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1. Introduction.

Regularity of generalized solutions to degenerate elliptic PDE’s has
received a very strong impulse in the direction of finding the minimal
assumptions under which regularity results hold true. Definitely, the point
of view is that Lebesgue classes are not the right ones where to put lower
order terms to ensure regularity. It is now clear that the right classes are
Morrey spaces and some potential spaces (see [5]). The aim of this note is
to show that regularity is possible for equations of the following kind

(1) Lu — X} (bju) = X} (f)

where the lower order terms are assumed to belong to the degenerate
Morrey class L>*(€2, X), with 2 < A < Q. The paper is a continuation
of [1] where the case of operator in leading part has been studied. We prove
extra integrability and local holder continuity results. The proof is based
on the study of a non convolution integral operator obtained from the
representation formula for generalized solution by means of the generalized
gradient of the Green function G*(y) of L. We study the boundedness
properties of this operator in Theorem 5.3 using an idea of Hedberg. Despite
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of the lack of pointwise estimates for XG, we find regularity of generalized
solutions handling the case of discontinuous coefficients. Our results extend
properly those in [3].

2. Preliminaries
In this section we recall some basic definitions.

2.1. Let X = (X1, X2, ..., X;y) a system of C* vector fields in R”".
We say that X, X», ..., X, satisfy Héormander’s condition in a bounded
domain € if
rank Lie{X1, Xo, ..., Xu} =n

at every point of €.
A piecewise C' curve y : [0, T] — R" is called X—sub-unit, if

2) (Y1), &)? < Z (X;(y(),€6)> VEeR", aerel0,T]
j=1

The X—sub-unit length of y is by definition /[s(y) = T. Given x, y € R",
we denote by ®(x, y) the collection of all X—sub-unit curves connecting
x to y. As it is well known, ®(x, y) is not empty by Chow theorem ([2]).
Setting

(3) p(x,y)=inf{ls(y) : y € ®(x,y)}

we define a distance, usually called the Carnot—Caratheodory distance
generated by the system X.

We denote by B(x,r) = {y € R* : p(x,y) < r} the metric ball
centered at x of radius r and whenever x is not relevant we write B,. The C-
C balls satisty the doubling property with respect to the Lebesgue measure.
We set Q = log, C for the homogenous dimension of €2.

Now we list the function spaces we will need in the sequel.

Let1 < p < 0co. We say that u € L7 (2) if

ullf = / uldx < 0o
Q
and u € L*(R2) if u is a bounded measurable function in 2.

Definition 2.1. (Sobolev spaces). Let 1 < p < 4-o00. We say that u belongs
to WhP(Q2,X) if u and Xju, belong to LP(RQ), j = 1,2,...,m and we
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set

m

4) lullwrrgx = lullire + D I1XullLr@)-
j=1

We denote by WO1 "P(Q,X) the completion of C$°(2) with respect to the
above norm. As usual, when p = 2 we set H'(Q, X) and HO1 (2, X) the
spaces W'2(Q2, X) and WOI’Z(Q, X) respectively.

We would like to point out that X ;u denotes the distributional derivative
of u defined by

< Xju,¢p >= f uXigdx, V¢ e Cr(Q)
Q

where X7 = — Z d; (c;j -) is the formal adjoint of X; = Z cijo
=1
Now we deﬁne some classes of potential that are Very useful for us in

the sequel. We state also some related embedding properties.

Definition 2.2. (Stummel-Kato classes). Letu : @ € RY — Randr > 0.
If
p>(x,y)

n(r)zsup/ lu(y)|—-—-—dy <00, Vr >0
xeQ J{yeQ|p(x,y)<r} |B( IO( y))|

we say that u € S‘(Q, X).
If, in addition, n(r) — 0 we say that u € S(2, X).

In the case X; = 9;, j = 1,...,n we get the usual Stummel-Kato
classes.
In the sequel we will use some properties of the above defined classes.

Lemma 2.3. ([4]) Let V € S(2,X) and u € C5°(S2). Then there exists C
independent on u, such that

/ V@) llux)]’dx < Cn2R) | [Xu(x)|*dx.
Br

Br

Moreover,

/ [V () |u(x) Pdx < 8/ IXM(X)Ide+k(8)f Ju(x)*dx,
Q Q Q
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when ¢ > 0 and k(g) ~ %
(ny (e))e+?

An immediate consequence of the previous Lemma, is the following

Proposition 2.4. Let Q@ C R" and X = (X1, ..., Xn) a system of C*
vector fields, satisfying Hormander’s condition. We have

S(Q,X) C (Hi(2,X))*.

Proof. Let f € S(£2,X) and ¢ € C(2). Let B, be a metric ball
containing the support of ¢. By the previous Lemma, we immediately get

<fio>]< ( |f|<p2dX>2</ Ifldx>2
B, B,

2
< Cn(2r)< |X<p|2dx> 1@ < Clellaiex,

B,
0

Definition 2.5. (Morrey classes). Let Q be a bounded domain in R",
1 < p<ooandi > 0. We say that f € Ll’;C(Q) belongs to the Morrey
class LP*(2, X) if

A
£ llps = sup (L / If(y)l”dy> <o
8 \IB| /g

where B = B(x,r), the supremum is taken with class of balls centered at
x € Q of radius r. f is understood to be zero outside 2.

Remark 2.6. If . = Q then LP*(Q,X) = L] () and if A > Q then
LP*(Q,X) = {0)}.

It is worth to compare the Morrey and the Lebesgue classes (see e.g.

[7D.
Proposition 2.7. Let g > p and % < %. Then

L9M(Q,X) € LPM(Q, X).

The following weak Morrey classes will be also useful in the sequel.
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Definition 2.8. We say that f € LP*(Q2,X) if there exists C > 0,
independent on r and xg, such that

|Br(x0)|

supt?[{x € QN By (x0) : | f ()] > 1}] = C——

t>0 r

The relation between Morrey and weak Morrey classes is as expected

Proposition 2.9. Let 1 <g < p <oocand0 < A < Q, then
LE*(Q,X) € L9"(Q,X)

A
where U = —q.
P

Finally we recall the Hardy-Littlewood maximal function.

Definition 2.10. Let f a locally integrable function. The function
1
Mf(x) = sup —/ lf(»Idy,
B |BlJp

is called the Hardy-Littlewood maximal function of f. The supremum is
taken over all metric balls B centered at x.

22. Let Q2 C R" and X = (X, X», ..., X;;) a system of C* vector
fields in R" satisfying Hérmander’s condition in 2.

Leta;j € L*(R), a;j = aj; fori, j =1,2,..., m. Assume that there
exist A, A > 0O such that

MEP < aykik; < AEP
i,j=1
V& € R, ae.x € Q.
In the sequel we set

m
Lu = Z X;k(ainju)
i,j=1

and consider u# as a generalized solution to the equation Lu = f,
for suitable f.

Definition 2.11. (Weak solution). Let f € (HOI(Q,X))*. We say that
u € HY(Q, X) is a weak solution of Lu = f if

fg (X)X ju(x) X () dx = /Q F@p()dx, Yo e CE .
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A more general kind of solution, is the following (compare [6])

Definition 2.12. (Very weak solution) For a measure p of bounded vari-
ation on Q, we say that u € L' () is a very weak solution of Lu = n
vanishing on 0%2, if

(5) <L'v,u>= / vdp, Y v € Hy(Q,X) N CYQ)|L*v € C(Q),
Q

where CS(Q) is the set of all bounded continuous functions in 2.

Remark 2.13. The very weak solution is a solution vanishing at the
boundary. This means that it is not just a solution of the equation but it
is a solution of the Dirichlet problem.

So when we say ” u is a very weak solution of Lu = ©” we omit the
words “vanishing at the boundary”.

The Dirichlet problem is well posed for any bounded variation mea-
sure. Namely we have (see [1])

Theorem 2.14. Let 2 be a bounded domain in R" . Then there exists the
very weak solution of Lu = w and it is unique. Moreover if | < p <

then u € Wol’P(Q, X) and there exists C = C(2, A, Q) such that:

0-1
luell 1.0 =< Cllll

In general, if © is not in (HO1 (2, X))* then weak solutions do not
exist. The concept of very weak solutions properly extends the previous
one. Indeed (see [1])

Proposition 2.15. Let u € (HO1 (2, X))* a bounded variation measure on
Qandu € HO1 (2, X) be the weak solution. Let w be the very weak solution
of Lw = . Then u = w.

3. An integral operator.

In this section we introduce an integral operator that we use to represent
the very weak solution to the problem (6).
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We stress that the operator we are going to study is a not convolution
operator.
Let © be a bounded domain of

R", A={(x,y) € 2 x Q|x = y}

and K (x, y) ameasurable real function locally integrable on 2 x 2\ A such
that (X; K (x, y))(y) € L? (22\ A). Let us suppose that for a.e. x, y € ,

loc

there exists C = Ck > 0, such that. For f = (f1, ..., fi) we define

Tf(x) = /L(xy1r<x,)o><y)13<y>dy.

It is clear that we need some assumptions on K and f in order that the
integral is finite and T f to be bounded as linear operator. What we need
(and prove) in the sequel is that the operator 7" is bounded between some
Morrey classes.

Lemma 3.1. Let Q be a bounded domain of R", A = {(x,y) €  x Q|x =
v} and K (x, y) a measurable real function locally integrable on Q2 x Q\ A
such that (X;K(x,y))(y) € LIZOC(Q \ A). Let us suppose that for a.e.

X,y € 2, there exists C = Cg > 0, such that

. C
i) |@muymw%y§ﬁ- K (x, y)[*dy,
{(yeQ|R<p(x,y)<2R} {yeQ|R/2<p(x,y)<4R}
YVR>0j=1,...,m;
p(x, y)?

i) |K(x,y)l=Ck V(x,y) €Q2xQ\A.

|B(x, p(x, y)I
Let f = (fi,..., fm) with fj € L>*(Q,X) where 2 < A < Q.
Then the integral operator

Tf(x)= /Q(XjK(x,y))(y)fj(y)dy, V fj € L*M(Q,X)

is bounded from L**(2, X) to L{I’}’A(Q, X), where
1 1 1

P 2 A

Moreover, there exists C > 0 such that

ITfligr = Clifllzn, Y1=g<ps
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Proof. Let ¢ > 0 to choose later. We have

Tf(x) = f (X, K (x, 9) () f; () dy
{yeQlp(x,y)<e}

+f (X;Kx, )W fiydy =1+11.
{yeQ|p(x,y)>e}

Let us estimate /.
o0

7] <
k=0

1 1
o0 2 2
E (f I(XjK(x,y))(y)lzdy> (f Ifj(y)lzdy> :
k=0 {yeﬂlﬁfp(x,ykz%} {yeﬁlz,(%fp(x,ykz%}

Applying i) and ii), we get

e
n<c —( /
P {yeQlztz <p(x,y)<

2k+2 =

: (/ Ifj(y)lzdy)
yeQl i =ptry)<x}

1

2k 4(x, 2

§CZ—(/ p*(x, y) zdy>
& \Jpeqity o<t 1B, p(x, )]

2k 2k—1

f |(X; K (x, y) DI (0)]dy
yeQlzfr=pte <3}

IA

|K (x, y)lde)

B
2k—1 }

£ 1 1
- |B(x, 2—,€)|(M|J‘j|2(x))i < C(M| f;|*(x))ze.
Let us estimate now II.

1) < f (XK (e )OI () [dy
{yeQ2ke<p(x,y)<2k+1e}

1
20 20 |B(x, 2%)|2
< CY &7 27— fil
k (2ke)2

2—A

2-2 k2=
< CeT | filla D257 < Ce T | filla
k

because A > 2 and f; € L**(Q, X).
Merging the two inequalities, we have

ITF] < CAMIfiD)2e + 1| fillaae )
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and minimizing with respect to ¢,

1 1-2
ITF) < CMIfiP)? N fill,,,  ae.x €,

1 1 1
where — = — — —.
p)L 2 )\,

Since M is a weak operator of type (1,1), fora.e. x € Q andr > 0, we
get

-2
I £ill557 1 B(x, 7))

Iy € QN B NITF )] > )] < C== 2t

2
£l

and the result follows. O

4. A representation formula.

In this section we apply the result of the previous one to obtain a
representation formula for the very weak solution to the Dirichlet problem

Lu=X?f;, inQ,
©) {u=0, ! on 082,

assuming f; € L>*(Q,X)and 2 < A < Q.

Theorem 4.1. Let G?(x) the Green function for L and Q2 with pole at
y € K. Then the function u(x) = fQ X;GY(x) fi(y)dy is the unique
solution of (6).

Proof. We have to prove that the problem has a very weak solution. Thanks
to Lemma 3.1, u € L'(Q). Now let ¢ be a function in Hol(Q, X)N CE(Q)
such that L*¢ € C}?(Q). We have

/Q/QIL*¢(X)(Xij(X))(y)fj(y)Idxdy < L%l oo llullpr < oo.

Hence, we have
| row( [ xewpma)a = [50( [ rexemar)a
Q Q Q Q
:/ fj(y)Xj</ L*qS(x)Gy(x)dx)dy
Q Q

- / £50) X bdy.
Q
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In order to differentiate under the integral sign, let ¥ € C§°(R) ;
since/ L*¢(x)G”(x)dx € L1(Q)
Q

3 Xijwa)Gy(x)dx,w _ /QL*qb(x)Gy(x)dx,X;‘w .
:i/(fzﬁmmG%Um)ﬁw@My
Q Q
=/fmewumww®
QLJIQ
:/fmeaﬁ%m@wwmw
QLJIQ
:/}Mw(/qux&Gwmxwwwmﬂwz
Q Q

=<Lqux&@v»@wmew>.

As a consequence of our previous result and Lemma 3.1 we get

Theorem 4.2. A weak solution u to (6) belongs to the space LQM(Q, X)
and

||u||La)‘A(Q,X) E C”f”Lz’)”(Q,X)’

where C is independent on u and f.

5. Regularity.

Let fj € L*(Q) for j = 1,...,m. A function u € LY(Q) is
the very weak solution of the equation Lu = XJ’F fiif Vo € C,?(Q) N
H} (Q,X)|L*¢ € C)(R), results

<L'¢,u >:/ fiXjpdx.
Q

We treat an operator with lower order terms. Namely, if b; € L**(Q2,X)
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we consider the Dirichlet problem

% { Lu — X5 (bju) = X fj
u=0, ong

A function u € Hol (2, X) is a weak solution of (7) if ,

/ ainiqu(pdx — / bjlej(Dd)C = / fJXJQDd)C, VQD (S CSO(Q)
Q Q Q
Thanks to Proposition 2.15 a weak solution of (7) is a very weak one.

Lemma$s.1. Let0O < u <2, f € Lz’“(Q,X) and u € LZ’U(Q,X) such
that | Xu| € L>"*2(Q, X), with0 < v < Q — 2. Then fu € L>*(Q, X)
and

I full2ru = Clfll2n (X202 + llull2,0)-

Proof. Letx € Q, ¢ >0, B, = B.(x) and u, =

u(y)dy. We
|B£| B.NQ
have

frutdy < (Iful)(lu—ugllfl)dy+Ius|/ f?uldy
B, Be
= [+11

B

Let us separately estimate / and /1.

I < (/B |f|2u2dy>1/z(/Bg FPu —uglzdy)l/z
</B€ |f|2u2dy>1/2|:77}42(28)</1;8 |Xu|2dy>1/2]

12 g
([ 1r1Pwdy) e T B P Xl
Be

IA

IA

For the second integral, we have

11 = (f way)( [ 1sPuiay)
= (g [ k) ([ 1rPay) ([ 1rPiepay)”

12 viu
||u||2,v||f||z,u(f [FPuPdy) e B
B

IA
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Finally we get
1/2 1/2
([ 1rPuar) ™ = €l (s + 1Xulsz) (=15
B

that means that fu € L>"*# and

I fullzpsn < Clf 20U Xull2042 + lluell2).

To prove regularity we need a Caccioppoli type inequality. Namely

Lemma 5.2. Letu € HO1 (2, X) a weak solution of
{ Lu — X}“(bju) = Xj*fj
u = 0, 082.
where b; € L>*(Q2,X), fj € L**, with0 <pu <2 <i< Q.
Then for all € > 0 there exists a positive constant C (independent on ¢
and the ball) such that

C
|Xu|>dx < = uldx + f2dx —|—/ |b|?u’dx.
B & By By By,

The proof uses standard techniques and so we omit it. Now we prove
our regularity result.

Theorem 5.3. Let u € HO1 (2, X) the solution of (7) with2 < A < Q and

1 1
fi € L**(Q,X). Then u € L?*(Q, X), where — = 5
Pa

> =

Proof. We have u € L>272(Q, X), in fact
> -2
ular = o [ i ar) 71802 < Cluidiae e
Be Bg

where 2* is the Sobolev exponent 1/2* = 1/2 — 1/Q. We also have
Xu € L*2(R2, X) so, applying Lemma 5.1 we get bju € L>2771(Q, X).
If wo = Q0 + n — 2 < A we get the assert by Theorem 4.2.
Let us suppose that (o > A so bju, f; € L*"*(Q2, X) and by Theorem
1

PpgsH0 1 1
4.2 we have that u € L, (2, X) where — = - — —.
Puo 2 o 5
Applying Proposition 2.9 we get u € L>"0(Q, X), where 1ty = Mo _
Puo

Mo — 2.
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Thanks to Lemma 5.2, observing that f € L>M(Q, X), we get, for
every ball

| B |
gHo

f XulPdx < C==(lull2ug—2 + 1 120 + 1516l 2.110)-
B

Hence we have
we L2(Q,X), bje Ll (Q,X) and [Xu| € L*"(Q,X)

and it is possible to apply Lemma 5.1 that gives bju € L>*(2, X) where
n1 = o — 2+ W

Let us compare A and w; if A > wu; we apply Theorem 4.2 to
get the assertion. If A < pw; then bju, f € L**(,X) and hence

Puy s 1 1 : .
u e Ly (2, X), where — = — — —. Applying Proposition 2.9 we
Puy 2 1231
get u € LM (R, X), where 77 = 251 — 11, — 2.
P

Applying Lemma 5.2 we get |Xu| € L**! (2, X) and thanks to Lemma
5.1, we finally have bju € L>M+1=2(Q . X) and we compare (i + U — 2
with A.

Since at every step we decrease the index u; of a quantity dependent
only on p, the iteration is finite and so assertion is proved. O
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