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Pointwise Estimates for a Class of Strongly
Degenerate Elliptic Operators:
a Geometrical Approach

B. FRANCHI* - R. SERAPIONI

1. Introduction

In this paper we extend to a class of strongly degenerate elliptic operators
of the second order some classical pointwise estimates: the Harnack inequality
and the Holder continuity of the weak solutions (De Giorgi - Nash - Moser
Theorem). This problem is the subject of many papers: see, e.g., the references
in [FK.S.] and [F.L2]. See also the survey contained in the book by
Stredulinsky [Str] and the recent results in [Ch.W.] and [Sc]. Most of these
papers are concerned with classes of “not too degenerate” operators. Usually
this means that the inverse of the lowest eigenvalue of the quadratic form of
the operator is supposed to belong to some suitable LP space, for a large p. On
the other hand, in [F.K.S.] and in [F.L.2] stronger degenerations are allowed:
a typical operator satisfying the hypotheses in [F.K.S.] is

Lu = div (|z|*Vu) in R*, for —n<a<n,
while a typical example in [F.L.2] is
Lu= div (Vou+ |2[**Vyu) in RHT for o >0

We note explicitly that these two classes are completely different ones. Rou-
ghly speaking, the operators of [F.K.S.] are good operators when working with
a degenerate measure as w(z)dz, where w is an A, weight in the sense of
Muckenhaupt, while an appropriate metric not comparable with the euclidean
one is the right tool for the operators in [F.L.2]. These two approaches can be
unified in the setting of homogeneous metric spaces in a way that seems to be
the most natural one. (We note that a theory of A, weights in homogeneous
spaces was developed by A. Calderon in [C]). Thus we can deal simultaneously
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with the two classes of operators and we are able to enlarge them in an essential
way. A typical example of the new class is given by

Lu = div(|(z,y)|*(Vzu + |x|2avyu) in R?:;)“

The proofs of the main results are obtained adjusting the classical Moser
technique to the geometry of the homogeneous space. We just observe here
that we had also the different possibility of using the new approach by Di
Benedetto and Trudinger ([D.T.]). An essential tool in both these proofs is
a weighted Sobolev type embedding theorem. We obtain such a result using
a representation formula for a function u closely fitting the geometry of the
operator and substituting the usual rapresentation of u as a fractional integral
of its gradient.

The material of the paper is divided as follows: in Section 2 we describe
our hypotheses and we recall some known results on the metric associated
to a degenerate elliptic operator and on A,-weights in homogeneous spaces.
In Section 3, we state the main results and give some examples. In Section
4 we prove the representation formula and the Sobolev-Poincaré Theorem. In
Sections 5 and 6 we prove the results of Section 3 and in Section 7 we give
the proof of a number of technical estimates used throughout the paper.

Section 2.

In this paper we consider the differential operator:

N
(2.a) L= Y D; (a:;(z)D;),
i,7=1
where a;; = aj; for 4,5 = 1,--., N, are real, measurable functions defined in

a bounded open set 2 C RN. We assume the following hypotheses on the
structure of L:

(2.b)  there exist v > 1 and N + 1 real non negative functions

w, A1, -+, Ay defined on RY such that:
E A3 (z)€? < Z aij(z)&:€ < uw(z)Zz\2(z)62
i,7=1 J=1

Vzeq, erRN.

We will say that L € L(Q, N,v,A, p, cy2) if the functions A = (Ag,---,AN)
and w satisfy the following assumptions (2.c),- - -,(2.).
2.c) AL =1, Ai(z) = A2, ,25-1) §=2,--,N

V z = (21, -,2n) € RV.
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N
2d) put I={zeR" :kl--[;[ zi = 0}, then
A, € C(RM) N (RN /M)
0<X(z)<A, VzeRN/H, j=1,---,N.
A.‘i(zl;"',zi:"',:‘j—l)=Aj(x1,"',—z,',---,zj,_1)
for j=2,---,Nand 1 =1,---,5 - 1.

(2.e) there is a family P of N(N - 1)/2 non negative numbers p;; such that:
0< z,'(D,'Aj)(Z) < Pii A,-(:c) for 2 < J<N,
1<i<j-1landV zeRV/IL

REMARK 2.1. The right hand side of condition (2.e) can be stated in an
equivalent way as:

(2.e)' Vée)o,lfandVzeRY:
Geis Aj(z) < /\j(zl,---,ﬂx.-,---,z,-_l)
2<j<N,1<i<j-1

For a proof of this fact see [F.L.3] Prop. 4.2. For a further discussion about
the meaning of (2.e) see also [F.L.3] Remark 2.9.

In order to formulate the last hypothesis on the function w we anticipate
that it is possible to associate a natural distance d on RN (See Def. 2.1) to the
vector valued function A = (Ay,---,An) in such a way that the triple (RV,d, L)
consisting of RV equipped with the distance d and the Lebesgue measure £ is
an homogeneous space in the sense of Coifman and Weiss (see e.g. [C.W.1]
and [C.W.2]). Given the existence of this d we make the following hypothesis
on w:

2.0 There is cy2 > 1 such that Vze RY and V r > 0
=) =
—_— wdy —— 1/w dy < cy,2.
Sl J v EE S Y :

Here S(z,r) = {y € RV :d(z,y) < r} are the d-balls in RN while we indicate
by B(z,r) the euclidean balls. Moreover, if E C RV is a measurable set, |E|
is its Lebesgue measure.

Observe that (2.f) is a Muckenhaupt A,-condition in the setting of the
homogeneous space (R™,d,L). More properties of functions satisfying (2.f)
will be mentioned in Lemmas (2.9) and (2.10).

/
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Our next task is to givelthe definition of the natural distance d and to
state some of its properties. Let’s start introducing the notions of A-subunit
vector and A-subunit curve (see also [F.P.] and [N.S.W.]):

a vector v € RV is a A-subunit vector at a point z if

N
<v,€>?< ) M(2)€}, V RV,
j=1

Let v:[0,T] = RV be an absolutely continuous curve; then v is a A-subunit
curve if 4(t) is a A-subunit vector at ~(t) for a.e. t € [0,T].

DEFINITION 2.2. For any z,y € RV we define d: RY x RYN — Rt as:

d(z,y) = Inf {T € R, | there exists a A-subunit
curve «:[0,T] = RN, 4(0) = z, v(T) =y}

REMARK 2.3.: d is a well defined distance. In fact our hypotheses on A
guarantee the existence of a A-subunit curve joining z and y, for any couple of
points z and y. This has been proved in [F.L.1] and [F.L.3]. Moreover there
is a positive b =b(A) such that V z,y: |z — y| < b d(z,y).

For our purposes it is useful to introduce a (non symmetric) quasi-distance
5, more explicitely defined and sometimes easier than d to work with. Observe
that 6 has been defined and throughly studied in [F.L.1]; we just recall here
the relevant results. ‘

If ze RN and t € R put Hy(z,t) =z and

Hiy1(z,t) = Hi(z,t) + tAg41(He(z,t))ex4r for k=0,---,N — 1.
Here {ex}s is the standard base in R¥. The function
s = Fy(z,5) = 8 A(H;-1(z,5))
is strictly increasing on ]0,+oo[ for any
g€R) ={z€RV|zx>0k=1,---,5-1}

and for 5 = 1,--.,N. Hence it is possible to define the inverse function of
F;(z,') that is

vi(z,-) = (Fj(z,”))"! for j=1,---,N and for z € RY.
Now we give the definition of the new quasi distance:

DEFINITION 2.4. For any z,y € RV we define 6 : RN x RN — R* as
8(z,9) = Max p;(a+, |z - yl);

where zx = (|z1],- -+, |znl)-
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Associated with § we will consider the rectangular neighbourhoods
Q(z,r) = {y € RV|6(z,y) < r}. Some properties of § are collected in the
following lemmas and proposition:

LEMMA 2.5. ([F.L.1] Theorems 2.6 and 2.7). There exists a > 1 (a depends
only on P) such that for any z,y € RV :

(2.5a) a~! < d(z,y)/6(z,y) < a.

LEMMA 2.6. ([F.L.2], Proposition 4.3). Put

-1
Gi=1and Gi=1+) Gy pjefor j=2,---,N
=1
Then
VzeRY, Vs>0,V0e]01]
we get.
(2.62) 0% < Fj(z+,08)/F;(z+,8) < 0
(2.6b) 8 < pj(z*,08)/p;(z+,8) < 6*/C.

PROPOSITION 2.7. For any z € RN and any r > 0
(2.7a) S(z,r/a) C Q(z,r) C S(z,ar)

where a is the constant in Lemma 2.5.
Moreover there is b > 1 such that if |z — y| < 1:

(2.7b) b7}z — y| < d(z,y) < blz — y|"

where n = min {1/G,}.
Fi
Finally, there is a constant A > 1, such that the two following doubling
properties hold:
(2.7¢c) |S(z, 2r)| < A |S(z,r)]|
(2.7d) |Q(=z, 2r)| < A |Q(z,7)]
for any z € RN and for any r > 0.

PROOF: Follows easily from (2.6a), (2.6b) and Lemma 2.5.
Observe that all the constants depend only on N, A and P. O
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It follows from (2.7c) and (2.7d) that both (RV,d, L) and (RN ,6,L) are
homogeneous structures in the sense of Coifman and Weiss (see [C.W.2] pag.
587).

Now we have to recall some results related with condition (2.f).

Let’s start with a definition:

DEFINITION 2.8: Let 1 < p < co. We say that a non negative function w
defined on RV belongs to 4, = A,(R",d, £) or is an A, weight if there is a
constant ¢, , > 1, such that:

1 1 NN
(G /  d9) - (5o [ v art <o,

S(z,r S(z,r)

It is obvious that A, c A, for p < g¢; on the other hand a crucial point of the
theory of A, weights is the following “almost reverse” result

LEMMA 2.9. (See [Cl, Theorem 2): If w € A, then w € A, for any
r > po, po < p and po depending only on ¢y, p, p and A (A is the constant in
(2.7¢c)).

The following doubling property for the measure w(z)dz is a consequence
of Lemma 2.9:

LEMMA 2.10. If w € Ap(RN,d,L) then there is a constant B =
B(p, cw,p, A) such that:

(2.10a) « w(S(z,2r)) < B w(S(a,r))

for any z € RN, for any r > 0. (We use the notation w(E) = [w dz for any
E

measurable set E C.RY).

It follows from (2.10a) that the triple (RV,d,wdz) consisting of RN
equipped with the distance d and the weighted measure w(z)dz is an
homogeneous structure. Moreover since (2.7a) the same is true for the triple
(RN ,6,wdz).

We note explicitely that (2.10a) 1mp11es that there exist « > 0 such that,
Vr>0, V0€]0,1], VzeRN.

(2.10b) w(S(z,0r)) > 6* w(S(z,r)).

We want now to give the definitions of solution, subsolution and supersolution.
Let’s start with some fact about weighted Sobolev spaces.

Given a measurable set E C RV we denote by LP(E), 1 < p < oo the
usual Lebesgue spaces, while we denote by LP(E,w), 1 < p < oo, the Banach
space of the measurable functions f, defined on E, for which:

1 fllze(E,w) = (/ |fPwdz)/P < +oo.
E
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Observe that since % € L} .(RY) then L?(E,w) C L*(E) for any bounded

measurable set E. We will denote also by V, the differential operator
Vi = (MD;)i=1,...~ and by div, the differential operator acting on vector
valued functions f = (f1,---,fn) as

N
diVA f = Z A,‘D,'f,'.

i=1

0
Given an open set {2 again we use the notations H*?(Q2), H*'?(Q), 1 < p; < oo,
for the usual Sobolev spaces, while we indicate by H} (2, w) (respectively

0
H 3 (02, w)) the closure of the space Lip(f2) of the Lipschitz continuous functions
on () (respectively Lip(Q2) N £'(Q2)) with respect to the norm:

Iz @.w) = I llz3(@,0) + 1V Fllz3(0,0)-
Moreover the spaces Lf, (E,w) and Hj (2, w) are defined in the usual way.

The following assertion is straightforward:

PROPOSITION 2.11: The bilinear form B on C'(Q) N H}(Q,w) defined as:

N
B(u,v) = E / a5 D,-uD,-v dz
a

t,7=1

can be continued on all of H}(Q,w).

DEFINITION 2.12. Let f = (f,--+,fn~) be a vector valued function such
that |f|/w € L?(Q,w) and let g € H; (0, w). We say that u is a solution of the
Dirichlet problem:

Lu = —div,f in Q

28 u=g in 90}

0
if u—geHj(Q,w) and

=1

0
B(u,p) = Z/z\,-f.-D;go V o e H(Q,w).
0

DEFINITION 2.13. We say that v € Hj (2, w) is a local subsolution
(local supersolution) for L if for any open set ' cC @ and Vo > 0 ¢ €
0
Hi(Q,w): B(v,) <0 (>0).
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DEFINITION 2.14. We say that u € H} | .(Q,w) is a local solution for L
if it is both a local subsolution and a local supersolutxon.

The following theorem on existence and uniqueness of solutions follows
from Lax-Milgram theorem and the results of section 4:

THEOREM 2.15. Given f = (f1,--,fx) such that |f|/w € L*(Q,w) and
g € H}(Q,w), there exists a unique solution in H}(Q,w) of the Dirichlet
problem (2.g).

Section 3.

In this section, we shall formulate the main theorems of our paper;
moreover, some typical applications will be discussed. The basic point is an
invariant Harnack inequality for the d-balls (i.e. a Harnack inequality where the
constant does not depend on the radius of the ball). This result will be proved
in Section 5.

THEOREM 3.1. If the hypotheses (2.b)-(2f) are satisfied, there exist
C,M > 0 such that, if v € H} (Q,w) is a nonnegative weak solution of

Lu =0 in a bounded open subset (}, then

supu <M infu
S(zo,P) S(zo,P)
for any z9 € RN, p> 0, p < Cd(z0,90).
The classical Harnack inequality follows straxghtforwardly from the above
result. We get:

THEOREM 3.2. Let the hypotheses of the above Theorem be verified. If
Q1 is connected, then for every compact subset K of (), there exist Mg > 0
(independent of u) such that

sup u < Mg inf u.
- s

Finally, the Holder continuity of the weak solutions follows from the invariant
Harnack inequality by standard methods (see, e.g., [Sta]). We have:

THEOREM 3.3. Let the hypotheses (2b)-(2f) be satisfied. If v €
H} roc(fhw) is @ weak solution of Lu = 0 in an open subset (), then u is
locally Holder continuous.

Let us now descnbe some relevant examples where our hypotheses are
verified.

EXAMPLE 3.4. Let us choose A\; = Ay = --- = Ay = 1; in this case
(2.¢)-(2.e) are obviously satisfied and the metric d is the usual euclidean metric.
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Thus, hypothesis (2.f) is an usual A,-condition in RV and the operators
we consider are the same as in [F.K.S.].

EXAMPLE 3.5. Let us choose w = 1. In this case, if (2.c)-(2.e) are satisfied,
(2.f) is always verified and we obtain, in particular, the results of [F.L.3].

EXAMPLE 3.6. Let us suppose N =n+m, n,m > 1.

Denote by (z,y) the generic point'in RN, by |(z,y)| and |z| the usual
euclidean norms in RN and in R™ respectively. If we choose \; =+ =), =1
and Ap41. =+ = Ay = |z|?, o > 0, the hypotheses (2.c)-(2.e) are satisfied.
We will prove later that, in this case, w(z,y) = |(z,y)|* is an A-weight with
respect to the metric d defined by Aq,---,Ay if —n < @ < n. Thus, our results
may be applied, e.g., to operators such as

L= div (|(z,9)|*(Vz + |2]**V,)); —n<a<n, 0<o.

Let us prove that |(z,y)|* is an Ap-weight if —n < a < n.

Obviously, we need only to prove the assertion if 0 < a < n. Now,
let r be a positive real number and let (£,n) be a fixed point such that
|(€,m)] < 2rb, where b is the constant we introduced above such that
d((xl’yl), (a;”,y")) > 1/b|(z' _ zll’ yl _ yn)l for any (zl’yl)’ (xn’yu) c RN;
then S((¢,n), r) € B(0, 3br); hence

sem, A [ Il de dy < (3o
S((&.n).r)

On the other hand, by Lemma 2.5, there exist two constants c;,c; > 0
(depending only on P) such that B(§,cir) x B(n,c1p) C S((&,n), r) C
B(€,car) X B(n,cap)), where p = r(|zy|+ 1, -+, |z4| + r)°. Then, we get (the
constants depending only on P and a):

s, AP [ e ds dy
S((&n)sr)
< cgr™|B(n, c1p)|"* (l|* + |y|*)~'dz dy
B(€,car)xB(n,c30)

n a

|z|~*dz = cgr™*.

B(&,car)

<cyr”

Thus, we proved that

(sen ™ [ n)lde d(S(EmAI [ @) e dy) <co
S((&m)sr) : S((&m),r)

for any (£,7) € RN, V r > 0 such that |(£,9)| < 2rb.
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Now, if |(é,m)| > 2rb and (z,y) € B((¢,n), r), we get:

I(z,9)| < |(z = & y—n)|+|(&n)| < bd((z,y), (&,n))+|(&n)] < br+|(&n)];

moreover

|(z,9) 2 |(&:m)] = (= = & y =) 2 |(&n)] = & d((=,9), (&) 2 |(€,m)| — rb;

Hence

(sen A [ Nl a)isiennl™ [ (@olds &)
s((e"’)") 3((6,71),1‘)

D+ 6] ya L o ,
< (1(5,,,)| — rb) < 3%, due to our choice of |(¢,7)].

We note also that our choice of « cannot be improved, as we can see, by
choosing £ = = 0.

EXAMPLE 3.7. Let )X;--.,An be given functions satisfying (2.c)-(2.e).
Then, if ¢ is a fixed point in RV, the function d(e, £)* is an A-weight with
respect to the d-balls if —-N < o < N. '

Due to the doubling property (2.7c), the proof of the assertion can be
reduced in a standard way to the estimate of the means

1 a —a .
N / d(z, €)"dz and 15725 IS(E,r)I / )"( &) dz.

where o > 0.
By Lemma 2.5 we have:

|S(e, / 4= )%z < 51 e, |Z [ estenta - g <

7=1 I:L'k €k|<Fk(€* cgr)

(defining y; such that z; = &; + y; Fj(€*,car))

<ed [ estenlulbsencan) <

I=1 <1

(by Lemma 2.6 and the very definition of p;)

N
< car® E |y;]*/Cidy = csr®.
=1 |mel<1



POINTWISE ESTIMATES FOR A CLASS ETC. 537

Analogously,

1 ./ ) ) / )
-— d(z, *dz < o *dy,
Slen] | dBOTdesar bl

S(¢ér)

lyel<1
and the assertion is proved.

EXAMPLE 3.8. For sake of simplicity, let us choose N = 2 and let us
consider the operator

L = Dy(|z1]|** |22|** Dy) + D3(|z1/|?*|z2|?* D),

where «;, 8; are real numbers, : = 1,2.
If

a; <P, ag=0s, -1<a; <1, 1=1,2,
the hypotheses (2.c)-(2.f) are satisfied choosing

M=1, dg=[21fr7, w = |2q|* 22|,
In an analogous way we can deal with the case

a1 =01, ag > P2, -1<pB; <1, 1=1,2.
We note that the results in [F.K.S.] contain the case

a1 =01, ag=02, -1<; <1, 1=1,2
and the results in [F.L.3] the cases

ap=az=fz=00r 1 =0r=0;=0.

Section 4.

In this Section, we will prove the basic results we use in order to adapt
Moser’s machinery to our geometry. The main result is a Sobolev-Poincaré
estimate. It is stated in two equivalent versions in Theorems 4.1 and 4.5. We
will show first how Theorem 4.1 follows easily from Theorem 4.5. To prove
Theorem 4.5 we obtain first a weak version of Theorem 4.1, i.e. statement 4.a;
from this one and an appropriate covering argument Theorem 4.5 follows

THEOREM 4.1. Let B be a fixed positive real number and let w belong
to A,(RN,d,L) for a given q > 1. Then, there exists cg > 0 (depending only
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on B, N, Cw,q and p) such that, if S = S(€,r) is a fixed d-ball and u:S — R
is Lipschitz continuous and such that |E| = |{z € S : u(z) = 0}| > B|S|, we get

(4.12) w(S)~1 / lutPw) /% < cpr(w / IVaulPw) /e,

for any p > q and for a suitable k > 1 depending only on p,q and P.
The admissible range for k is:

kel, (1-(XGi)'p/9)7] if ¥Gj<qfp

4.1b
(4.10) ke [1,+00) if }>G;>q/p
J

where the constants Gj are the ones in Lemma 2.6.

PROOF. Let u, = |S|™! [ u. Then:
5

fual = 11 [ s = ul < 7311 [ fuu -l
E S

< B e((w(8))? / | — u[*Pw)2/5P.
5

In the last inequality w € A, is used. Now triangular inequality and Theorem
4.5 yield the thesis:

/ [ulew) e < ( / ju = waPw)/4

<c r(w(S)_I/IV,\uI"w)I/".
S

O

The main tool used in this section is the representation formula, closely
fitting the geometry of the homogeneous space (RY,d, L), stated in Lemma
4.3. Preliminarly, we recall the following definition.

DEFINITION 4.2. Let v belong to L} (RV). If 0 < a <'1, define the
fractional maximal funtion of v as:

(Myv)(z) = sup |S(z, 7)™ /|v(y)|dy.
S(z,r)
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Now, we have:

LEMMA 4.3. Assume that S = S(€,r) is a fixed d-ball of radius r. For any
B € 0,1 and any Q € |1 — (X G;)~%, 1|, there are constants co = co(8,Q)

and 4 =96,Q) >1 (depend;ng also on p and N) such that if u : 9S =
S(€,9r) = R is Lipschitz continuous and |E| = |{z € S : u(z) = 0}| > B|S|
then:

(4.3a) |u(z)| < cor |S|Q—1Mq(lv,\u|x.,s)(z), VzeS.

Here we used the symbol xgs for the characteristic function of 9S.

PROOF. In the sequel, we shall use some of the notations of Section-7. All
the constants c;, cz,--- depend on P; we will specify explicitly the (possible)
dependence on g.

Let z be a point of S. Since S(&,r) C S(z,2r) and S(z,r) C S(&,2r), by
the doubling property (2.7c), c1|S| < |S(z,7)| < c2|S|.

Now, we note that there exists o € {—1,1}" such that

|ENQ°(z,2ar)| > g2~V |S (=, r)|,

since
U Q%(z, 2ar) = Q(z, 2ar) 2 S(z, 2r) 2 S(¢,r) 2 E.

Thus, by the doubling property,
|ENQ%(z, 2ar)| > c3B|Q%(z, 2ar)|.

Let us now choose in Proposition 7.4 A = c3f/2; (thus o and ¢ are fixed,
depending on g); then, we get:

|[ENQ°(z, 2ar) N H(2ar, z, AY(0))| > (Bcs/2)|Q7 (=, 2ar)|
(in fact, |Q7| 2 [(Q“NE)U(Q"NH(--))| =
=|Q"NE|+|Q°NH(--)|-|[ENQ°NH(--)| 2

> |Q7|(Bes +1 = Bes/2) — [ENQ° NH(---)|).

Now, we can suppose z ¢ E (otherwise (4.3a) is obvious) and we put
Y. ={y € A¢(s); H(2ar, z,y) € E}.

Let
y— K(y) = Ki(y1) - Kn(yn)

_be a smooth function supported in A§72, 0<K<1, K=1on A%(0o).
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Let’s assume for the moment that u € C*(Q). If y € }°, we have

u(z) = u(z) — u(H(2ar,z, y)), hence
|u(2)| = |u(=) — u(H(2ar,2, y))|K(y)-

Integrating on ), we get

I u(a)] = | lula) - u(H(2or, z,)IK() dy
b))

Jluta) - tt(2on,2,9) K () dy
supp K

2ar

< / dt /dyl < Vu(H(t,z,¥)), I:I(t,z,y) > |K(y)

0 supp K
2ar

< / dt /dylvxu(H(t,z,y))l ly| K (y)-
i) supp K

Now, we note that y — H(t,z,y) is a good change of variables in A2 /2(0),
V t > 0; moreover,

t
N
et 5 t,2,)| = L [ 2(H(s,2,))ds
dy =1
0

and, by Proposition 7.5, the last product is equivalent to |S(z,t)| with
equivalence constants depending only on P,a and ¢; hence the equivalence
constants depend only on P and on f.

Thus, we get:

2ar

)] < a7 / s [ 1Tl

H(t,z,A:;"z (0))

Now, there is c5 = cs(8) such that H(t,z,A? /2(0)) C S(=z,cst). In fact, if
¢e RN and yGA,/Z( o), we get:

<H(s z,y), £ >°%= ZA (s,2,9))y;&;)?

Zf\z (s,2,9)) 62)Iy|2
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Thus, s — H(s/|y|?,z,y) is a sub-unit curve starting from z and attaining
H(t,z,y) at the time s = t|y|2; then, by the very definition of d, it follows that
d(z, H(t,z,y)) < tly|* <4a?t.

So that we obtain

2ar

(43b) |u(z)| < 64(ﬂ)lzl:| /dtlnS(:J,t)l /|V)‘u(y)| dy.
0 S(

z,c5t)

A standard approximation argument shows that the above inequality holds also
for Lipschitz continous functions.
Now define ¥ = 1 + 2acs, then

S(z,cst) C 95, Vte [0,2ar]

and Vz € S; hence in (4.3b), under the integral, we can substitute |V, (u -
X,ys)l for IV,\‘U‘.

Moreover, by the doubling property, |S(z,t)| is comparable to |S(z,cst)|
and we obtain:

2ar

@30 |u(a)| < calf)ry [ dt 1S(a 01 (MalVau- xos])(a)

The last step is an estimate of |)_ |; we have:

Si=[dv>
b))

(changing variable once more H(2ar,z,y) =y')

2 c7(ﬂ) |H(2ar’ z’ E)' .

. |E N H(2ar,z,A%(0))|
Banl T sG]
> er(p) cap iz 2 > i) > 0

Substituting this estimate in formula (4.3c) we obtain

2ar

|u(=)] < e (B) f 1S (,t)| 97" dt(Me(|Vaulxos)) (2)

= o(0)r [ 152,97 dr (Mo (|Vrulxos)) (@)

< c10(8,Q)r|S(z,7)|?"H (Mg (|Vau|xes)) (=)
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The last inequality follows from:

YaGy
1S(z,77)| > crard |S(z,r)|, Vre€[0,1],

and from our choice of Q.
Estimate (4.3a) now follows using once more that

|S(z,7)| > c1]S|-

Next Lemma is almost identical to Lemma 1.1 of [F.K.S].

LEMMA 4.4. Let w belong to Ay(RV,d, L) for a given ¢ > 1.
Let f belong to Li (RN) and be compactly supported in the closure of
a given ball S = S(&,R). Then if Q € |0,1], for any p > q we have:

@42 (575 | |(MaN @ Pru(a)dn
S

< OIS0tz [ Pu(as
S

for 1<k<(1-(1-Q)p/q)~ if 1-Q < g/p and for any k> 1if 1-Q > ¢/p.
The constant C depends only on N and on cy, p.

PROOF. Fix A > 0 and let E) = {z € S : M, f(z) > A}. By definition of
maximal function, for any z € E, there is a positive number r(z) and a d-ball
S(z,r(z)) such that:

S [ 11>
5(z,r(=))

Since f is compactly supported in S, without loss of generality we can suppose
that r(z) < 2R for any z € E,. By a “Vitali type” covering lemma (see e.g.
[C.W.1] pag. 69) we find a sequence {z;};, z; € E\, such that for the
associated d-balls S; = S(z;,r(z;)):

(4.4b) SinS;=0fori#j
(4.4c) Ué S; =US(z;, 0r(z;)) 2 En.
7 7

Here § > 1 is a constant depending only on the homogeneous structure
(R™,d, L) (more precisely, § depends only on the constant A in (2.7c)). From
(4.4c) and the doubling property (2.7c) it follows for any k > 1 and for any
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p>q

w(Ex)* < C(E_ w(8;))7* < CZ_(W(SJ'))I/'e
<3 w(s)HaApIs o[ 1117
i 3

< o1/ Y w(S) s [ () f 1w

< e(1/ 3P 3 w(S) PP s, [ |rpw.

J S;

Note that in the last inequality we used w € Ap; now from Jensen inequality:

L [y L [y

— | w < (= [(=)a~1)e

(ISJ-I ) (|s,-| (Z)77)
S S

So that we obtain:

w(E'\)llk < c(l/A)"Z |Sj|p(1—Q)—q(1-1/k) (/(L)l/q—l)(p—l)(k-l)/k
. w_,'
J

S
/ |fIPw.
S

Now we can choose k such that p(1 - Q) —g(1-1/k) >0 i.e.

1<k<(1-(1-Q)p/97"

if Q >1-g/p and k > 1 otherwise. Now from (4.4b):

w(Ex)* < o{1/A)?|SPA-D-(=1/k)( / (%);ﬁ)(q—l)(k—l)/k

‘S
: S/ \fPw.

Finally from w € A, we obtain:

@i w(E) < NSO () ([ 1P
S

that is Mg is continuous from LP(w(z)dz) in weak-LP*(w(z)dz). Now the
conclusion follows from a standard use of Marcinkiewicz interpolation theorem
(see [Ste] pag. 272) and from Lemma 2.9. O



544 B. FRANCHI - R. SERAPIONI

From Lemma 4.3 and 4.4 it follows readily the following:

WEAK VERSION OF THEOREM 4.1: Assume w € A4(RY,d, L) for some
g>1and S=S(r) is a fixed d-ball. For any B € |0,1[ there are constants
cg = cg(B,q) and ¥ > 1 (both depending on P and N) such that if u : 9S — R
is Lipschitz continuous and |E| = |{z € S : u(z) = 0}| > B|S| then:

(4.2) (w(S)? / [u[FPw) /5P < cpr(w(8S) / VyulPw)!/?
S S

for any p > q and k > 1 satisfying the limitations in (4.1b).
The proof is.obvious but for the use of Lemma 2.9 to get the full range
of values of k.

Now we are in position to prove:

THEOREM 4.5. Assume w € A4(RN,d, L) for some ¢ > 1 and S = S(¢,r)
is a fixed d-ball. Let u : S — R be Lipschitz continuous, then there are constants
co = co(Cw,q» P,N) and w, such that:

@sy @O [ lu-wlrep < arws) [ [Oap)e,
s s

for any p > q and k > 1 satisfying the limitations in (4.1b).
Moreover u, can be chosen to be either the Lebesgue average of u, i.e.
u, = |S|™* [ u or the weighted average, i.e. u, = w(S)™! v w.
s s

PROOF. First we obtain from (4.a) the following inequality (4.5b) for any
d-ball B such that 4B C S

(4.5b) (w(B)-l / |u— ”,lkPw)lllcp
B

< or(B) (w(9B)~ / IVaulPw) /e,
9B

Here r(B) indicates the radius of B and p = p(u,B) is the median of u
in B. To get (4.5b) just observe that, B and u given, there is a number
¢ = p(u, B), the median of u in B, such that if B* = {z € B : u(z) > p} and
B~ ={z € B:u(z) < p} then:

(4.5¢) |B*| > |B|/2 and |B~| > |B]/2.

Hence both the functions ut = max{u — g,0} and v~ = max{u — u,0} satisfy
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the hypotheses of the weak version of Theorem 4.1 with 8 =1/2 and we get:

B [ 1uPruylte < cr(B)w(B) [ [Vautipu)tle
B B
and the same for u~. Adding these two we get (4.5b).
Now, by a minor modification of a tecnique developed by Jerison in [J],

we show that (4.5b) is actually equivalent to a Sobolev-Poincaré inequality “on
the same ball”, i.e. to (4.5a).

We just sketch here the main steps in Jerison’s argument.

First observe that by a standard covering argument and Lemma 2.10,
(4.5b) yields:

4.5d) ( / lu— p*Pw) /% < ¢ r(B)w(B)Y/*P=1/7( / |V sulPw)/?.
B 2B

Here and in the following c indicates a constant, not the same at any appearance,
depending on the doubling constant of Lemma 2.10. By Whitney decomposition
there is a pairwise disjoint family F' of d-balls B and a constant M such that

i) S = BLeJF 2B.

(ii) If B € F then 10%r(B) < d(B,9S) < 103r(B); where d(B,3S) is the
distance in the metric d from B to 9E.

(iii) forany z€ S : #{B€ F:z € 10B} < M; here #{ } is the number
of elements of the set { }.

For any B € F fix a subunit curve yp from the center of B to &, the
center of S, of length < r, the radius of S. Denote

F(B)={A€F:2AN4p # 0}
and for any A € F denote

A(F)={BeF:AcF(B)}.
Then (see Coroll. 5.8 and Lemma 5.9 in [J]) there are constants ¢ and ¢
depending only on the doubling constant in Lemma 2.10 such that for any

A,BeF.

(4.5e) # F(B) < c log (r/r(B)).
(4.5) > w(B) < ¢(r(B)/r(4))* w(4)

where the sum is extended to all B € A(F) such that

r<r(B) < 2r
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Now choose By € F such that ¢ € 2B,. Let p, be the median of u on B.
From (4.5d) and arguing as in the proof of Theorem 2.1 in [J] we get for any
BerF:
lu — po[P*w <
2B

S FFE)*0(B) 3 r(Artu(a) ([ [Vieru)t
AEF(B) 104

Adding over all B € F and raising to 1/k:
(f 1u=saPruptt < 3= ([ fu- woltuyt
5 . BEF ,p

Sc). Y (#F(B)Prw(B) Y rr(A)Pw(4)? / IVaulPw

BEF A€F(B) 04
=c3> 3 #FB) T uE) arua) [ Vi,
A€EF BEA(F) 104

Now by (4.5¢) and (4.5f):
Y (#F(B))P~*w(B)** < c(log (r/r(A)))~*/*w(4)V/*
BEA(F)

hence:

(/ |u — pol*w)/*
S

<e 3 r(A)Pw(4)/*(log (r/r(A)))P-1/* / VrulPw.
_ A€F 104

Since w € A;, from Lemma 2.9 w € A, for some ¢, 1 <t < ¢; hence:

(4.58) lAIt(/ w—l/(t-—-l))l—t < w(A) < Cw,tiA|t(/ w—l/(t—l))l—t.
A A

From the left side of (4.5g):
r(A)Pw(A4)**~(log (r/r(A)))P~*/*
< c r(A)P|A|t(-1/k) (/ w=/(-1)(¢-1) (1—1/k)(10g (r/r(A)))P-1/*
A
< r(AF A7 00 log (r/r( )P4 [ wm D)D) G,
s
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Note that, by Lemma 2.6 and Proposition 2.7:

peZ] .
c r(A)i ! < |A| < e r(A)N
hence:

p—t(1-1/k) L G5
J

c r(A)

where both the exponents on the left and on the right are positive for & as in
(4.1b). From the above inequality and r(A) < r/10:

< r(A)P|A|7H0-1R) < ¢ ()P NEA-1/K)

(Y |AI0) log (r/r(A))HE < o P3|,

In all:
(f lu = nolPtuw)its <
S

<c r”|5'|_t(1_1/k)(/ wH/E=1) (D (/R Z ./ IVaulfw <
3 A€EF 134

by (4.5g):
<c rPw(S)VE 1Y | [Vaufw
A€EF 154 ~
<c r”w(S)I/"_l/lv,\uF’w.
s
Finally it is easy to show that po can be substituted by an average u, of u:

[l uito <23 ju= ot [ o= wltu)
S S S

If u, = w(S)™! [ uw then:
S
[ 1o = wtw < w(s) (w(s) [ b0 = ko) < [ 0o = upru.
S S S
If u, =|S|"! fu then:
S

[ 1o = s < w() (517 [l - ui* < [ lao — wie
S S S

since w € A, and pk > g. O
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THEOREM 4.6. Assume w € Ay(R",d, L) for some ¢ > 1 and S = S(€,r)
is a d-ball. Let v : S — R be Lipschitz continuous and supported in S, then
there is a constant co = co(Cw,q,p, N) such that:

(4.62) (w(S)~? / lufPFw) /P < cor(w(S)~ / IVaulPw)e,
S S

for p>q and k > 1 as in (4.10b).
Moreover, if Q is a bounded open subset of RN, and

01
w € Az(RN,d, L), then H3(Q;w)
is compactly embedded in

LP(Quw) f 2<p<po=2) G;/(D_G;—1).
J J

PROOF. In order to prove the first assertion, we need only to apply Theorem
4.1 in the ball S(§,2r), keeping in mind that, by the doubling property (2.7c),
it follows immediatly that |S(€,2r) — S(§,r)| is equivalent to |S(&,2r)|.
0

Now, we note that the continuous embedding of Hj3(Q,w) in
LP(Q,w), 2 < p < po, follows from (4.6a), if we choose r sufficiently large.

Then, we need only to prove compacteness. By an interpolation argument,
we can reduce ourselves to the case p = 2.

0
Let now (u,).en be a sequence in the unit ball of Hi(Q,w); without
loss of generality, we may suppose
u, € C(RY), supp u, CQC S(0,1) for any n € N.

By the reflexivity of L?(f2,w), we may suppose that u, converges to u weakly
in L?(Q,w).

Now, by the “Vitali type” theorem of [C.W.1], pag. 69, for every r € ]0,1],
there exist z;,:-+,Zmn(r) € S(0,1) such that:
i) S(zk,r/5)NS(zh,r/5) =0 if k#h;
ii) S(0,1) C ES(””"")‘

We can prove that:
iiiy m(r) <cor~* and

iv)  S(zk,r) N S(z;,r) # 0 for at most M different indices 1 # k;
here o is the constant of (2.10b) and ¢, and M depend only on «. In fact,

S(zx, r/5) C S(0, 6/5) V k, V re]0,1],
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so that

w(S(0, 6/5) 2 Y w(S(zk,r/5)) 2 (r/11)* 3 w(S(zx, 11/5))
> (*/11)“m(f)w{3(0, 6/5)), k
and iii) follows.
Arguing in the same way, if we put
I(k) = {s < m(r) : S(zx,r) N S(z;,7) # 0},
since d(zk,z;) < 2r if 1 € I(k), we get:

w(S (zx, 11r/5) > E w(S(zi,r/5))
i€I(k)
>217% > w(S(z:,21r/5)) > 217 *w(S(zx, 11r/5)) o card I(k).
i€I(k)

Then, iv) follows.

Now, we can prove that (u,),en is @ Cauchy sequence in LZ(2,w). Let
€ > 0 be fixed. By (4.5a), we have:

m(r)
/|un — upm|?w(z)dz < Z / |tn — um|?w(z)dz

=1 S(zj,r)
m(r)
< _ 2
Y sl [ = weetelin)
S(-":v")
m(r)
+C r? E / |V(un — um)|2w(z)dz
7=1 $(jr)
m(r)
< Z ( / (un — um)w(z)dz)? + 4 C(M + 1)r.
ZJ”)
7=1 S(zjur)

Now, let us choose r = g(2C(M + 1))~/2, so that last term is estimated by
€2/2. On the other hand, since S(z;,2) 2 S(0,1), we get:

m

r)

—_

1 2 2\a _IM(T) L
w(S(zj,r))(”') S(;) w(5(0,1)) Z( /(""—”m)w(z)dz)-

! I=1 5(aj,r)

J

Since the sequence (u,)nen is weakly convergent in L?(,w), there exists
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n(e) such that, if n,m > n(e),

| (tn — um)w(z)dz|> < Ew(S(0,1))r** /2%, j=1, -+, m(r).
S(=zj,r) .
Keeping in mind the estimate of m(r), the assertion follows. O

REMARK 4.7. It is a consequence of the comparability of the two distances
d and 6 and of the doubling properties that Theorems 4.1, 4.5 and 4.6 yield
similar statements with the §-balls Q(¢,r) instead of the d-balls S(¢,r).

Let us see how this works for Theorem 4.6. Let v : Q = Q(€,7) — R be
Lipschitz continous and supported in Q and extend it equal to zero to all of
RV,

From (2.7a) and Lemma 2.10 there exists a constant ¢( s, B), 0 < ¢(a,B) < 1,
such that:

(4.7a) w(Q) > w(S(é,r/a)) = c(a, B)w(S(€,ar)).

Hence thinking u as supported in S(¢,ar), from (4.7a) and Theorem 4.6 we
have:

1 ulPFw)/PE < ¢ r 1 ulPw)l/P
@70 (w(Q))!m) < (w(Q)!wu )ile.

The analogous versions of Theorems 4.1 and 4.5 are less precise than the
original ones, but sufficient to our purposes.

Let’s see first Theorem 4.1:

Assume u: R¥N — R be Lipschitz continuous and

{z € Q(&,r)|u(<) =0} > BIQ(&,r)|, 0< B <1
Once more from (2.7a) and (4.7a) we have:
. {z € S(&,ar) : u(z) =0} > |{z € Q(&,r) : u(z) = 0}]
> BlQ(E,)| > B e(a, B)|S(€,ar)|

Hence from Theorem 4.1 in S(§,ar) and from (4.7a):

1 k, \1/pk
4.7¢c) (_———w(Q(f,r)) /lul" w)t/P
Q(&r)
1

1/pk . 1 upk w 1/pk
< (c(a,B)) (w(S(&',cu'))s(&/ai)| )

__1_ P .,\1/p
<ec r(w(s(f’ar))s(g[,l)vxul w)

' 1 /
S [+ r(W(Q(fg 027')) ( / I)VAUIP‘!U)I p,
Q(¢,a?r
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From (4.7c) as in the proof of Theorem 4.6 one gets:

(4.7d) /|u —uglPw L er? / |VaulPw.
Q(&:r) Q(¢é,ar)

The last result we formulate explicitly is an embedding near the boundary. We
will need the following definition.

DEFINITION 4.8. A bounded open subset 2 C RY is said to belong to
the class S if there exist a,ry > 0 such that for each z, € 902 and for each
r € ]0,ro[, we have

|S(zo,7) — Q| > a|S(=z0o,7)|.

THEOREM 4.9. Assume w € Ay, for ¢ > 1, Q belong to the class S with
constant o and zo € 0. If v : QN S(zo,r) is Lipschitz continuous and v =0
on NN S(zo,r), then there is c = ¢(a, N, cuq,p) Such that

482  (w(8)™ / uPEw) /o < ¢ r(w(S)! / |V s ufPw)/?

sna snan
for p>gq and k > 1 as in (4.10b).
PROOF. Just extend u =0 on S — ) and use Theorem 4.1. (]

Section 5.

We devote this section and the following one to the study of global and
local properties of the solutions defined in section 2. Our main result here is
Harnack inequality from which interior Holder continuity of solutions follows.
The study of the boundary behavior of Solutions is the argument of the next
section.

Since the techniques we use are well known we often merely state the
main theorems and lemmas. After the statement is given, we give a reference
to a corresponding nondegenerate theorem and explain the differences in the
proof (if there are any). The references we use in this section are [K.S.] chapter
2 and [Sta]; see also [F.K.S.].

Let’s begin with some technical lemmas:

LEMMA 5.1 (Chain rule) Let f : R — R, be either a C' function
with bounded derivative, or a piecewise linear function whose derivative has
discontinuities at {ay,--+,a,}. Let v € H}(Q,w).

Then

fou € Hy(Q,w) and V,(fou)(z) = f'(u(z))Vau(z),

with the convention that both sides are 0 when z € U{y : u(y) = a;}.
7 :
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The proof of this lemma follows the lines of Lemma A.3 and Corollary
AS of [K.S.].

COROLLARY 5.2. Let u € Hi(Q,w), then ut = max(u,0), v~ =
max(-u,0) and |u| € H}(Q,w). Moreover Vyut = V,u where u is positive,
otherwise ¥V u* = 0. An analogous statement holds for v~ and |u|. Moreover

0
if w e Hi(Q,w) so does u*,u~,|u|. If v also belongs to H}(0,w) so does
Sup(u,v) and Inf(u,v).

Given E c Q and u,v € H} (2, w), the notions of u < v on E in H}(Q,w)
and of Sppu in H}(Q,w) are defined as usual (see [K.S.] Definition 5.1). The
following lemma summarizes the main properties of the concepts mentioned
above.

LEMMA 53 Let E C @, u € H}(Q,w).
(i) Ifu>0on E in H}(Q,w), then u>0 a.e. on E.
(i) Ifu>0o0nQ ae. then u>0 in H}(Q,w).
0
(iii) If w > 0 on (1 ae., u € H,I\(Q,w), then there exists a sequence
{vx} € Lip(Q?), supp pr CC Q, such that o, > 0 in 0 and o), — u
0
ln Hi(ﬂsw)'

(iv) IfE is openin Qand w>0on E a.e., then u> 0 on K in the H}(Q,w)
sense, for any compact K C E.

PROOF. (i), (ii), (iii) have identical proofs to the corresponding statements
in Proposition 5.2 of [K.S.]. For the proof of (iv) see [F.K.S.] Lemma 2.13.

O
The last lemma we need is the following:

LEMMA 5.4. (Existence of cut-off functions. See [F.L.2] pag. 537). Let
Z € R™ and 0 < ry < ry, then there is a function o € C®(RN) such that

(i) Supp ac Q(z,r2); a=1in Q(z,r1)
(ii) |V,\a| < 2(1’2 - 7'1)_1.

Now it follows a version of the classical Stampacchia’s weak maximum
principle and after a global boundedness theorem.

THEOREM 5.5. (Weak Maximum Principle) Let L belong to L(Q2, N, v,A, P,
Cw,2). Let u € H}(Q,w) be a L-supersolution in ). Then

u(z) > Inf u ae. in 0,
a0

where %Ig' u is taken in the H}(Q,w) sense.
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PROOF. See Theorems 5.5 and 5.7 in [K.S.]. m]

THEOREM 5.6. Let L € L(Q,N,v,A,P,cy2) and k > 1 be as in (4.5a).
Assume f = (f1,--- fn) be such that |f|/w € LP(Q, w) for p > 2k/(k — 1).

0
Then if w e HX(Q,w) is a solution in Q of Lu = —div, f, we have
(5.62) Sup|u(z)| < C (@w(@) P22 | 1| fwllzr(a,w).

Where C(Q2) depends only on the diameter of ).
The proof again is like the one of Theorem B.2 of [K.S], replacing the
exponent 2* by 2k and the usual gradient by V,. O
Finally we start with the proofs of Harnack inequality and interior Holder
continuity of solutions. To get these results we need the inequalities of Theorems
4.5 and 4.6 (more precisely we will use their corollaries (4.7b) and (4.7d) since
it will be more convenient to use the distance 6 and the corresponding §-balls
Q(z,r)).
~ Let’s start with the following local boundedness theorem that can be
proved using (4.7b).

THEOREM 5.7. Let L belongs to L(2,N,v,A, P,cy 2) and let u be a local
subsolution. Then there exists M > 0, M independent of r and u, such that
for any §-ball Q = Q(z,r) C 2, we have

1/2
(5.72) Q(SMI;?) - (w(er)) / whwdy)*.

PROOF. Proceed as in Theorem C.4 of [K.S.], using the cut-off functions
defined in Lemma 5.4. The main fact that is needed is: if v is a non-negative
local subsolution in  and o € C§°(Q2), then

(5.7b) /a2|V,\v|2w dy < C’(u)/lV,\a|2vzw dy.
Q Q

Now choose o« such that Supp o« C Q(z,r) and use (5.7b) together with
Corollary 4.7 to get:

a?v?w dy < C r2w(Q(x,r))1/k_1 / |Vac|>v?w dy
Q(z,r) Qz,r)
(w{z:a-v# 0},
where 1/k + 1/k' = 1. Now the only change needed is to choose ¢ and n so

that € + 7 = O¢, ¢ = Onk', with © > 1. This can be done with = 1, if we
choose © to be one of the roots of the equations ©% — © — 1/k' = 0. a
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From the above theorem it follows that solutions are locally bounded. In
fact we have: ‘

COROLLARY 5.8. Let u be a local solution in  of Lu = 0, L €
L(Q,N,v,A,P,c,). Then

1 2 1/2
Q(Szl,lr%) ful < M(w(Q(z,r))Q(/) ww da) 7.

The following theorem is Harnack’s inequality.

THEOREM 5.9. Let L belong to L(Q,N,v,A,P,cy2) and u be a positive
local solution of Lu = 0 in Q. Then there is a positive constant M (depending
only on the structural constants of L, but independent of zo,u,r such that if
8r < §(zo,00N) then:

5.9 Sup u<M Inf wu
(5-92) Qlaan ¥ =M giaen ™

PROOF. The proof is along the lines of Moser iteration techniques. See for
example theorem 8.1 of [Sta]. The main estimates that are used are the following
ones: for any p # 1/2 let v = u?, a € CP(Q(zo, 2r)), then:

/.a2|VAv|2w dz < C(p)/]VAanzw dz.
0 by

We also need to estimate v = log u. It is at this point that we use (4.7d). For
any Q(z, 2r) C 2 we obtain the inequality:

(5.9b) / lv— vol|?w dy < ¢ w(Q(z, 2r))
Q(=z, 2r)
where vg = [ v wdz / w(Q(zo,r)). Because of the last inequality, using the
Q(zo,r)
John-Nirenberg lemma in. the setting of the homogeneous space (R¥,d, w(z)dz)
(a proof of this lemma in homogeneous spaces can be found in [B]) we obtain:

599 ([ v dy /[ w(@e)e<el [utw dy [ w@ar)) e,
Q(z,') Q(’y')
for two positive numbers g and c, both independent of u,z,r.

Now let us fix zo and r satisfying the hypotheses, then using Theorem
5.7 applied to v = uP for p < 0 or p > 1, Moser’s iteration argument gives:

(5.94) &wﬂgM(/fwM/mm%mmm
ZTO,r
Q(“Oizr)
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and

(5.9¢) anf ¥ > M( / u"tw dz [ w(Q(zo,2r)))"2/9
Zo,T .
Q(=0,2r)

Combining (5.9¢c), (5.9d) and (5.9¢) the theorem follows if we can show that:

([ ds [ 0@, 2N < o) [ w70 de [ w(@eo, 2,
Q(=zo,2r) Q(zo,4r)

once more this can be obtained with an iteration argument, similar to the
preceeding one. ‘ m|
We observe here that Theorems 3.1 follows from Theorem 5.9 and the
comparability of d and §. Moreover Holder continuity of solutions, as stated in
Theorem 3.3, follows from Harnack’s inequality and from (2.7b).
We now wish to study the local behaviour of solutions of

Lu = —divyf, f=(f1,-:*,In), |f|/w € LP(Q,w)

and p sufficiently large. For the proofs our references here are Theorems 7.1,
7.2, 7.3 in [Sta].
First we obtain the following variant of (5.6a) using (4.5a):

Ifue I?Ii(Q(z,r),w) and Lu = —divy f where |f|/w € LP(Q(z,r),w) for
p > 2k/(k — 1) then:
(55 $up lul £ C r w(Q(a,r)) /2 o w(Qa,r)H2-Hr 312k

A/ wllzr(Quw)
=c r w(Q(z, 7)) "M?|| |f|/wllLr(Q(zr)w)-

From (5.b) we obtain the following Lemma that is a key step in the proof of
Holder continuity:

LEMMA 5.10. Assume Q(zo,r) C Q(=o, R) for a fixed large R.
0
Let we H}(Q(z,r),w) be a solution of Lu = —div, f, with

|fl/w € LP(Q(=z,r),w), p>2 k/(k—1)

where k is as in (4.5a).

Assume also that p is so large that w € Ap;s, where § > N is such that
|Q(zor)| > ri.

Then there is o € |0,1[ such that:

o2up ) [u(@)] < e(R) rl| |f1/wllzr(@(zor) ) -



556 B. FRANCHI - R. SERAPIONI

PROOF. Let g be a number > 1 that will be fixed later.
If (L)1 e L (RM) it follows that

w(Q(ZO’ r)) 2 C(R’ w)IQ(zO’ r)|q°

Hence
w(Q(z0,7)) 7" < e(R)|Q(zo,r)|"Y” < c(R)r=09/P,

Since we assume w € A,/; W& have also w € A(,/5)- hence

(L)) € L (B) for o = (/5) -5

with this choice of ¢ we have 6g/p < 1, and the statement follows from (5.b)
O
Finally the interior Holder continuity for solutions of Lu = —div, f follows

in a standard way from the above results:

THEOREM 5.11. Let L belongs to L(Q,N,v,A,P,cy2). Assume u €
H}(Q,w) be a local solution of Lu = —divyf in Q, where p > 2k/(k—1), k
as in 4.5a, and p is such that w € Aps. '

Then u is locally Hélder continuous in (1, that is there is o, 0 <o < 1
such that if '

z0 € N, 0<r<R<i— 6(z0,00),

then
_ S S SP SR
LS lu(z) — u(eo)] < (B (grgraryy [ v 4o+
S(z0,R)
1 171/ wllzrsm) -7
Section 6.

We now proceed to study the behavior of solutions of Lu = —div, f near
a portion of the boundary where the solution vanishes. We assume through all
this section that

Le L(Q,N,v,A,Pcy,2).
Our first result is an L* estimate which is analogous to Theorem 5.3 of [Sta].

LEMMA 6.1. Let zo € 912 and let

u € H} (2N Q(zo,10),w)
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be a subsolution for L in 2N Q(zo,ro). Assume that w < 0 on QN Q(zo,r0)
in the sense of Hj(QNQ(zo,r0),w), then if r < ro and ko > 0 we have:

< o _ 2 1/2
nnSQ(Bo,lrl/z) k0+K{w(Q (zo,7) /Iu kol*w dz}
A(ko,r)
(2(Alko,1)) y(0-1)/2
w(Q(zo,7))
where
A(kg,ro) = {z € Q(z0,70) N : u(z) > ko}

and © =1/2+1/4+1/k' > 1, 1/k+1/k' =1 and k as in Theorem 4.5.

PROOF. As for Theorem 5.7 of the preceeding section the proof follows

the same steps as in Theorem 5.3 of [Sta]. More precisely: integrating by parts
in the equation and using Theorem 4.5 one gets the following two inequalities.

() (4= kx)%w do
A(l;/,;;)
(w(A(k1,r)))M* 1
w(Q(zo,r1)) /¥ (r2 —r1)?

/ (u — k1)?wdz, and
A(ky,ra)
(ll) (’Cz - kl)zw(A(kz,Tl)) S /(u - kl) w d:c,

A(k; ,r;)

for ko < k1 < ko and0<r1<r2<ro.
From now on the proof has no changes but for the choice of

€=0k'and © =1/2+1/4+1/K'.

O
The following result follows from Lemma 6.1.

THEOREM 6.2. Let zo € 3Q and u € H2(Q N Q(zo,r0),w) be a solution
of Lu =0 in QN Q(zo,r0) such that u =0 on NN Q(zo,r0) in the H} sense.
Then if r < ro:

Lt vwiw dz}/?
ol < Migme—s / dz)i/2.

Q(zo,r)

o= P

In order to establish Holder continuity at the boundary, certain smoothness
assumptions on the domains to be considered are necessary. We recall here
definition 4.8 of domains of class S: (see also [Sta] Def. 6.3) Q is of class S
if there are o, ro such that for any zo € Q2 and for any r < ro:

(6.a) |8 (z0,7) — Q| = a|S(zo,r)]|.
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From (6.a) and the comparability of the two distances d and 6 it follows:
(6.b) |Q(z0,7) — Q| > @ ¢(A4,a)|Q(z0,7)]

for any zo € 90 and r < ro.

We observe also that there are equivalent formulations of (6.a) or (6.b)
in terms of the weighted measure. In fact we recall the following A., property
of A, weights (see [C] Lemma 4): if w € A, and E C S(zo,r) then

(6) (IE] / 1S(z0,r)|) < cw,pw(E) [ w(S(zo,7).
From (6.c) if Q2 is of class S there are o',rp > 0 such that:
(6.d) w(S(2o,r) — Q) > o' w(S(zo,r))-

A preliminary version of Holder continuity is given by the following Lemma:

LEMMA 6.3. Let Q) be of class S, G a bounded open set and u a solution
in GNQ of Lu=0. Assume that v =0 on QNG in the H}(GNQ,w) sense.
Then there is n > 1 such that, for zo € QNG and r small enough,

(6.3a) w(r) < n w(4r)
where w(r)= _Sup u-— Inf u.
anQ(zo,r)  0NQ(z0,r)

PROOF. Once more the proof is similar to the one of Lemma 7.4 of [Sta].

Let 0 < h < k' and let v = min(u, h')—min(u, k) in S(zo,r)NQ while v =0
in S(zo,r)— Q. Define the level sets of u as A(h,r) = {z € S(z0o,r) : u(z) > h}.
We recall Lemma 2.9; then w € A, implies that w € A, for some p < 2. Finally,
since  is of class S and v =0 on S(zo,r) — 2 we can use Theorem 4.1 and
we obtain:

(6.3b) (k' = h)w(S(zo, 7))~ 2/*P w(A(K',r)) /*P
< (w(S(zo,7))? / v*Pwdz) /P
S(zo,r)
< ¢ r(w(S(zo,r))? |Vav[Pwdz)!/P.
A(h,r)-A(h',r)
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Finally from Holder’s inequality we have:

63c)  w(A(K,r)2/PE (K — h)? < ¢ rPw(S(zo,r))=2A-1/K)/p / Vaul?w dz
: A(h,r)—A(h',r)
(w(A(h,r) — A(h’,r))zl""l.

-Using (6.3c) the last part of the proof proceeds with almost no changes. [
Our main result on boundary regularity follows from Lemma 6.3 and
Lemma 5.10.

THEOREM 6.4. Let Q be of class S, G a bounded open set and
u € H}(GNQ,w) be a solution of Lu = —divyf. Assume f = (f1,--+,fn) is
such that
|f|/w € LP(Q, w) for p > Max{2k/(k — 1),26}

where k > 1 is the exponent of (4.53) and § > N is such that |S(zo,r)| > r®.
If uis 0 on 3NNG in the H}(GNQ,w) sense, then u is Holder continuous
on GN, i.e. there are M > 0 and 0,,02¢ |0,1] such that:

olr) € M{(=r=r

(S(z,r0)) v?w dz)'? + || |f]/wllLr(0,w) }r

S(z,ro)NQ

for z€e NG, 0<r<rgand S(z,r0) N CG, and

1 2 1/2
2efer 148 ~ W< Mgy /) v e

+ 7 1/wllLr(@,w) e - 9],
for 0 <r<rgand S(z,ro) NQCG.

Section 7.

In this Section, we will prove some technical results we used in the proof
of the basic estimates of Section 4. More exactly, we introduce a suitable
family of sub-unit curves depending on N real parameters and we prove that
the set of points of a given d-ball we can reach along these curves from the
centre is as big as we like.

Let us now introduce some notations.

DEFINITION 7.1. Let a = (ai,:+-,an) and € = (e1,---,en) be given
vectors in RN with 0 <¢; < ¢;, j=1,---,N. We shall denote by AZ the set

{yERN; Ej‘s ijaj, j=1,"',N}.
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If o € {-1,1}¥, we shall put

Toy =Ts(y1,- -, 9n) = (0191, ,0nYN)
and we shall denote by A%(c) the set T, (A2). Moreover, if z € RN and p> 0
we put
Q°(z,p) ={y € Q(=,0); 0j(y; —2) 20, j=1,---,N},
if o = (1,---1), we shall write Q*(z, p) instead of Q(:"1)(z, p).

DEFINITION 7.2. If z,y € RN, we shall denote by H(t,z,y) =
(H, (t,:c,y),-: -) the solution at the time ¢ of the Cauchy problem

.
H,-(O,z,y) = Aj(EI-(.ax:y))yja Hj(o’zay) = zy, .7= 1""$N'

We note explicitly that H,(¢,z,y) depends only on yi,---,y;.
Let us recall the notation z* = (|z4,---,|zN]).

PROPOSITION 7.3. Let e, be as in Definition 7.1, then, there exist 2N
real positive constants C(1),---,C(N), C'(1),---,C'(N) such that

(i) ¥ r>0,z€ RN and y € A® then there exist m and M, 0<m <M <1
(depending on t, z and y) such that

Hj(s,z,y) 2 C(5)(lz;] + Fj(z*,7))
for s€ [mr, Mr] and for j=1,---,N. Here C(j) depend only on P, ¢

and o and M —m > 47V,
(ii) if r >0 and y € A%, we have

lHj(T’z’y)I < C'(j)(lzjl +Fj(x*rr))’ j=1,---,N,

where the constants C'(j) depend only on P,e and a.
Without loss of generality, we may suppose C(3) < 1 and C'(3) > 1.

PROOF. The proof will be carried out by an induction argument on the
index j. Without loss of generality, we can suppose ¢; < 1, a; > 1, 7 =
1,.--,N. Moreover, at each step of the proof we will modify our choice of
the constants m,M in such a way that the new interval is contained in the
old one. More formaly, for each 5 € {1,---,N} we will find two constants
m;,M; 0<m; <M; <1 such that

my<my<- - <my<My<- <M< M; and M; —m; > 477,

We will put m = my and M = My.
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CASE j = 1. Here, H,(s,z,y) = z; + sy;. If z; > 0, let us choose
m=1/2, M=1;if s€ [r/2,71], we get:

|H1(s,z,y)| = |21 + sy1| > 21 + 861 > 21 + 7 €1(2z1 +7)/2
= &1(|z1| + F(z*,7))/2.

If z; <0, then there exists so € ]0,+oo[ such that z; + soy; = 0.
Now, if so € [r/2, 7], we choose m = 0 and M = 1/4. Then, if
s € [0,7/4], we get:

|z1 + sy1| = (so — 8)y1 > 1/4 7 y1 > 1/4 761 > 1/4(1/2 50 +1/2 7)ey
=1/4 e1(|z1|/2y1 + 1/2 7) 2> e1(|z1|/01 +7)/8 > €1(|z1| + Fi(z*,7)) /801

If so € [r, +oof, then z; + 7 y; < 0. We choose again m =0, M = 1/4 and,
if se [0, /4], we get:

|21 + sy1| = =21 — sy1 = |z1]| — sy1 2 1/2|z1| + (1/2 7 — &)y
> 1/2\z1| +1/4 1 &1 > 1/4 €(|za| + 1) = 1/4 €1(|za| + Fi (2%, 7).

Finally, if so € [0,7/2], we choose m = 3/4, M = 1. Then, if s € [3/4r,7], we
get:
|21+ sy1| = (s —s0)yr 2 1/4 7 €1 >1/4 e1(s0+1/2 7)

=1/4 e1(|z1|/y1 +1/2 1) > e1(|z1| + 7) /8y
= €1(|z1| + Fi(z*,7))/8c.

So, we proved i), by choosing C(1) = &;/8a;. On the other hand, ii) is quite
obvious with C’(1) = a4, since

|Hi(r,z,9)| < |z1| + 7 41 < a1(|z1| + 7) = a1 (|21 | + Fi(z*,7)).

CASE 7 > 1. Let us now suppose i) and ii) hold for 1,2,.-.,7 and let
us prove the assertions for j + 1, possibly with a new choice of the constants
m, M, as we said above. For sake of simplicity, let us call m', M’ the new
constants.

If z;41 >0, we choose m’' =1/2(m + M), M'= M.

If se [1/2(m+ M)r, Mr], we get:

L)
B3 (5,29)| = 243 + i [ Agaa (H (6 2,9))de
0

1/2(m+M)r
2 Zj41+ €541 / Ajgr(--)dt 2

mT
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(by the induction hypothesis, (2.c), (2.d) and (2.e))

1/2(m+M)r
2 Zi41+ €54 Ai+1(C() (|71 + Fi(ex,7),--)dt > (by 2.0))
mr
> zi01+ €j+1M 2_ mc(l)m‘-ﬂ,x -+-C(9)Pi+13 Fyq1(z*,7)

2 %4—j~‘5j+1C'(l)”"*"'1 -+ C(5)P* 03 (|zj41] + Fypa(zx,7)).

Let us now suppose z;+1 < 0; then, there exists so € ]0,+oo[ such that

s
Tj+1+ Y+ / Aj+1(H(t, z,y))dt = 0.
0

If so € ]0, 1/2(m + M)r], we choose

m' =1/4(3M +m), M' = M.

In fact, if s € [1/4(3M + m)r, Mr], we get:

8
|z5+1 +y,-+1/---dt| =y,-+1/A,-+1(~-~)dt
80

0
s 1/4(3M+m)r
2 5:'+1/'\:'+1(' )dt > €541 / Ajga(e--)at
80 1/2(m+M)r

> (by the induction hypothesis, (2.c), (2.d) and (2.e))

€5+11/4(M — m)r Xj11(C(1)(|21] + Fi(2%,7)),- ) > (by (2.0)')
€5+11/4(M — m)C(1)P3+11 ... C(5)P7+21 Fy(z+,7).

On the other hand,_

80 1/2(M+m)r

el =wn [ Al It <o [ Aalar
0 0

< a1 7 A (C'()(jma| + Fafan,)),--)

< agy1 C(1)Pi# O ()54 Fypa (s, ).



POINTWISE ESTIMATES FOR A CLASS ETC. 563

Then,

(7.3a) le+1+yj+1/”'| 2
)
M—m6j+1 C(l) PytLa ... C(]-)PJ'+1,J' ) ] o
8 aj+1(C'(1)) el C'(s) ) (legeal + Fiea(s,7)).

2

Now, if so € [1/2(m + M)r, M ], we choose
m'=m, M' =1/43m + M).

If s€ [mr, 1/4(3m + M)r], we get:

L] 89
|x,-+1+y,-+,/---dt| =yj+1/)v‘+1(°")dt
0 0

1/2(m+M)r

> €541 Aj+1(c+-)dt > (by the induction hypothesis,
r(3m+M)/4
(2.¢), (2.d) and (2.e))

> e 20 A (C() ([l + Fian)), o) 2 (by @)

()Pt . O (5)Pi+ i Fy(m, 7).

2 Ej41
Now, since |z;4+1| can be estimate as above, we get again the estimate (7.3a).
Finally, let us suppose so € [Mr,+oo[. In this case,

Mr

Ti+1 + Yj41 / Aja(---)dt < 0.
0

We choose again m' =m, M'= (3m + M)/4. If

s € [mr,7(3m + M)/4],

we get: . .
|Z541 + Y542 / cedt]| = =241 - Yina /)‘j+1(' +)dt.
0 0
Now, put
1 M-m €]+1 C(l) pi+ C(]) Pi+1,j
21— 1., e€[1/2,1].
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We have:
[ 1
= apra = wpna [ Mg )de = (1 lagaal
0

8
1
+ ~[241] —y,-+1/)\,-+1(---)dt ‘
0

1 Mr 1/4(3m+M)r
2 (1= =)leja]+ y’;“ / Ajra()dt =yt / Ajpa(ee)dt
0 0
1 Mr
== Plenl+unl [l
1/4(3m+M)r
1/4(3m+M)r
+ (i. -1) / Aj+1(---)dt) > (arguing as above)
\ 0
(1- %)|2j+1| + €j+1§(—M—4'—i)C(1)""+"‘ «+-C(5)Pi*1i Fjy1(z,7)

1 N pire
+ (= = 1) O (1)Pr+nt - O (§)P5443 Fyqa (%, 7)

1 M-m Npirt s
= (L= S)lzi+a] + &5 C(1)P5+21 - .- C(5)P7+ 3 Fjga(zx,7)

(keeping in mind the definition of o)

M-m g CQ)
4 o541 C'(1)

)Pit1a cee (S'L('?))"i“"' (la:j+1| + Fiy1(z, "'))

Thus, we proved i), by choosing

C(] +1) = % 4-7-1 ij—::—i—(g((ll)) JPitnt ... (g'_((‘%)ﬂj+l,j;

in fact M’ — m’ > (M —m) > 4-9-1,
Finally the proof of ii) follows from (2.c), (2.d) and (2.e). O

PROPOSITION 7.4. Let v € ]0,1] and o € {~1,1}" be fixed. Then, there
exist ¢, a € RN as in Definition 7.1 such that,¥ p >0,V z € RY

|H (p, 7, A2(0)) N Q7 (2,0)] 2 (1~ 7)|Q" (=, o)
PROOF. First, we note that

To(Q° (2, p)) = Q* (Toz, p)
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and

To(H(p, 2,28 (0))) = H(p, z, A7);
so, we can reduce ourselves to the case o = {1,---,1}.

Put © =1 - (1 —4)*/N. We will choose ¢ and a such that
(7.42) [z; + OF;(z#,p), z;+ Fj(z+,p)] C Hj(p,2,A%), =1,---N.
From (7.4a) the proposition follows easily: in fact
{z iz € [3.1' + eFj(z*,p), z5 + FJ'(“** P)]} c Q+(z’ p),

hence
B (p2,A5) NQ* (@,)| 2 (1 - O)F T Fy(av,p) = (1= 7)|Q* (=, )]

We will prove (7.4a) by an induction argument:
If 7 =1 we choose ¢; =0, a; =1, then

Hi(p,z,A7) = z1+ple1, 1] = [21+8p, z1+p] = [21+OF1(z+,p), z1+F1(,p)].

Now let us assume that (7.4a) holds for 1,2,-.-,5 — 1 and let us prove it for
7. Let us choose
€5 = e/c'(l)l’i.n . .(;'(_.,' - 1)pi,j—1
a; = 4N [C(1)Psr ... C(5 — 1)P3i-2,
We note that C(1)---,C(s — 1),C'(1),--+,C'(5 — 1) depend only on the
previously chosen «;,¢; and on P.
In fact, let n belong to [OF;(z#,p), F;(z*,p)] and let us choose y; =

P
n/ [ A;(H(t,z,y)dt. We note that, since ); depends only on the first j — 1
0

variables and H; depends only on y,,---,y;, the definition of y; makes sense
for any arbitrary fixed yy,---,y;-1.
We will prove that:

i . Hj(P,x)yl,""yj)=zj+ﬂ;
ii) e <y; <a;.

The first one follows from the definition of H(p,z,y). In order to prove
ii), we note that, by Proposition 7.3 i),

P Mp
/ X (H(t,z,9))dt > / X (H(t, 2,5))dt

Mp
> [ e el + Fiar,p), - e

mp
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(where C(1),---,C(s — 1) depend only on P, &; and o;,2=1,---,7 1)

> 47V p X;(C(1)(|21| + Fa(z*,p)), )
> 4—Nc(1)Pj—l . C(] - l)Pj,j—l.I,‘:i(Z*,p).

Hence
y; <4V /C(1)Pir ... C(5 - 1)Phi~t = o

On the other hand, by Proposition 7.3 ii),
P
Ai(H(t,z,y))dt < /Aj(C'(I)(|z1| + Fy(z,t)),--)dt

p 25(C'(1) (|21 + Fi(2%,0)), )
C'(1)Pi* ... C'(5 — 1)Pii=1 Fy(z+, p).

IA IA O~

Hence
y; 2 O/C(1)P# -+ C'(j = 1)Pii=t = &;

and the assertion is completely proved. O

PROPOSITION 7.5. let €,a be fixed vectors as in Definition 7.1 and let o
belong to {—1,1}N. Then, there exist two constants cy,c, depending only on
P, € and « such that

(4
N
alSo)l < 1, [ A(HE ) < alsE )
0

for each x € RN, p> 0 and y € A2(0).

PROOF. We note that, if

y€E A:(U)’ |H.‘I'(t) T, y)l = |Hj(tsTaz:Tay)l

for y=1,---,N and T,y € AZ.

Then, if 5 € {1,---,N}, we have:

/ X (H(t,2,y))dt = / M\ (Ha(t2,5)],- - )dt

= [ M(HETa Tl ) < 0 XH(EW el + Frlevs o))

0
S Cl(l)P] 1 C’(] _ l)P]] 1. (Z* p)
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Moreover, by Proposition 7.3, there exist m, M depending on p, z,y, such that:

Mp
AJ'(|H1(taToz:Tay)|,"')dt2 /AJ()dt
mp

4~NC(1)Pir ... C(5 — 1)Pii-t Fj(z*, p).

IV S ~—s

Then, the assertion of the Proposition follows by the estimate of |S(z, p)| given

in Proposition 2.6. O
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