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BOUNDS IN SPACES OF MORREY UNDER CHICCO TYPE CONDITIONS
A. CANALE

(Communicated by J. Pecaric)

Abstract. In the present paper we consider Morrey spaces in unbounded domains and study
elliptic equations in nondivergence form with discontinuous coefficients when the class of dis-
continuities is of Chicco type. In particular we state some local and non local a priori bounds
for solutions of Dirichlet problem and study the dependence of the constants in the estimates.
The idea is to approximate the principal coefficients by functions with derivatives which belong
locally to the space L%, 2 < s < n, while the coefficients of lower terms in the differential
operator belong to Morrey spaces. Our results are based on embedding theorems which allow us
to require a summability lower than n for the coefficients of the operator L.

1. Introduction

Elliptic equations in non divergence form have been widely studied in bounded
open sets. The work of C. Miranda [23] represent a point of reference in the study
of Dirichlet problem with discontinuous coefficients belonging to the W'” spaces.
Subsequent results were stated, for example, in [20, 22, 27].

Other results can be found in [2, 13, 15, 16] in wider classes of spaces while
different classes of discontinuous operators were studied in [17, 18, 19, 24].

When Q is an unbounded open set, the problem was studied in more general
spaces than L" spaces in [25], in spaces of Morrey type in [7, 9, 10, 11] and in weighted
spacesin [3,4, 5, 6, 8, 12].

Basic tools for proving existence and, sometimes, uniqueness of solutions of elliptic
boundary value problems in Sobolev spaces are a priori bounds.

In this paper we state some a priori bounds for solutions of the problem

Lu=f, fel*Q),
{ ue W (Q)NwH(Q), (L1)

where L is the operator

ij=1 i=1
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The coefficients a; and a of the operator L belong to the class of Morrey type spaces
MP* introduced in [26] which are larger than L" spaces. We observe that, when Q
is a bounded open set, the spaces MP* (Q) are reduced to the classical Morrey space
P*(Q) (see [13, 14]) while, if Q = R, include I/*(R").

It is interesting to remark that we require a lower summability for the coefficients
of the operator L when we work with Morrey spaces with respect the other speces. Our
results base on embedding theorems proved by C. Fefferman [21], so we do not need to
achieve n.

In this paper we consider a wide class of discontinuity: the functions which satisfy
Chicco type conditions [17, 19]. We remark that continuous functions, the class of
discontinuities considered at first in [23] and of Cordes type belong to this class.

We study the problem under hypotheses on coefficients considerably weakened
with respect to the assumptions we can find in the papers until now. The idea is to
approximate a; by some functions e; ‘near’ to a;; in bounded open sets and by more
regular functions at infinity. The conditions we impose on e; and on their derivatives

are very ‘weak’, we require only that (e;),, € L}, .(Q), 2 < s < n, and we are able to
apply locally some embedding results without further assumptions on (e;;)., -

We remark that an hypothesis of Chicco type as above is not sufficient to get local
estimates for |x| large enough without further assumptions.

In this paper we obtain local bounds under different assumptions of Chicco type.

A way is to introduce functions regular ‘enough’ suitable connected to a; to
obtain the results. Other ways are to assume Chicco condition with a suitable choice
of functions e; or to give an additional assumptions on derivatives of e; to apply
embedding results.

We observe that local a priori estimates allow us to prove a priori bounds for
solutions of problem (1.1).

In previous paper [7] we state local a priori bound under Cordes conditions on
coefficients of the operator L without to introduce more regular functions close to
a;; and without further assumptions. The reason is that Cordes conditions allow us
to approximate a; by means of functions which do not introduce derivatives and, so,
further hypotheses on derivatives to use embedding results.

A priori bounds (see Theorem 6.1 and Corollary 6.1 in Section 6) are obtained
using embedding theorems and the local a priori bounds stated in Section 5.

2. Notation and function spaces

Let E be aLebesgue measurable subset of R” and X(E) the o -algebra of Lebesgue
measurable subsets of E.

We denote by Z(A) the class of restrictions to A € X(E) of functions ¢ € C2°(R")
such that supp ¢ NA C A and by L] (A) the class of functions f : A — C such that

loc

of € [P(A) forany ¢ € P(A). We set

floa = If lra) » I<p<+oo.
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In this paper we define
W2(Q)=W(Q), r=1,2  and Wy (Q) = WH(Q)

in order to indicate quadratic integrability of weak derivatives.
Let B(x,r), x € R", r € R, be the open ball with center in x and radius r.
For r € R., we set B, = B(0,r) and denote by {, a function of class C2°(R")
such that

SN

SUPPCr C B2r> 0 < gr < 17 €r|3r:17 (gr)x <

Let Q be an open subset of R and let us consider the spaces MP*(Q), MP*(Q),
Mt (Q) defined in [26] (we refer also to [10] where we can find many properties of
these spaces).

Let us define, for 1 <p<+ooand 0< A <n,n>2,

MP7(Q) as the space of functions g € L} (Q) such that

181l sz (@) = sgg T_MpHgHU’(QmB(x,r)) < +oo, (2.1)

0<7<1

equipped with the norm defined in (2.1);

MP*(Q) as the closure of L>(Q) in MP*(Q);

M2 (Q) as the closure of C°(Q) in MP*(Q).

From the results in [26] we have the following characterizations of the spaces
MP(Q) and ME*(Q):

MP*(Q) is the subspace of MP*(Q) of the functions g € MP*(Q) such that:

Ve € R+ 355 € R+ S.t.

(E € 2(Q), sup [ENB(x, )] <6 = llgxelwr <€), (22)
xe
mot (Q) is the subspace of MP*(Q) of the functions g € MP*(Q) such that:

Ve € Ry dh., k. € Ry s.t.
(EeX(Q),[ENBO,k)| < he = |gxellypie <€) (2.3)
Let us set:
MP(Q) =MPO(Q), MP(Q)=M(Q), MHQ)=M"Q).

The spaces MP(Q) and M5 (Q) have been introduced and studied in [25].
It is useful to recall some results about Morrey type spaces introduced above.
We have the embedding:

)L—ng)to—n

MM (Q) — MPMQ),  p<p,, > >

which implies in particular that:

L®(Q) — MPA(Q).
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The following inclusions hold:
LY(Q) C M™(Q) C M*"5(Q), s €]2,n[. (2.4)
For example the constant functions belong to M™%(Q) but do not belong to L"(Q).
Furthermore the function f (x) = W € MPY(Q) if a > 0 while belongs to L7 (Q)
if a €0, ;’;[
Let us also denote by VMP*(Q) the subspace of MP*(Q) of the functions g €
MP*(Q) such that
l{% ||8||MM(Q) =0. (2.5)
It is easy to see that
L>®(Q) C VMP*(Q)
and that
M (Q) C VMPH(Q) .
In particular we get (see [26])
MPH(Q) = VMPA(Q) N MP(Q) . (2.6)
We state the following result about MP* spaces we will use later.

LEMMA2.1. Ifg € L], (Q), 1 <p < +oo,and ¢ € D(Q), then ¢ g € MP*(Q).

loc

Proof. The function ¢ g € L (Q) and so there exists a sequence of functions

(gn)nen » with g, € C5°(€), such that
Ga—0g in LF(Q). (2.7)
It is easy to see that ¢ g € MP*(Q). In fact, using (2.7), we have

D R (e

0<t<1

n—~A
+ llgnllzr@nBary) < 1T P ) . (2.8)

From (2.8) we deduce also that ¢ g € VMP*(Q) taking in mind (2.5).
Now, if we fix { € 2(Q) with {5,y = 1, we obtain

Cgn— 0g in I[P(Q). (2.9)
So we get ¢ g € M5(Q), then ¢ g € MP(Q).
We deduce from (2.6) the result. O

REMARK 2.1. From Lemma 2.1 we can obtain a further information on function
¢ g. In particular we observe that ¢ g € M{)”’l (Q) since the following relation holds
(see [26])

A‘ ~
MU (Q) = MPH(Q) N ME(Q) .

REMARK 2.2. One can proves the function ¢ g belongs to the space Mg’)L (Q) (and
then to the space MP*(Q)) proceeding as in the proof of Lemma 2.1 and using (2.9)
to get the result.
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3. Embedding results

Embedding results due to C.Fefferman [21] (see also [14]) allow us to state the
following lemma (see [26]).

LEMMA 3.1. If Q has the cone property and g € M*"*(Q), s €]2,n], then for
any u € W(Q) we get gu € L*(Q) and
g ulo < H [[gllysa—sa) ullwie) (3.1)
where the constant H, independent of g and u, depends on n and s.
Let us define the modulus of continuity of a function g € MP*(Q) (see also [9]).
If p€[l,+00], A €[0,n] and g € MP*(Q), we set
Tl = sup  lgxellwa,  tER:,
EC3(Q)
supy |[ENB(x,1)| <1

where xg is the characteristic function of E.
From (2.2) it follows that that g € MP*(Q) if and only if g € MP*(Q) and

lim 7 [g](r) = 0.

t—0
We define the modulus of continuity of g € MP*(Q) as a function t[g] : Ry — R,
satisfying

Tlel() <), VieR., lim 7[g](z) = 0.

t—0

In the case g : Q — R, we put
Ag)={xeQ:lgx)>r}, reRr,.
If ge L) (Q),pe[l,+oof, we get
lim |4,(g) N B(x, 1) = 0.

r——+00

Let us denote, for all kK € Ry, by r;y = ri(g) areal number such that

1
A, B(x,1)| < —— 2
40 (6) P B 1)) < g (32)
and by r[g] the function
rlgl 1k € Ry — r[gl(k) = € R+ (3.3)

The following lemma,which we will use later, was stated in [7].

LEMMA 3.2. In the same hypotheses of Lemma 3.1 andif g € M*"~*(Q), s €]2,n],
then for any k € Ry we have

1
jeuha < H7le) (7 ) Il + el i e WHE),

where H is the constant in (3.1), t[g] is the modulus of continuity of g in M*"~5(Q)
and r[g] is the function defined by (3.3).
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4. Hypotheses

Let us set
B, ={x € B :x, >0}, B, ={x € By : x, =0},
and suppose that
(hy) there are a d € R, , an open cover {U;};ic; of OQ and, forany i € I, a C*-

diffeomorphism ; : U; — B; such that:
o yi(UinQ) =B, vi(UiN0Q) =B, ;
e the components of y; and y;~! and of their first and second derivatives are
bounded by a constant independent of i;
e forany x € Q, there exists an i € I such that B(x,d) C U; and, for any

x € Q\ Qy, weget B(x,d) C Q, where Q; = {x € Q : dist(x,0Q) < d}.
REMARK 4.1. It is easy to prove that (h;) holds when Q has the uniform C?-
regularity property defined in [1].

REMARK 4.2. The condition (k) implies that there exists a number p € R such
that, for any x € R", B(x,p)N9dQ =0 or B(x,p)NIQ # @ and B(x,p) C U; for
some i € I.

Let us consider in Q the second order linear differential operator

Lu:fZa,-jux,-ijrZa,-uxi+au (4.1
ij=1 i=1
with the following conditions on the coefficients:
(hz) ai,-:aj,-ELoo(Q), Lj=1,...,n,
(h3) ai € M"5(Q), i=1,...,n, acM(Q),
where

sel.n, =2 if n=3, t>2 if n=4, t:g if n>4.
Let us denote by E(v,Q) the class of n X n real matrix-valued functions (e;)
such that
(h4) eijzejiELoo(Q), Lj=1,...,n

(ij)x, € Lipe(Q), i,j;h=1,...,n,

n
2 .
Ze,-jg,-gj >vV[E]" VEER", ae inQ,
ij=1
where Vv is a positive constant independent of x and & .
Moreover we set

GQ)={geL™ : essginfg>0}.
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and suppose that (a;) satisfies the following conditions:

(hs) (Chicco type condition)
there exists v € R, (e;) € E(v,Q) and g € 4 () such that

n
2
ess sup Z (e,-j — gaij) < V2.

Q=1
For example one can choose
Z?ﬁl €ij aij
g§="r (Q) (4.2)
Zi.j:l aizj
Let us set
n 1/2 n 1/2
" — (Z MZ) , = (Z u2> |
i=1 ij=1
We consider a function 3 : Q — R, such that the following hypothesis holds:
(he) BeM(Q), 3I§eM"5(Q) suchthat B, <BS.
For example, some functions which satisfy the hypothesis (k) are givenby f = 1
orﬁ(x)zw,xeg, 7>0.

(h7) there exist (o) € E(v,Q) with
(aij)xh GMSJ’?S(Q)v i7jah: 1,-..,1’1,

and a function y : Ry — R, such that

n

esssupZ|a,-jfga,-j\ < (k) Vk e Ry,
Q\Br jj=1

We can suppose in place of (47) one of the following assumptions when we state
local a priori bounds (see Lemma 5.2 in Section 5).

(hg) Chicco type condition with e;;, for i,j = 1,...,n, constant functions satisfying
(hy) .
(h9) (eij)xh € MS’H_S(Q)7 i>j7h = 17"'7”'

REMARK 4.3. Let us note that (hs) and (hs) imply that operator L defined in
(4.1) is uniformly elliptic in Q.

REMARK 4.4. If in (hs) the functions e; = & and g = % as in (4.2),
ij=1 %
condition of Chicco type reduces to Cordes type conditions (we refer to [7] for some

recent results in weighted spaces under Cordes condition). If in (h4) e; = §; but
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g € 9(Q) is different from (4.2), we have a particular case of Chicco condition (see

(hg)).

REMARK 4.5. One can show that under hypotheses (k1) — (h3) and (hg) it follows
that for any A € R the operator

ueWHQ) — Lu+ABucl*(Q)

is bounded.
5. Local a priori bounds
Let us set
Lou=— Z Qij Uy,
ij=1
and
F=1+ legl 8+ (ey), if (hs) holds
ij=1 ij=1
or

£=> legl 8, if (hs) holds,
ij=1
where § is the function defined in (k) and e;; are the functions which belong to the
class E(v,Q) (see (ha)).
Let us fix a bounded open subset V of R" such that

VcQ or VNOQ#D and V CU; forsomeiel.

LEMMA 5.1. Ifthe hypotheses (hy), (h2), (ha), (he) hold, then for any A > 0 and
for any function v satisfying

vewHQ) Nnwl(Q), suppv C V,

we have for any € € R the bound

n 2
(V2 — 62)“’”‘%,9 < _Zeijvxix]' +ABv +C(6)lf~vx|%,9~ (5.1)
ij=1 2,0

Moreover if also (hs) is verified

Vel < e (ILov+A g " Bvlag + f i) (5.2)

where ¢ = ¢ (Q,V, [|al s, ll€jlloc) -

Proof. Inequality (5.1) can be proved as in [10, Section 7].
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We proceed using hypothesis of Chicco type to get the result. Indeed il we set
1/2
h = esssup Z le;; — gay|* ,
@ ij=1
from inequality (5.1) we get

n

7Z(€ij7gaij)vx,‘xj +gLoV+AﬁV
ij=1

1, ~
+ c(€)2|f veloo
2.0

< hfvxcao + ||g||<x>‘LoV +4 8_lﬁV!m + C(E)%VNVAZ,Q’

(V - €)|Vxx|2,9 <

from which, by condition (s), we deduce (5.2) for e < v — h. O

REMARK 5.1. If e;, for i,j = 1...n, are constant functions satisfying (h4),
inequality (5.1) takes the form

n 2

Viulia < ‘ Z €y +A BV
ij=1

+ lfN v—‘C‘%,Q )
2,Q

where f is defined at beginning of the Section. As a consequence, by Chicco type
condition (hg) we deduce (5.2).

We are able to prove the following Lemma using as tools Lemma 5.1 and Lemma
3.2. A similar lemma was proved in [7] under different hypotheses on coefficients of
the operator L.

LEMMA 5.2. If the conditions (hy) — (h7) hold and A, is a real number, then
there exists a constant ¢ € Ry such that for any A € [Ay, +00| and for any function v
satisfying

ve WA Q) NW(RQ), suppv C V,
we get
ala < e (ILv+2 g7 Brha + uba+Ivha) (53)

where c is a positive constant dependingon Q, v, n, s, t, |aillc, €l [1&lloo,

H%ﬁ\lw[ T[(Oﬂif).}x], (G (ei)s], TlB, (8], tlai], tla], rl(og)d], rS (ey)dds r[Bl;

Proof. Step 1 (Estimates at infinity).

Let us suppose A > 0 and consider the functions ., k € R., introduced in
Section 2. Applying (5.1) in Lemma 5.1 to the function (1 — §) v with e; = o, we
get

<o (‘_ S ap((1- G,

ij=1

+AB(I=G)v

’((1 - Ck)")m

2,0

e - cm)m) (5.4)

2,0
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where § = (14570, oy 8+ Y0, (o))
Moreover we have by hypothesis (h7) that the first term on the right hand in (5.4)
is bounded as follows

‘ Za,, = G)v),, TAB(L =G

ij=1

2,0

<leLo((1=L)v) +AB(1 =G|+ ’— S (e — s ((1 - V)
’ ij=1 ’
[0 -8 @+ ae 80|+ |0 - @]+ |0 - @], )

+ Y| (- G),, (5.5)

20"

Since g € M*"~*(Q), we can use Lemma 3.2 to estimate the last term in (5.4). So we
obtain by (5.4) and (5.5)

’((1 - G)v).,

<3 <|L,, v+Ag B v|2’Q + [ve20 + V27Q>

+ (anrle (o o) -6,

Step 2 (Estimates on bounded sets).
Now applying Lemma 5.1 to the function §;v we get

(Grhnba < ca(|Lo(@) + 2 Bg™ Grlyq + 1 Ghla)  (57)

(we recall that /"= 14 377, lez| 6 + 227 (e)x ).

For any k € R, let r > 2k so that C,‘ L = 1. The function &.f belongs to
supp G

the space M*"~%(Q) (see Lemma 2.1) and then we can use Lemma 3.2 to estimate the
last term in (5.7).
Proceeding as in Step 1 we obtain

o' 50)

|(&ev)xcl2o < cs (|L v+ A8 Brho + vihe

+hhat HGA) (7 ) (Gdaba). 69

By definition of modulus of continuity given in Section 3 and by hypothesis (%7)
it follows that there exists ko € R such that from (5.6) and (5.8) we can deduce that

Ve < (1= Go)v) o ]rg +1(Gov)xl2e
<co(|Lov+Ag “'Byg + o + [Vaa) - (5.9)
If Al <0,wefix A € [11,0[
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Using (h6) and applying to f Lemma 3.2 we get the bound
287" Brlao < bl (essinf g) ™! (Inlao + Vo). (5.10)

Now if we consider the inequality (5.9) with A = 0, from (5.10) we easly deduce (5.3)
with L, instead of L.

Finally, applying Lemma 3.2 to the functions «; and a verifying hypothesis (k3)
we obtain the result. ]

REMARK 5.2. We can prove Lemma 5.2 without any assumptions of convergence
at infinity as in (k7). If we substitute hypothesis (h7) with (hg) or (hg), we can
modify the proof of Lemma 5.2. In fact, in Step 1, if we consider (5.2), we can apply
to f embedding theorem to estimate the last term. If e;; are constant functions we do
not need any further assumptions while in the general case we can suppose (hg) to use
Lemma 3.2.

In Step 2 we do not need hypotheses (h7), (hg) or (hy), but anyway we are able
to apply embedding results.

Then using definition of modulus of continuity and assumptions on functions f3,
a; and a we proceed as in the the proof of Lemma 5.2.

We remark that hypothesis (hs5) of Chicco type is not sufficient to get local
estimates for |x| large enough without further assumptions (see (h7) or (hy)) or
without limit oneself to the case e; =const.

6. A priori bounds

We assume the following further hypotheses:
(hio) a € My"'(Q), i=1,..,n, essinfoa>0;

(h11) (0), € MY"5(Q),  iyjh=1,...n.

Local a priori bound stated in Lemma 5.2 allows us to prove the following result.

THEOREM 6.1. If (hy) — hy) and (hio) — (h11) hold, then there exist a constant
¢ € R and a bounded open set Q, CC Q such that

lullwecey < c(|Lu Fhg Bula + |) (6.1)

Yue WHQ)NW)(Q), VYA=0,

where c is a positive constant depending on Q, v, n, s, t, a;, a, ||aj|loo, ;. ||€j]locs

‘l%%w7[||]aij“007 T[(aij)XL T[gk (elf/')xL T[B]> 7[6]7 T[GL r[(aij)xL r[Ck (elf/')xL r[ﬁ],



276 A. CANALE

Proof.

Step 1 (Estimates at infinity).

If the principal coefficients of L are regular ‘enough’, we can use Corollary 5.2 in
[10] to get the bound (6.2). Therefore if

- - 0?
Li=-) tj7——,
Z v 8xi8xj

ij=1

we have that

(1= &) ullwa) < er|Lo((1 = &) u) + (ga+ AB)(1 — &) u| (6.2)
20
from which
(1= &) ullwe ) < a1 (’_ Z (04 — gay) (1 - Ck)”)wj
ij=1

_ gZaij((l — &) u)Xixj +(ga+AB)1—8&)u

ij=1

2,g>

<o (|g|ooLo(<1 —C)u) + (a+ A g B)(1 - L) ubaa

Y00 - &) u>xx|z,g) . (6.3)

Taking in mind (h7), by a suitable choice k = kg € R we get from (6.3)

Lo((1 = Go)u) + (a+A g™ B)(1 — &) u

(1 = &) ullwa) < 2 (6.4)

2,0

Step 2 (Estimates on bounded sets).
Locally we can apply Lemma 5.2 with L = Ly 4+ a. Then, reasoning as in [7], we
get the estimate

| Skottll w2 @) < €3 (’(Lu(Ckou) +(a+2Ag7'B)Gul,q + Ckou|2,9> . (6.5)
Using the well known inequality (see [1])
il 2uppt, < K (elttaelasuppty, + € tl2.uppg, )
where K = K(n,Q) and 0 < € < €y, € > 0, inequalities (6.4) and (6.5) imply
llullwe (@) < C4(|L0 u+(a+Ag ' B)uho+ \M|2,Q{,) ) (6.6)

with Q) = supp &, . Moreover from Lemma 3.4 in [10] we have that for any ¢ € R,
there exist ¢(e) € R. and an open set Q. CC Q such that

D llaigllizg) < € llullwa) + e(e) lulo, - (6.7)
i=1
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From (6.6) and (6.7) we deduce the assertion with Q, = Q! U Q.. O

REMARK 6.1. We observe that in Theorem 6.1 we can suppose in place of the
condition essinfga > 0 in (hy)

a=d +ad", a e MyQ), essginfa” >0.

REMARK 6.2. A particular case of convergence at infinity can be obtained assuming
oy; = const. So we can avoid introduction of further hypotheses on derivatives of «;
(see (h1)).

From Theorem 6.1 we get the following result as in [7].

COROLLARY 6.2. In the same hypotheses of Theorem 6.1 and if
Bl e Lin(Q)
then for any s € R there exist ¢, Ay € Ry such that
lullyeiey < c|Lu+ g™ Buly g (6.8)

Yue WHQ)NWHRQ), YA =i,
where ¢ has the same dependence of the constant in Theorem 6.1.

REMARK 6.3. Inequality (6.8) can be obtained under different assumptions if we
suppose coefficients of the operator L more regular. We refer to the paper [10] where
we can find some results. We remark that Theorem 6.1 allows us to obtain the result
stated in Corollary 6.2 under hypotheses considerably weakened with respect to previous
papers.
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