q) and
/ u dx
Q
for all 1 € C°(Q2).

By density we have

lullyrr < c / d|
Q

for p > n. The application pu — u is the adjoint of G, i.e. u= G*(u).
Since
G: Wt - CYQ)
is continuous by duality we have that G* is also continuous from the space M of
the measures with bounded variation in Q to WO1 P /(Q) For any p € M we have
G (1) € Wy P (9).
Now we are ready to compare the notions of weak and very weak solutions.

Theorem 3.5 (Littman - Stampacchia - Weinberger). Let Q C R™ be a bounded
domain and p be a bounded variation measure. Let u € L'(Q) be the very weak
solution of the Dirichlet problem (6). Then w is a weak solution if and only if

peWw-2(Q).

Proof. Let u be the unique weak solution in WO1 2(Q) of equation Lu = pu. We have

/ A(z)VuVe de = / pdu Vo e WyP(Q)
Q Q

‘/qudu

which means that g € W=12(Q).
Now, if u € W=12(Q) there exist fy, f whose components are L?(2) functions
such that p = fo+divf. If Q is bounded (which is our case) we may assume fo = 0.

and then,
<v|Vul2|Vol2 Vo e WyP(Q)
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Then we can say that equation Lu = div f has a weak solution by classical Hilbert
space approach. O

Definition 3.6 (Green function). If y € Q the Dirac mass at y, d, is a bounded
variation measure. Then we may consider the very weak solution g(-,y) of the
Dirichlet problem in the case p = 6,. Such a function will be called the Green
function for the operator L with respect to the domain ) with pole at y.

Remark 3.7. The Green function satisfies
| st Leta)dn = [ ol @

for all € CO(Q) N Wy(Q) such that Lo € C°(Q). Then, by definition of 8, we
have

SD(Z/)Z/Qg(x,y)Lgo(x)dx.

It is worth to mention that the concept of Green function has been deeply
revisited in 1982 in a famous paper by Griiter & Widman. We summarize here
some of their results.

Theorem 3.8 (Griiter & Widman - see [10]). There ezists a unique function G :
QO x Q\{z =y} > RU{oo} such that

1. G(z,y) > 0 where it is defined.

2. For any y € Q and any r > 0 such that B,.(y) C Q the function G(-,y)
belongs to W12(Q\ B,(y)) N Wy ().

3. The following relation holds true

/ A@)V,G(z,y) Vo de = p(y)
Q

for all ¢ € C§°(Q). Moreover, if we set G(z) = G(z,y), the function G
satisfies the following properties

4. G belongs to the space LZ/(TFQ)(Q) with bounds depending on the ellipticity
and dimension only.

5. VG belongs to the space Lg/("_l)(Q) with bounds depending on the ellip-
ticity and dimension only.

6. G belongs to the space WOI’S(Q) foranyl <s< Ll with bounds depend-
n

ing on the ellipticity, dimension and the exponent s only.

7. There exists a positive constant c depending on the ellipticity and dimension
only such that G(xz,y) < clx —y|>™" for all z,y € Q,x #y.

8. There exists a positive constant ¢ depending on the ellipticity and dimension
only such that

G(a,y) > clo =y

1
for all z,y € Q such that 0 < |x — y| < id(y,aQ) ,T £y,
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Remark 3.9. The Green function defined in [15] and in [10] come in very different
ways.

We have the following result.

Theorem 3.10. The Green function g defined by Stampacchia and the one G
defined by Griter & Widman are the same function.

Proof. If y € Q2 and p > 0 consider the family of functions
f@(x) = |B9‘_1XBg(y) ()

where x7(z) denotes the characteristic function of the set I.
The set of solutions G,(z,y) of the problems

Lu=f, in Q
u=20 on OS2

is bounded in Wy"*(€), 1 < p < n/(n — 1) because of the estimate
1Go(z, )y < Cllfl =C

due to [15]. Moreover it is easy to see that f, converges weakly™ to the Dirac mass
i.e.

/Q P@)folade— [ o) o e COR)NL=(@),

Following [10] we select the sequence {G (z,y)} that converges weakly in Wy ()
(1<p<n/(n—1))to G(z,y) as k — oo. Moreover we may assume that G2 (z,y)
converges to G(z,y) in L*(€2). The function G (z,y) is the variational solution,
and then the very weak one, of (12) with g in place of ¢ so that

/GQ’“(m,y)Lgo(x)dz = / o(x) for (x)dr VEeN VopeTy.
Q Q

Here we write T, to denote the class of test functions related to the operator L as
in the Definition 3.1.
Now if £ — 400 we get

/G(x,y)Lga(x)dw:/go(x)ddy Yo e Ty
Q Q

that is G(x,y) is the very weak solution of

Lu =, in Q
u=~0 in 0.

By uniqueness of the very weak solution and the fact that g(x,y) satisfies to the
same problem it follows that

g(as,y) = G(x’ y)'
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3.3. Representation formula. In this section we will prove a representation by
using our knowledge about the Green function. The formula is going to be very
useful to prove our regularity results.

Indeed, let us consider ¢ € C°(Q2). Since C°(Q2) € W~12(Q) the problem
Lo=v¢ in Q
p=0 on 0N

has a unique weak solution that we call ¢ and it belongs to Wol’Q(Q). By De Giorgi
Theorem we have ¢ € C°(Q). The Definition of very weak solution now yields

[ st = [ o, (a)

Q
i.e.

e(y) :/Qg(ﬂﬁ,y)d)(x)dx.

We can represent the very weak solution of the Dirichlet problem (6).

Theorem 3.11 (Representation formula). Let p be a bounded variation measure
in a bounded domain Q C R™ and let u € L'(Q) be the very weak solution of the
Dirichlet problem (6). Then, the following representation formula holds true

u(r) = /Qg(x, y)du(y)

where g(x,y) is the Green function for the operator L with respect to  with pole
at y € Q.

Proof. Existence and uniqueness have already been proven. We simply verify the
formula. Let ¢ € W32(Q) N C°(2) be such that Ly € C°(Q). Then

/Qcp(y)du(y)=/ﬂ</Qg(w,y)L<P($)dw) du(y)
— [ ([ stonint)) potwras

_ /Q (@) Lo(x)dz

and then / u(z)Lo(x)dx = / o(z)du(z) for any ¢ € Wy 2 (Q) N C°(Q) such that
Q Q
Ly € C°(Q) that is the result. O

Representation formula will give us important information about the regu-
larity of the very weak solution.

4. REGULARITY

In this section we apply what we know from previous sections to deduce
regularity properties of the very weak and weak solutions.
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4.1. Sufficient conditions for the regularity. In this section we give some suffi-
cient conditions for the regularity of the very weak solution of the Dirichlet problem

{Lu:f in

(10)
u=20 on 0f2.

First we recall the following Chiarenza—Frasca Theorem (see [2]) which is a
generalization of the Hardy — Littlewood maximal Theorem to the case of Morrey
spaces.

Theorem 4.1 (Chiarenza — Frasca). Let 1 < p < 400 and 0 < A < n. Then, there
exists a constant ¢ which depend on n, p and A such that

[Mfl[rex < el fllpox -
If p =1 we have the following weak type estimate

tH{y € Br(x) = Mf(y) > t}| < cr?(|fllpix-

For1 <p <400, 0< X <n the function M f is finite for almost all x € R™. Here
M is the maximal Hardy — Littlewood operator.

It is convenient to give here the following Definition.

Definition 4.2 (Weak Morrey space). Let Q CR™, 1 < p< oo, 0 <A <n. We
say that a locally integrable function f belongs to the weak Morrey space LA () if
there exists a constant ¢ such that

Pz € Q ¢ |f(z)| >t} N B.(x)| <er®  VE>0.
Remark 4.3. [t is quite simple to check that
LPA(Q) € LIN(Q) for any q such that 1 < g <p.

Theorem 4.4 (Extra integrability of very weak solutions). Let 0 < A < n — 2,
f € LYN) and let u be the very weak solution of the Dirichlet problem (10). Then,
u € LP2MN(Q) where the exponent py is given by the relation

1 2

D n—X\

As a consequence, u € LP(Q) for any 1 < p < px. Moreover, there exists ¢ > 0
such that ||ul|e < c||fllp1.» where ¢ does not depend on w and f.

Proof. By the representation formula we have
u(x)] < /Qg(fzay) [f(y)ldy < C/Q |z =y~ f(y)ldy

a.e. in © where g(x,y) is the Green function of L with respect to £ with pole at
y € Q and ¢ is a constant which depends on n and v. Since B,(z) C Ba,(z) C Q
we have

/ \f(y)l_2 dy:/ \f(y)l_2 dy+/ \f(y)l_2 dy=1+]II.
olr—yln By (2) [T —yI" O\ Boy(x) 1T —Y|™
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We estimate the two integrals by using Hedberg trick (see [11]) and so we have
o0 o0 2
I:Z/ %dyﬁcZ(%) Mf(z) = cr’Mf(z)
=SB /21 )\ B 20) |2 =Yl Py

where M f(x) is the Hardy-Littlewood maximal function of f at z € Q. Now
estimate I1. We have

3 W) e Ania
n=y, [ e e @0 = e s
k:1r2k+1§|mfy\<r2k‘ k=0

Then, for any r > 0,

/ % dy < e (r*Mf(x) + "2 fllia-nsz)
lr—yl

for r > 0. By taking the minimum of the right hand side we get

/)l 1 =2
s dy < e (M f(x) P fIE
| B dy < @) I
so that
2
fu@)| < e |l FITT (M f ()™
a.e. in  and the result follows by Chiarenza - Frasca Theorem 4.1. O

We would like to point out that if A — n — 2 then p) — co. Because of that
we would expect that f € L1"=2(Q) should imply u € L>(). Unfortunately this
is not true as the following example shows.

Example 4.5. Let Q = {x € R" : 0 < |z| < 1}, n > 3. Then the very weak
solution of the Dirichlet problem

is the function u(z) = log |z |.

The example suggests that f € LY"~2 implies u € BMO. This is indeed the
case as the following Theorem shows.

Theorem 4.6. If f € LY =2(Q) the very weak solution u of the Dirichlet prob-
lem (10) belongs to BMO locally in the following sense. Let Q' € Q and d =
dist(QY',0Q). Then, there exists a constant C = C(n,v,d) > 0 such that

/ () — o | dy < Clf s
B, (x)

d
forallO<1"<§ and x € .
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Proof. For any g € Q' and 0 < r < d/2 let us consider B = B,(x), B* = Ba, ()
and f1 = fxp+, fo = f(1 — xB~). Let us denote by u; and uy the very weak
solutions of the following Dirichlet problems

Lu=f; inQ Lu=fy inQ
u=20 on 0f) u=20 on 0f)

respectively. By representation formula we have
u1($)=/99(937y)f1(y)dy7 uz(m)z/ﬂg(w,y)fz(y)dy

and then

w (&) + us(x) = / o, 9) f(y)dy

Q
so by uniqueness we get
Uy + Uy = u.

We perform separate estimates for u; and us. We first estimate u.

J lua(o) = ur, | de < 2urls =2 | | Awatepay
—c [ 151 (f o= P as)ay

¢ —-n
<< [ 1w / o~y dz | dy
|B‘ B* B, (y)

_ 2 /B @)y < ¢l

dx

that is
f fuy — 1 | < € fll1nz.
B

We now estimate uy by using the representation formula. Then we get

J ato) eyt = f
_fB /Q\ L 9E W ()dyds
:fB /Q\B* fy) [g(x,y) —fBg(z,y)dz] dy
< [ v (f oo - f ot

RGO

dxr

dx

dx)dyz]—i—[[
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where

da:) dy

dm) dy .

To estimate I we note that g(-,y) is a weak solution of Lu = 0 in B and by De
Giorgi Theorem it is a-Holder continuous for some 0 < o < 1. Let «* be a point

in B such that g(z*,y) Zf g(z,y)dz.
B
Then

/B ‘g(w, y) — fB 9(z,y)dz

- / ol ([ \gu,y) - f szv)a:

(\B*)N{y:|zo—y|<d}

IT = / Lf ()] (/B ‘g(ff,y) —fBg(%y)d»Z

(\B*)N{y:|zo—y|>d}

dz :fB lg(x,y) — g™, y)| dz

2 (e}
<c f 9% (x, y)dx <T> :
Blzg—yl/2(Z0) [0 — |

Since g(-,y) is a positive weak solution we may apply Harnack inequality in
Blzy—y|/2(®0) and then

N|=

g(z,y) < max  g(z,y) <C  min  g(z,y)

Blzo*y\ﬂ(w(’) BIIO*y\/2(7JU)
< Cg(zo,y) < Clzg —yl>™".

By using the previous estimates we can bound the integral involving the Green

function
/,

g(x,y) —fBg(zvy)dz

dz < ¢pp|T0 — Y2
so we get
r<et [ Wl - P
(\B*)N{|zo—y|<d}
=ory / )0 — v~y < C s

F=Lgkr< 2o —y| <2k r}n{|wo—yl <d}
Now we estimate I1.

ns [ wwi(f \g@c,y) ~f st

(\B*)N{|mo—y[>d}

das) dy

<ca [ wldy < Clfla-e.
(@\B*)n{|zo—y|>d}
Indeed, by triangle inequality we have

|20 —y| < |wo — 2|+ |z —y| <7+ [z —y]
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and then p
|x—y|2|x0—y|—r>§ Vo € B.
(]

Up to now we have shown regularity properties for the very weak solution
because in this generality weak solutions do not exist. If we want to obtain more
regularity we need to make the assumptions on f stronger.

So now we show a very useful inclusion relation to prove that, from now on,
the very weak solution is indeed the weak solution.

Theorem 4.7. We have S(Q) ¢ W~12(Q).

Proof. We show that there exists a positive constant ¢ such that

[(Fro)l <en(f) Vel Ve e C5o(Q).

Indeed, by using the Fefferman inequality we have
1/2 1/2 1/2
o< ([irar) ([1etac) e [ iriar) supae) 9ol
Q Q Q >0

We remark that the previous was so quick because we have used the following
inequality that is very useful for many results in PDEs and it is of independent
interest.

d

Theorem 4.8. (see [27]) Let 1 < p < n, Q be a bounded domain in R" and V
belongs to the class S(2). Then there exists a constant ¢ such that

1/2

(/ WV (@)||u()? dx) < cn(QR)/ Vu(@)de YueCP©Q) (1)
B B
where R is the radius of a ball B = Bpg, containing the support of u.

Proof. Since u is a smooth compactly supported function we use the following
elementary sub representation formula

o) < [ Ty = [ 9tk (12)

n o=yt

from which it follows that

[ W@k <e [ vl ([ vuoike.ode) a
—c [l ([ W@l oar) ac

<c( / Vu<§>|2d§)1/2 ( / ( / |v<x>||u<x>k(x,@dx)ng)l/z
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By considering the last integral we can write

([ vl >|k<xsdx) ([ v@ikoar)
>< ( [ W@l i)

and then, we obtain

[ W@l do < ( / |Vu(§)2d§)1/2 y
X [V (2)|k(z,§) dz |V ()| k(z, €)|u(z)|? d dE v
(L )/, )
-(/ IVU(£)|2d£>1/2><

x| AV(@)|lu@)? | k(z,€) V(2)|k(z,&)dz | da

B B B
< ( /| |Vu<§>|2ds>l/2 x < / T}(R)V(x)|u(x)2d;p)l/2

—n'/2(R) (/BWu |2ds>l/2(/ V(@) ux 2dx> a

from which (11) easily follows. O

Now we prove a regularity result concerning boundedness of the weak solution.
Indeed, because of Theorem 4.7 the very weak solution is the weak one.

Theorem 4.9. If f € S(Q) then the weak solution u of (10) is bounded in Q.

Proof. For any x € ) we have

ju(z)] < /Q gz 9)|f ()ldy < e /Q F@)llz — "y

< esup / F @)l — y>"dy.
r>0JQNB, (z)

d

Now we restrict our assumption on f and prove the result about the continuity
of the weak solution. The proof is inspired by the Theorem of Chiarenza — Fabes
and Garofalo in [3].

Theorem 4.10. If f € S(2), then any weak solution u of equation Lu = f is
continuous in €.

Before giving the proof of Theorem 4.10 we recall two important results in
the form we need for our argument.
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Theorem 4.11 (Caccioppoli). Let u be a weak solution of the equation Lu = 0.
Then there exists a constant ¢ = c¢(n,v) such that

/ |Vul>¢? do < c/ WVl de Ve e CP(Q).
Q Q

Theorem 4.12 (Harnack). Let u be a non negative weak solution of equation
Lu = 0. Then there exists a constant ¢ = c(n,v) such that, for any ball B such
that 2B € ) we have

supu < cinfu
B B

Now we can prove Theorem 4.10 about the continuity of weak solutions.

Proof. Let 1 be the Stummel modulus of f. By the embedding the solution is weak
and by inclusion of S in S it is also bounded.
We have

/A(x)VuV¢dm = | flx)yY(z)dz
Q Q
for all ¢ € C§°(Q). If B, is a ball such that By, € Q let ¢ be a cut-off function

Cg°(Q2) such that 0 < ¢ < 1in Q, ¢ =1 in Bs, /5, ¢ =0 out of By,.. Then u¢ is a
weak solutions of

L(ug) = f¢ — div(A(x)uVe) — A(x)VuVe.
By representation formula we get
u@)o(o) = [ Fw)otate, vt
+ [ V(e At uts) Vol
Q

_ /Q Vu(y) A(y)Vé(y)g(x, y)dy.

For any = € B, /5(x0)

u(®) — u(zo) = / F@)oy) (92, ) — 90, )) dy
- / A(y)VuVe (9(z,y) — glxo.y)) dy

+ /Q (Vay(z,y) — Vgy(zo,y)) Aly)u(y)Vody
=T+ I11+II]
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First estimate I. Let N > 1 to be chosen later.

HE / F@)ow) (9(z,y) — glzo,v))| dy
{yeQ:|zo—y|>N|z—x0|}
+ / F@)6) (9(z,y) — glzo.y))| dy
{yeQ:|zo—y|<N|z—x0]|}
= A+ B.

To estimate A we use the remarkable information that the Green function is a weak
solution outside the pole. This means that g(-,y) is a-Hélder continuous out of the
pole because of the De Giorgi Theorem and moreover it satisfies Harnack inequality
because it is a positive solution. Then the following inequality hold true

zo — x|\ ¢ 2
o6~ st < (2= (f Jgtapar)
< -« < -« i
< ON™% max g(z,y) < ON™* min g(z,y)
< CN~%g(z0,y) < ON"%|zg —y[* ™"
and then
A<CON-® / F@)6) |20 — y>dy < CN-n(2r).

Bar(z0)
Now estimate B by using Theorem 3.8.

l9(2,9) — g(z0,9)| < c( L 1 )

_|_
|t —y["=2  |xg — y|n 2

Then, due to the domain of integration,

pec | LT Wl

|z —y|n2 lzo — y["2
|zo—y|<N|z—20| [zo—y|<N|z—z0|

1/ ()|

<C TS
|z —y|™
|z—y|<(N+1)|z—ao|
< On((N +1)|zo — z|) + n(N|z — z0l)

dy +n(N|z — zo|) <

r 3
By choosing now N = () we get
|z — o]

z — 20|\ /2
ns (2220 aen+
(/e mal) + (/e mo] + Jx o).

Now we estimate I and I11.

= [ (g(e0) - ol ) A VaViedy
Bar\Bsr /2
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By De Giorgi Theorem there exists « = a(n,v) > 0 such that

|z — 2o \* 1
_ <
l9(,y) = g(xo,y)| < c < - 70 — g2

if y € Ba, \ Bsy )2, so that

< ('x — xol) / vy
r r B2r\Bz /2 |I0 - y|

(6%
< ertm (x xO') / |Vu|dy
r Ba,

1] < ¢(n, v) (”“"‘9”0') r<f |Vu|2dy> .
r B,

Then, by Caccioppoli inequality

1< et (U500 (f i)
r By,

Finally we estimate I11.

1= /B o (V9() = V2,0 Al) V()
2r \D3r/2

and then

By Cauchy Schwarz inequality and Caccioppoli inequality we have

C
|I11] < f/B . IVay(2,y) — Vgy(zo,y)|luldy
2r\D3r/2

1 3
([ wea) ( [ Vo) —ng<xo,y>|2dy)
B, B2\ Bsy /2
1 3
¢ 2 2 2
== lul“dy l9(z,y) — g(z0,y)|"dy
r Ba,. Sr<jzo—yl<§r

De Giorgi Theorem and pointwise estimates of Green function yield

a :
111 < c (M) (f |u2dy>
r B,

Merging previous estimates we get

=

(VAN
RES

a/2

u(e) — uao)] < ¢ ln(%) (=220 4 /T =zl
(/T ol + Iz — o)

() ()]

as ¢ — xo because f € S().
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As L' is contained in S we can hope better regularity if we assume f € L1,
A>n—2.

Theorem 4.13. If f € L' (Q), n —2 < X\ < n, then any weak solution u of
Lu = f belong to C%*(Q) where a = a(n, \, v, || fll1.)-

Proof. Tt is a refinement of the previous result because L'* is contained in S. In

order to show the result we use the fact that the function f belongs to the Morrey
space L with n — 2 < A < n that implies the following estimate

0(r) < c|[flliar"*2.

By using the estimate we finally get

a/2
T—2x
lu(z) — u(zo)| < c|fllia l(|TO> A2
A—n+2
+(\/r|x—x0|+\m—xo|) }

_ ! 3
+c<'“’ xO') (/ |u|2dy)
r Ba,

lu(z) — u(wo)| < clz — 0|’

and then

where
1
8= imin()\—n—&—Q,a)
where « is the Holder exponent of the elliptic operator L arising from De Giorgi

Theorem. O

4.2. Necessary conditions for regularity. In this section we reverse the impli-
cation proven before under the additional assumption f > 0 in  (see [7]).

We start with the result concerning L? regularity.

Definition 4.14. Let 1 < p < oo. The Schechter spaces MP is the set of all
functions f € L*(Q) for which there exists § > 0 such that

f P o
(fQ (fQﬂBJ(:E) |w|,1(ﬁ2‘—2 dy) dl‘) if p < oo
sup JonBs @) |;p|—f75?\4ﬂ)|—2 dy, ifp=o0

Mys(f) =

is finite. Local versions can be defined as usual. We say that f belongs to the local
Schechter space ME (Q) iof fxx € MP(Q) for any K € Q.

loc
Theorem 4.15. Let Q be a bounded domain in R™, n >3 and 1 < p < ¢ < o©
Then, M C M7 C M?

Theorem 4.16. Let f € LY(Q), f >0, 1 < p < co and u € L*(Q) be the very
weak solution of the problem (10). Then, u € LY (Q) if and only if f € M} ().
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Proof. Let K be a compact subset of . Then, if u € LP(K) by representation
formula and the positivity of f we have

/K|u($)|pdx:/K (/Q 9($7y)f(y)dy>pdx
2/ </{yesz |z~ y>6}g(x’3/)f(y)dy>pdx
/ lus (x)[Pdx

wmos/ o(e,9) f(y)dy, §>0.
{ye:|z—y|>d}

We have 0 < us(z) < u(zx) for any § > 0 and almost all € K. Thus, 0 <
u(z) — us(xr) < wu(z) € LP(K) and then

lim / lus(z) — u(x)|Pde =0

§—0+

p
lim / g(z,y)f(y)dy | dx=0.
=0T J {yeQ:lz—y|<d}

1
Now choose § < idist(K ,00Q) and apply Green function estimates to obtain

P
lim / lz —y|>* " f(y)dy | dz=0.
6—0F Ji {ye:|z—y|<8}

Thus, f € M} (). Let us assume now that f € MP_
L’ (Q) By representation formula we have

loc
o) = | W,
{yeQ:|z—y|<d} |z —yl

if we choose § > diam{). Meanwhile the integral belongs to LP(K) for any K
compact subset in Q by the definition of Scheter class M (Q). Thus v € LP(K)
for all compact sets K. ([

where

that is

(©2) and show that u €

Theorem 4.17. Let f € ~Ll(Q) f>0andu € LY(Q) be the very weak solution of
the problem (10). If f € Sioc(2) then u € LS ().

Proof. We assume u to be locally bounded in Q. Let K be a compact subset in €2,
let z € K and y € Q be such that |z — y| < § < 1dist(K, 0€2). By estimates on the
Green function we have

/ f@le—yPrdy <c [ £, )y < llulz~ .
{ye:|z—y|<s} {yeQle—y|<o}

O

Now we reverse the result about continuity of the weak solutions.
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Theorem 4.18. Let f € LY(Q), f > 0 and u € L*(Q) be the very weak solution of
the problem (10). Then, u € C°(Q) if and only if f € S().

Proof. We already know that S implies continuity of solution.
We show that if u € C°(Q) then f € S(2). We apply Dini Theorem about
uniform convergence of sequences of continuous functions. If

us(r) = /{yenzmy»} f@)g(x, y)dy

and zq € €, by estimates for the Green function we have

FW)llg( 9)XB50) ) = 90 9)XB5 0| < 551 W) € L'(Q)
By Lebesgue dominated convergence Theorem we have
ug(x) = us(xo)
for § > 0. Moreover, 0 < us(x) < u(x) and us — u everywhere in Q.

Then, for K compact subset of 2, since u is continuous the convergence is
uniform in K by Dini Theorem. Then

sup (u(x) — us(z)) = sup / F)g(z, y)dy — 0
zeK €K J{yeQ:|z—y|<é}

1
and, if 0 < § < idist(K, 09), we have

sup / %dy < csup / f(@W)g(z,y)dy — 0.
zeK J{yes|a—y|<s} [T Y| 2€K J{yeq:|a—y| <6}

O

Our next step is to show the necessary condition for the local Holder conti-
nuity. The result will be achieved by a suitable Caccioppoli type inequality. First
we recall that the solution is the weak one. Indeed, it is locally bounded and then
feSQ) c W12(Q). For any Q' € Q the function u is the weak solution of the
equation Lu = f and u € VVS)C2 (). Indeed, if f; denote the truncation of f at level

k we have 0 < fr < fr+1 < f. Denote by uy the weak solution of the Dirichlet
problem

Luk = fk in Q

u=20 on Of)
ie.

/AVungodx = / frpdx Yo € Wol2(Q)
Q Q
Now simply take ¢ = uy and get
IVugllz < v fellillunlloe < vILf Il lfulloo -

Since uy weakly converges in WO1 P(Q) for 1 < p < 27 then a subsequence will

. 1,2 . . 1,2
converge in W,"® so it converges to v in W,"".
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Theorem 4.19 (Caccioppoli type inequality). Let f € L*(Q), f > 0, and u €
LY(Q) be the weak solution of the problem (10). Then, for any ball B, C B, € Q,
we have

/ |Vu(z)|*de < C {7"1 (x)dx + r"2+2“} .
B, Ba,

Proof. Let n be a cut-off function n(z) =1in B,, 0 < n(z) <1, |[Vn| < €. We can
r

use ¢ = n?(x)(u(z) — ug,) as a test function in the definition so we obtain

/QAVqupda: = /Qf(x)go(z)dx Yo € W, 2 ().
We have
/QAVU (2nVn(u — uz,) +7*Vu) do = /Q f@)n*(x) (v — ug,)dx
and by ellipticity assumption
o[ V@R @ <2 [ g @) -l
+ [ f@)n?(@)|ule) — uzldz.

Bs,

Using the elementary inequality

1
O§2ab§5a2+gb2 Ve,a,b >0

taki 1 t
aking e = — we ge
g 12 g

2 [ AVuVin(z)lu — uglde < V/ 2|Vul|Vnln(z)lu — ua, |de
Bo,- Bs,.

1
< ws/ |Vu|*n?(z)dz + v / IV |u — ug, |*da
Bar

27

1
= |Vu|*n?(z)dr + 4v° / IV |u — ug, |*da
V' JB,, Ba,.

we have
1
u_l/ |Vu|*n?(z)dr < —/ |Vu|*n?(z)dx
Bar 4v Bar

+ 4u3/ V|2 |u(x) — ugy |*d

r

+ [ f@nt(@)|u(e) - uz|da
B,
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that is
/ Vul?p?(z)dz < C (/ VP () — wor Pde
BQT B2r
[ fanP @) - i)
Ba,-
and by Holder continuity of the solution u we get the inequality. Il

The following lemma will be very useful at the end of the proof.

Lemma 4.20 (Stampacchia). Let w: [0, R] — R be an increasing function. Let us
assume that there exist 0 < n,a <1 and H > 0 such that

w(r) <nw(4r)+ Hr® Vr<R.
Then, there exist 0 < X <1 and ¢ > 0 such that
w(r) <er? vVr<R.

1
Proof. Let a = nt and 3 such that 74® = a < 1. We show that A = min(c, ).
Let M = sup w(f) i.e. w(o) < Mo for any ¢ €]R/4, R[ and n € N be such
1R/4,R[ ©
L R < R

By iteration we have
w(o) < nw(4) + Ho™ < nw(4e) + Ho*
<n{nw(4*e) + H(40)*} + Ho*
= nPw(4%0) + Ho (1 +4™) <
<nw(d"e) + Ho (1 + 4+ (4*n)* + -+ (4*)" 1) <
1
1 — 42y

H
A A\
= 4 M+ ——
e (( ") 14)‘77>

H
<g’\(M+1_a>.

<n"M(4"0)* + Ho*

O
Remark 4.21. Since § = log, N oo, if n — 0T by suitable choose of 5 we may
n
assume that A = «.

Now we are ready to show the necessary condition for Hélder continuity.

Theorem 4.22. Let f € LY(Q), f >0, and let 0 < a < 1 be such that the weak
solution u of the problem (10) belongs to C%*(Q). Then f € L}"=2+2(Q).
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Proof. As in the previous result, the solution is the weak one because it is locally
bounded. Indeed, if the solution is locally bounded, the function f must belong to
S and then to W=12(Q). Now let £ be a positive number to be chosen later and
let B, C By, € Q.

If p € C°(Bar) 0 < p <1, p=1in B,, using the elementary inequality

1
2ab < er~%a? 4+ —r9b?,
€
we easily get

/ f@idr < [ fle)p(z)de = / 013 (), o,
B, Ba,.

Bz,

1
< 5C’T_°‘/ |Vu|?dz + gro‘/ |Ve|?da .
Bgr 4

r

Now, by Caccioppoli inequality we obtain

1
/ flx)dx < ¢ {8 flz)da + er™ 2T 4 r”“a}
By Buay

3

that means
/ flx)de <ce f(x)dx 4 corm2te,
B, By

1

We can choose ¢ = % and then by Stampacchia Lemma 4.20 there exists ¢ such
c

that

/ f(z)dx < crm—2te
B’V‘
(]
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