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Part I. The Basic Estimates

1 Introduction

During the last twenty years there have been many attempts to extend to

weakly coupled cooperative elliptic systems of second order the theory of

scalar elliptic equations in non-divergence form. This work is a contribution

to this study. We establish counterparts, for cooperative fully nonlinear ellip-

tic systems, of the fundamental Alexandrov-Bakelman-Pucci and Harnack-

Krylov-Safonov estimates for scalar linear equations (see for example [GT]).
We study the system

Fl(DQ'LLl,D'LLl,ul,...,Un,SC) = f1<l’>
Fy(D?uy, Dug,uy, . .., up,x) = folx) (1)
Fo(D*up, Dup, s, ..., up, ) = folx)

in a bounded domain Q C RY ;n, N > 1. Here F} are uniformly elliptic fully
nonlinear operators.

We obtain the following two results (see Section 3 for precise statements).
First, we prove an Alexandrov-Bakelman-Pucci (ABP) type inequality, which
has the form

) < . )
SUp. max wi(w) < sup amax ui(z) + Cfl max fil@)llv o),

provided (u1,...,u,) is a subsolution of (1) and (1) is coercive in an appro-
priate sense. Second, we obtain a Harnack inequality which states that any
nonnegative solution of (1) satisfies

oy (o) < (Jnf oy ). s H@ve ).
where B is a ball included in €2 and ®(-, -) is a continuous function such that
®(0,0) = 0.

For such a general system to satisfy ABP and Harnack estimates there
are two unavoidable structural assumptions one is obliged to make. First,
the coupling in the system appears only in the zero order terms, that is,
the i-th equation in (1) involves only derivatives of w;. This property is
usually referred to as weak coupling. Second, the system is cooperative
(quasi-monotone) in the sense that F; is non-decreasing in u;, for ¢ # j. In
general, if any of these properties is not satisfied then the system does not



satisfy even the maximum principle (see the counterexamples at the end of
Section 3).

Harnack estimates have been essential in many areas of PDE’s, such as
existence and regularity of solutions of nonlinear elliptic equations, Liouville
type theorems, qualitative properties of solutions. In particular, they have
been the core of the theory of strong (i.e. I/VI?)CN) solutions of scalar equations
in non-divergence form, developed by Krylov and Safonov in the late 70’s
(see [Kr]). This theory is the counterpart of the classical De-Giorgi-Nash—
Moser regularity theory for divergence form equations (see for instance [GT]).
A general regularity result for nonlinear equations in divergence form was
obtained by Serrin in [Se].

Ever since DeGiorgi’s counterexample (see [dG] and [Gi]) it has been
known that general systems in divergence form do not enjoy the same regu-
larity properties as scalar equations. Consequently, a great amount of work
has been devoted to determining under what restrictions systems in diver-
gence form do behave like scalar equations, as far as regularity is concerned.
A basically optimal regularity result for diagonal type systems in divergence
form was obtained by Hildebrandt and Widman in [HW]. For a thorough
account on the regularity theory for elliptic systems in divergence form we
refer to Giaquinta’s book [GiJ.

On the other hand, relatively little is known about elliptic estimates for
systems in non-divergence form (there have been only partial results for linear
systems with regular coefficients, see the discussion after Corollary 8.1). We
give here an appropriate framework in which such estimates can be obtained.
Our results are complete in the sense that they reduce to those of Krylov
and Safonov when n = 1 (scalar case). This paper is the first in a program
aimed at establishing a satisfactory elliptic theory for systems of type (1).

The leading idea of our work is to use the properties of viscosity solutions
of partial differential equations. The viscosity solutions theory developed
very rapidly during the last twenty years (we quote some of the fundamental
works on the subject in Section 4). Viscosity solutions offer a number of
advantages and provide a convenient framework for studying fully nonlinear
equations. In addition, recent developments — the so-called L-viscosity
solutions — permit to treat equations with discontinuous coefficients ; in this
setting strong solutions are a subclass of the class of LY-viscosity solutions.

In recent years elliptic estimates were obtained for viscosity solutions of
fully nonlinear scalar equations. It turns out that viscosity solutions are an
appropriate framework for studying systems too. The first to use viscosity
solutions in the general setting of systems that we consider were Ishii and
Koike ([IK]), who obtained existence and uniqueness results for viscosity so-
lutions of cooperative elliptic systems through a Perron-type argument. Our

4



approach contains a new idea, which consists in relating system (1) to a set
of scalar fully nonlinear elliptic equations and then using the Alexandrov-
Bakelman-Pucci and Harnack estimates for viscosity solutions of such equa-
tions.

Although cooperative elliptic systems share many properties with scalar
equations, it would definitely be wrong to think that these systems boil down
to scalar equations. For example, even basic concepts in the framework of
scalar equations, such as coercivity, do not admit clear (or unique) equivalents
for systems. We give various conditions under which a cooperative system
satisfies the maximum principle, together with counterexamples (Sections 3
and 10).

Our results are new even in the particular case of a linear system. Because
of the importance of this case we have devoted to it a whole part of the article
in which we restate our results in a more precise manner (Section 8). For
example, we give a detailed description of the way the coupling in the system
reflects into the Harnack estimate.

Further, in the linear setting we are able to give a complete answer to
the coercivity issue we mentioned above. Specifically, in section 14, we ob-
tain a necessary and sufficient condition for the maximum principle to hold
for a linear system (this question has been open for some time in the non-
divergence case). This is done in terms of a properly defined first eigenvalue
of the system. Actually, it was not known before whether a general coop-
erative system admits a first eigenvalue with properties similar to those of
the first eigenvalue of a scalar operator (except for a partial and somewhat
different result by Hess).

An application of our results are ABP and Harnack estimates for higher
order equations such as

A"y = f.

Estimates for polyharmonic functions (f = 0) are a very classical problem.
Even though their study dates back to the nineteenth century, such estimates
were obtained much later, and they depend on the polyharmonicity of the
function. A Harnack estimate was available neither for more general higher
order equations, nor for equations with a right-hand side. See Section 15 for
a discussion and results.

2 Examples

We give here a selection of problems, taken from different fields, which lead
to weakly coupled cooperative elliptic systems of type (1).



Switched diffusion processes (probability theory). Let A, € {1,...,n}
be a discrete valued Markov process and let X; be a diffusion process such
that

dX, = bMdt + o™MdWV;,

where W, is a standard n-dimensional Wiener process, independent of \;.
Suppose p;; > 0 is the probability of transition from state i to state j of A.
Then

is a solution of the linear system

Lu; + ZpijUj = 0 in Q
J#i
u, = ¢; on 0N, i=1,...,n,

where

Lyw = %tr <O’i (ai)t Dzw) +b'.Dw,

and 7(2) is the first exit time of X; from €. See [CZ2] for a more detailed
description of the problem.

Jumping volatility models (mathematical finance). In this well-known
extension of the Black-Scholes pricing model the underlying asset follows the
stochastic differential equation

dS, = rS, dt + o™S, dW,,

under the risk-neutral probability. Here r denotes the risk-free rate, o is the
volatility of the asset (o can take n different values) and A\, € {1,...,n} is a
discrete-valued Markov process, independent of the standard one-dimensional
brownian motion W;. If we denote the price of an European call option with
maturity 7" and strike K by C(t,S;, \;), then the function

Ci(t,8) =C(t,S,1), (t,59) € [0, 7] x R*,
is shown to satisfy the system

ac; (0% ,0°C; aC;
o T2 Y e T

1
—TCi—k—Zpij(C’j—C’i) =0
P

Ci(T,S)=(S — K)*,

where p;; is as above and p is the characteristic time of A\;. For details on
this model, see [Bl], [BP], and [LLJ.



Remark. Strictly speaking, the above system falls out of the scope of our
work, since it is parabolic (or degenerate elliptic). We consider it as a moti-
vation for an extension of our work to parabolic systems. We do not doubt
such an extension is possible.

Mathematical biology. A number of models in population dynamics lead
to elliptic and parabolic systems which can be transformed into cooperative
systems of type (1). A simple example is the system

Au+u(a —bu—cv) = 0
in €.
Av+uv(d—eu— fv) = 0

We refer to the abundant literature on this topic, for example [Mul].

Switching games (stochastic games and control theory). A typical
example is the system

max {L;u; — fi,—u; + Mu} = 0 in Q5 i=1,...,n
u, = 0 on 09, i=1,...n,
where L; are uniformly elliptic linear operators, u = (uy,. .., u,), and

Miu(x) = max {—kij +uj(x)}, for some k;; € R.
jF#i

This problem arises when considering a system whose state processes are of
Ito type and who can be switched into n different regimes. The problem is
then to choose an appropriate switching so as to minimise the resulting cost.
See [LB] for details on this problem.

Other problems from stochastic games theory lead to the more general
system

min{max{G;(D?u;, Du;, u;, ), —u; + M(u, )}, —u; + Ni(u, )} =0,
1=1,...,n, where
Mi(u, v) = max {u; + g;j(x)}, Ni(u, ) = min {u; + hi; ()},
J7F1 JF

with g5, hi; € C(£2). See [IK] and the references therein.



3 Main Results

We study the system
E(DQUivDui7ul7"'7un7x) = fl(x)

1 = 1,...,n,

defined in a bounded domain Q C RV ;n, N > 1.

The elliptic operators Fy, ..., Fy,, defined on Sy (R) x RY x R" x Q (Sy(R)
denotes the space of real symmetric N x N matrices) are supposed to satisfy
the following set of assumptions. First, we assume that there exist constants
ag € (0,1),7 > 0 and measurable functions ¢;, g, : R" x Q - R i=1,...,n,
such that

(HO) ¢;(u, ), gi(u, z) are globally Lipschitz continuous in u € R™, uniformly
inz € Q\N for some Lebesgue null set N C €2, with Lipschitz constant
v (in the sense that the [;-norms of V,¢; and V,g; are bounded by v) ;

(Hl) FZ'<M,p,U,.’L’) S SuptI'(AM> +7|p‘ +Ci(u7‘r)7 1= 17"'7” )
AcA
(Hz) Fi<M7p7uax) > /llniltr<AM) - ﬁﬂp‘ +gi(uax>7 L= 17 ceey Ty
S

for all (M, p,u) € Sy(R) x RY x R" and a.e. x € 2, where A denotes the
set of all symmetric matrices whose eigenvalues lie in the interval [ag, ag ).
Elliptic estimates have been established for scalar equations which satisfy the
above hypotheses (see Section 4). Without restricting the generality we can
suppose that ¢;(0,z) = ¢;(0,x) = 0, for a.e. x €  and all 1.

We assume that system (1) is cooperative (or quasi-monotone), in the
following sense : for any u,v € R™ such that u > v component-wise and any
j €A{1,...,n} for which u; = v;, we have

(H3) cj(u,x) > ¢j(v,x) and gj(u,x) > g;(v,z) for a.e. z €.
We study LY —wviscosity solutions of (1), that is, vector functions
u=(u1,...,u,) € C(Q,R")

satisfying (1) in a sense that we make precise in Section 4 (see Definition 4.2).
In particular, any strong solution of (1) (that is, any u € W™ (Q,R"), sat-
isfying (1) pointwise a.e. in Q) is a LY —viscosity solution ; see Section 4,
Proposition 4.2. We make the convention that, throughout the paper, all dif-

ferential equations and inequations are assumed to hold in the (L — )viscosity



sense, unless otherwise stated. Besides, all relations between vectors are un-
derstood to hold component-wise.
We use the following notations

vVw(x) = max{v(z),w(zr)}, vAw(x) = min{v(z),w(x)},
vT(x) = max{v(z),0}, v (z) = max{—v(x),0},

for any two functions v and w.
We suppose that the right-hand side of (1) satisfies

(H4) FEeNQ), i=1,....n,

and set f=fi V...V f.
Our first result is an Alexandrov-Bakelman-Pucci (ABP) type estimate.
To our knowledge, this is the first estimate of this kind for systems of type (1)

Theorem 3.1 (ABP estimate) We assume (H0), (H1), (H3) and (H4).
Let uw € C(Q,R") satisfy

E(DQUiaDui7u17"'7unax) Z _fz(x) in €
(2)

1 = 1,...,n,
In addition, we assume that either
(H5) foralli=1,....n
a—c(u,x) <0 a.e. in  R"xQ (3)
=1 9
or
(H6) if we set
m. sup ess Oc: (u,x)
mi; =  supess —(u,x
! (u,r)ER™ xQ 8uj
(M < v < o) then the matriv M = (Mij)i ;=1 is negative semi-

definite, that is, (M&,€) <0 for all £ € R™.
Then the following ABP inequality holds

sup(ug V... Vu,) <C (sup(uir V.ooVaulh) + ||f+”LN(Q)) : (4)
Q o)

The constant C' depends only on N, g, 7y, v, and diam €2.
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Under (H5) we can weaken (HO0), namely we can suppose that c; are
only locally Lipschitz in u. Furthermore, under (H5) the following stronger
conclusion holds true

supuy V-V, <supuf VeV 4+ Casp|[f 7oy, (5)
Q o9

where Cagp depends only on N, ap,y, and diam ).

Theorem 3.1bis (ABP estimate) We assume (H0), (H2), (H3), (H4) and
either (H5) or (HG), with ¢; replaced by g;. Let u satisfy

FZ'<D2UZ‘, D'LLZ', Uty ooy Up, $) S fl(l’) m Q

Then

—igf(ul Ao Auy) <C (S;Qp(u1 V...Vu,)+ Hf+||LN(Q)) : (6)

where C' depends only on N, ag, 7, v, and diam 2.
Under (H5) we can suppose that g; are only locally Lipschitz in w. Fur-
thermore, under (H5) the following stronger conclusion holds true

- i%f(ul Ao Nuy,) < S;Qp(ul_ V... Vuy) + Casp| fF v (7)
where Cagp depends only on N, ap,y, and diam ).

Remark 1. In the particular case f = 0 Theorem 3.1 and Theorem 3.1bis
yield a maximum principle for the nonlinear system (1).

Remark 2. Neither of hypotheses (H5) and (H6) contains the other, as the
following example shows. Take the following two couples of functions (with
n=2u=(uyu))

cgl)(u,x) = a(z) N (—uy + uy) o (u,z) = —2u; + 3arctanus

Cgl)(%x) = a(z)(u1 — ug), CéQ)(u,m) = arctanu; — 2us,

1
where a(x) is a continuous function from €2 onto 3 2] . Then the first couple

satisfies (H5) but not (H6), while the second couple satisfies (H6) but not
(H5).

10



Note that both (H5) and (H6) are hypotheses on the matrix

Clu, z) = (g; (W))n

A natural way to unify and extend these two hypotheses would be to suppose
that the matrix C(u, z) itself is negative semi-definite, for almost every (u, ).
Indeed, one can see, under (H3), that this condition is implied by either
of (H5) and (H6), see Lemma 10.1. However, it turns out that the ABP
inequality (and even the maximum principle) fails if we make this assumption
only. See Section 10 for a counterexample.

Further, we establish a Harnack inequality for non-negative solutions of
system (1).

The form of the Harnack inequality depends very much on the way the
system relates the functions uq,...,u, to each other. Here, for simplicity,
we shall suppose that system (1) links all functions wy,...,u, in a strong
sense, or, more precisely, that system (1) is fully coupled. We give a suitable
nonlinear meaning to this notion. Note that the assumption of full coupling
can be removed and the result can be made much more precise - nevertheless,
to avoid heavy notations here, we state these more general results in the
simplified framework of linear systems (see Section 8).

Fix indices k,l € {1,...,n} such that k& # [ and let wy be a non-null
measurable subset of 2. We define the function

o (t) = ienf ess gx(te;, x), fort >0, (8)
TCWkl
where ¢; € R" is the vector with [-th coordinate equal to one and all other
coordinates equal to zero. For simplicity of notation we shall not write explic-
itly the dependence of g, on wy. One can check that (HO) implies that ¢y
is globally Lipschitz continuous on [0, +00). Note that ¢y, is non-decreasing,
because of (H3), and ¢, (0) = 0.
The following definition provides a nonlinear version of the commonly
used notion of full coupling.

Definition 3.1 We call system (1) fully coupled in ), provided for any non-
empty sets I, J C {1,...,n} such that INJ =0 and IUJ = {1,...,n}, there
exist i € I and jo € J for which one can find a set w;,;, C 1 with positive
Lebesgue measure such that ;. ;,(t) does not vanish for t # 0. Under (H3)
this means that

©igjo(t) >0  for all t > 0.

11



In some sense, a system is fully coupled if it cannot be split into two
subsystems, one of which does not depend on the other. Note that any
scalar equation is a fully coupled system.

Theorem 3.2 (Harnack inequality) Suppose (H0) through (H4) hold and
let w > 0 be a solution of (1) in a ball Bsg C . Suppose, in addition,
that system (1) is fully coupled in Bgr. Then there ezists a non-negative
continuous function ® : R2 — Ry, with ®(0,0) = 0, depending only on
{R?pi;}, N,n, a0, YR, vR?, such that

supuy V... Vu, <P (infm Ao A un,R||f||LN(BBR)) : 9)
Bgr Br

Remark 1. An explicit expression of @ is given in the proof of Theorem 3.2.
Roughly speaking, ®(¢,0) is a composition of the inverse functions of the
functions ¢y (t). For example, if pg(t) > ¢t for some o > 0 and all indices
k # 1, then ®(t,0) < Cto """,

Remark 2. In the particular case of a linear system ®(t,s) = Cit 4+ Cys
(see Section 8, Theorem 8.2 and Corollary 8.1).

In the course of the proof of the Harnack estimate we obtain two estimates
of independent interest, for subsolutions and supersolutions of system (1).
These have well-known counterparts in the scalar case too.

We set, for any p > 0,

1/p
1
S . P
[y meas(Bg) /]u\
Br
Proposition 3.1 (local maximum principle) Suppose (H0),(H1),(H3),
and (H4) hold. Let u € C(Bsg,R") be a solution of

Fy(D*u;, Dug,uq, ... yup,x) > —fi(z)
(10)
= 1,...,n,

in Bsg. Then for all p > 0 we have

s;lpul V...Vu, < C’(|uir \/...\/u:]png—i—RHf*HLN(BQR)),
R

where C' = C(N, ap, p, YR, vR?).

12



Proposition 3.2 (weak Harnack inequality) Suppose (H0),(H2),(H3),
and (Hj) hold. Assume (1) is fully coupled and let w € C(Bsg,R") be a

non-negative solution of

E(Dgui7Dui7u17"'7unax) S fz(x)

(11)

1 = 1,...,n,

in Bsgr. Then there exists a number p = p(N,n, g, yR, vR?) > 0 such that

‘Ul V...V un’p,QR S () (%lful FANRAN U, RHfHLN(BsR)) s (12)
R

where ®© is as in Theorem 3.2.

Counterexample 1. All our results fail for general non-cooperative systems.
Simple examples are provided by the systems

Au—v = 0 Au—v = 0
in By CRY. (13)
Av = 0, Av—u < 0,

The first system satisfies all hypotheses of Theorem 3.1 except for (H3). By
taking u = 1—|z|?,v = —2N, we see that Theorem 3.1 (with f = 0) is false for
this system since u = 0, v < 0 on dB; but u £ 0 in B;. A counterexample
for the weak Harnack inequality (Proposition 3.2) is obtained by setting

u = |z|*,v = 2N in the second system, since igfu Av =0 but u,v Z 0.
1

Counterexample 2. There is no hope to obtain maximum principles for
general systems in non-divergence form with coupling in the first-order terms.
For example, consider the system of inequalities

Au+v,—au < 0

in 2= (-1,1) CR, (14)
Av+u, —av < 0
where o > 1 is arbitrary. The functions
0 in (—1,0) 2 in (_1’0)
u@) =3 o() =
—zx(z—1) in (0,1), 2—xz in (0,1),

4o

satisfy (14) and u = 0,v > 0 on 092. However u # 0 in Q. Note that the
elliptic operators F; in (14) can be arbitrarily coercive in u;, when a >> 1,
yet this does not help.

13



Counterexample 3. This example shows that even systems of equalities
do not necessarily satisfy the maximum principle if they are coupled in the
first order terms.

The functions

1
u(w,y) =2’ +y° =1, v(r,y) = g2’ —dy+5

solve the system

Au+v, = 0

in B; C R?,

Av+u, = 0

and © = 0,v > 0 on 0B;. However u 2 0 in Bj.
Sections 4 to 7 are devoted to the proofs of Theorems 3.1 and 3.2.

4 Definition and properties of viscosity solu-
tions

In this section we describe the class of viscosity solutions to which our results
apply. The concept of viscosity solution has found many applications in
PDE’s (see for example the fundamental work [CIL]).

Basic tools in the proof of our results are the ABP estimate and the
Harnack inequality for viscosity solutions of fully nonlinear scalar elliptic
equations, obtained by Wang in [Wal, Caffarelli, Crandall, Kocan and Swiech
in [CCKS]. We shall state, for the reader’s convenience, the results from these
papers that we need. We refer to the book by Caffarelli and Cabre [CC] for
results on C-viscosity solutions of fully nonlinear elliptic equations.

Consider a measurable function G : Sy(R) x RY x R x Q — R, such that
G(-,-, -, z) is locally uniformly continuous, uniformly for z € Q \ N, where
N is a Lebesgue null set. Take a measurable function f and a continuous
function w, defined in 2. We consider the scalar equation

G(D*w, Dw,w,x) = f in €, (15)
provided G is uniformly elliptic, that is, there exists Gy > 0 such that
Bo|M'| < G(M + M', P,w, ) — G(M, P,w,z) < ;| M|,

for any matrix M € Sy(R), any positive definite matrix M’ € Sy(R), any
PcRY weRand ae. € Q. We denote by AT the transposed matrix

of A, and set |A| = \/tr(ATA), for any A € My(R).

We recall the definition of a L™-viscosity solution of a scalar equation.

14



Definition 4.1 (scalar equations ; [Wa],[CCKS]) We say that the fun-
ction w € C(Q) is a (LN -)viscosity subsolution (supersolution) of (15), pro-
vided for any € > 0, any open subset O C Q, and any o € WY (O) (we call
¢ a test function), such that

G(D*p(x), Do(x), w(z), fﬁg

f(x)
(G(D*¢(x), Do(x), w(z),x f

—¢
() +¢) a.e. in O,

IV IA

the function w— ¢ cannot achieve a local mazimum (minimum) equal to zero
in O. In this case we say that the function w satisfies the inequation

G(D*w, Dw,w,z) > (L) f

in the (L™ -)viscosity sense in €.
We say that w is a solution of (15) if w is at the same time a subsolution
and a supersolution of (15).

Remark. This definition is equivalent to Definition 2.1 in [CCKS], setting
p = N there. It is easy to see, under our hypotheses on G, that the class
of viscosity solutions the above definition introduces is included in the class
considered by Wang in [Wa).

Next, we recall the definition of the Pucci extremal operators

M+(M):ozglzei+oz0261, M_(M)ZOCOZe,-—l—ozalZei,

e; >0 e; <0 e; >0 e; <0

for M € Sy(R), where ey, ..., ey denote the eigenvalues of M. Then (see
[CCI)

MT (M) = sup tr(AM) , M~ (M) = inf tr(AM), (16)
where A denotes the set of all symmetric matrices whose eigenvalues lie in
the interval [ag, g ']. To relate our notations to those of [CCKS] one has to
note that M+ = =P~ and M~ = —P*, with P+, P~ defined in [CCKS]. It
is not difficult to check that (see [CC])

—MF(=M) = M~ (M) , M*(nM) =nM* (M) (17)

and

M* (M) + M~(N) (M +N) < M*H(M) + MH(N),

< M 1
M-(M) + M-(N) < M-(M+N) < M)+ m-(n), U8

for every two symmetric matrices M, N, and every n > 0.

15



We define the extremal operators

LT (D?*w, Dw) = M*(D*w) + v|Dw],
(19)
L (D*w, Dw) = M~ (D?u) — vy|Duw|

(v is defined in (H1) and (H2), |- | denotes the Euclidean norm in RY). Note
that
LT (D*w, Dw) = =L (—D*w, —Dw). (20)

Definition 4.2 (systems) We call the vector v € C(Q,R"™) a subsolution
of (1) provided the equation

LT (D*u;, Duy) > —c;i(u, x) + fi(x) (21)

is satisfied in the viscosity sense for each i € {1,...,n}, in terms of Defini-
tion 4.1. FEquivalently, we say that u satisfies the system

Fy(D*u;, Dug,u, ) > fi(w), i=1,...,n.

Respectively, u € C(Q,R™) is called a supersolution of (1) provided the equa-
tion
L™ (D*u;, Du;) < —gi(u, ) + fi(x) (22)

is satisfied in the viscosity sense for each i € {1,...,n}, in terms of Defini-
tion 4.1. Equivalently, we say that u satisfies the system

Fy(D*u;, Dug,u,x) < fi(z), i=1,...,n.

A solution of (1) is a vector u € C(Q2, R™) which is both a subsolution and
a supersolution of (1).

The rest of this section contains a list of results on viscosity solutions of
scalar equations. We shall need these in the sequel.

Proposition 4.1 The mazimum of two wviscosity subsolutions of a scalar
equation is a viscosity subsolution. The minimum of two viscosity supersolu-
tions of a scalar equation is a viscosity supersolution.

Proof. This is very well-known and obvious, from Definition 4.1. O

Proposition 4.2 Let f € LY(Q) and let L be a scalar extremal operator,
as in (19). Suppose that w € W2N(Q) is such that L(D*w, Dw) > (<)f

loc

a.e. in Q. Then L(D*w, Dw) > (<) f in the viscosity sense. Conversely, if
w € W2N(Q) satisfies L(D*w, Dw) > (<) f in the viscosity sense in Q then

L(D*w, Dw) > (<) f a.e. in Q.
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Proof. This follows from Lemma 2.5 and Corollary 3.7 in [CCKS]. O
The following lemma contains several easy, but important properties of
LT and L.

Lemma 4.1 (a) Let f € LN(Q). Suppose Ly, k = 1,...,n, are linear uni-
formly elliptic second-order operators without zero-order terms, with elliptic-
ity constant ag and all their coefficients bounded by v. Then Liyw < f, for
some k, (resp. >) implies

L (D*w, Dw) < f (resp. LT (D*w, Dw) > f).

Conversely, LT (D*w, Dw) < f implies Lyw < f, and L~ (D*w, Dw) > f
implies Lyw > f, for all k = 1,...,n. This is the reason for which L' and
L™ are called extremal.

(b) Let w € WQ’N(Q). There ezist scalar linear uniformly elliptic second

loc
order operators L, Ly (depending on w) with bounded measurable coeffi-

cients, such that
LT (D*w, Dw) = L§w, L™ (D*w, Dw) = Ly w.

Furthermore, oy is an ellipticity constant for the operators L§, Ly, and vy is
an upper bound for the L>-norms of their first order coefficients.

Proof. Part (a) is a direct consequence of (16) and Definition 4.1. Part
(b) follows from the fact that the supremum and the infimum in (16) are
attained (since A is compact). For instance, we take

Liw(z) = tr (A () D*w(z)) + b(z). Dw(z),
where ¥ — A{ () is a measurable selection of elements of A at which

sup tr (AD*w(z))
AeA

is attained, and

———=—, if Duw(z)#0

0, if Dw(z)=0.

We shall use the following Alexandrov-Bakelman-Pucci inequality for fully
nonlinear scalar equations.
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Proposition 4.3 Letw € C(Q) and f € LN (Q) satisfy the scalar inequality
—LY(D*w, Dw) < f in QN {w > 0}.

Then

supw < supw™ + Cu|| f7 || vy
Q o0

Here T'" denotes the upper contact set of w, defined by
' ={reQ|wl)=wx)}, (23)
where w is the concave envelope of w, i.e.
w = inf{w | w > w and w is concave }, (24)
and the constant C, depends only on N, g,y and diam €.

The first to prove an ABP type result for viscosity solutions of nonlinear
equations was Caffarelli in his fundamental work [Caf]. In the case f € L™
Proposition 4.3 is due to Wang (see Theorem 3.14 and Lemma 3.19 in [Wal).
In its full generality, this proposition was proved in [CCKS] (Proposition 3.3
in [CCKS]).

We shall also make use of the following weak Harnack inequality for scalar
equations (see Corollary 4.14 in [Wal, and Section 4.6 in [Wa] for more general
equations). Another general result for parabolic equations was stated in
[CKS], pages 2022-2025.

Proposition 4.4 Let w € C(2) be a non-negative solution of the scalar
inequality
L (D*w, Dw) — cw < f in By C ,

where ¢ € L®(By), with 0 < ¢(z) < v a.e. in By, and f € LY (By). Then
there exists p = p(N, ap,y,v) > 0 such that

il < Co (it 1 1ncm )

where Cy = Cu (N, ap,v,v). In particular, if f =0 then either w is strictly
positive or w = 0 (strong maximum principle).

Remark. In fact, this proposition was proved in [Wa] in the particular case
f € L*, but extension to L is straightforward, since the proof in [Wa] relies
only on the ABP inequality, which holds true for right-hand sides in LY (see
Proposition 4.3 above).

The following existence result for extremal operators will be useful in the
sequel.
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Proposition 4.5 Let ¢, f € L*>°(Bs), and 0 <c<vae in By Then there
exists a unique solution w € W2 (By) N C(By) of the following problem

—L7(D*w,Dw)+cw = f ae in By
(25)
w = 0 on 0B,

Moreover, w € WP (By) for all p < co, and one has the interior estimate

[wllwze(s) < C (lwllLs) + 1y s,) (26)
where C' = C(N, ag,7, v, p).

Proof. When ¢ = 0 this result was proved in [CCKS] (Corollary 3.10 in
that paper). Exactly the same proof works for ¢ > 0, since the authors use
Theorem 17.17 in [GT] and the ABP estimate, which both hold when ¢ > 0.

Finally, we prove two lemmas concerning sums and products of viscosity
solutions and test functions.

Lemma 4.2 Suppose the linear operator

L= 3 esle) g + bl (27)

is uniformly elliptic in §2, and suppose Lo has bounded measurable coeffi-
cients. Let f,g € L™ (Q).
(a) Letw € C(Q) and ¥ € W2 (Q) satisfy Low > f in Q and Lyp > g
a.e. in §2. Then
Lo(w+vY) > f+g inS. (28)

(b) Letw € C(Q) satisfy Low > f in Q and ¥ € W2P(Q)NC(Q),p > N,

loc

be strictly positive in Q. Define @ = % and f: é Then we have
Lo > fv in §Q,

where L is defined by

(r) 0 Loy (z)
) 0z; | ()

N

i,j=1
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Proof. Suppose (28) does not hold. Then, by Definition 4.1, we can find an
open set O C Q (we can assume O CC Q) , ¢ > 0, zp € O and a function
o € W2N(O) such that

< f+Liwp—¢c ae inO,
o > w+ in O and p(xg) = w(xg)+1(x0). Since v € WN(0), the function
w—1) is a test function for the equation Low > f. However, Lo(p—1) < f—e¢
is a contradiction with this equation.

Next, suppose (b) is false. Then we can find an open set O CC 2, ¢ > 0,
zo € O, ¢ € WM (0O) such that ¢ > w in O, ¢(zy) = w(xo), and

Lo< f—¢ ae inO. (30)
A simple computation transforms (30) into
Lo(py) < f—ev ‘ (31)
< f—-&a a.e. in O,
where € = Em(ign Y > 0. Since pip € W2N(O) (W2 is an algebra), o) > w
in O, p(xg) = w(zg), we obtain a contradiction with Low > f. O

Lemma 4.3 Let w € C(Q) satisfy LT(D?*w, Dw) > f in Q and suppose
Y e W2P(Q) N C(Q),p > N, is strictly positive in Q. Then W = % satisfies

loc

the inequation

Mt (D*w)+ (7 + 2a51\/ﬁ|lzb—¢|) | Dw|+ (M+(D22 * Ww') w > 5 :

Proof. Suppose first w € W2N(Q) so that £+(D?*w, Dw) > f is satisfied
a.e. in (2. We have

Dw = ¢ Dw + wD, D*w = D*w + 2Dy @ Dw +wD*p.  (32)

It is understood here and in the sequel that ® denotes the symmetric tensor
1

product, i.e. if X, Y € RN then X @ Y = B (w3y; + :iji)ivj. By putting (32)
into LT (D?w, Dw) > f and by using (18) we obtain the statement of the
lemma. Note that tr(A(X®Y)) < |A||X®Y| < VNag'|X||Y], where A is a
matrix whose eigenvalues lie in [ag, ag'], and |A| := /tr(ATA). If u is only
continuous we proceed as in the proof of part (b) of the previous lemma. [J
Remark. In the same way we can prove that £~ (D?w, Dw) < f implies

M~ (D*w)— (7 + 2a51\/ﬁ|lzb—¢|) | D |+ (M(DWIZ - Ww') w < i .
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5 Proof of the ABP Estimate

This section is concerned with the proof of Theorem 3.1. Recall that u
satisfies the system

_£+(D2Ui,DUi) —¢i(u, ) < fi(w), t=1,...,n

The first lemma permits us to linearize the zero-order terms in this sys-
tem.

Lemma 5.1 Suppose ¢ = (c1,...,¢,) : R" x Q — R™ satisfies (HO), (H3)
and either (H5) or (H6). Then there exists M € L>®(R"™ x Q, M,,(R)), with
M = (m;), such that

c(u,z) = M(u, z)u (33)

satisfying
m;j(u,z) >0 Vi, i,7€{l,...,n}, (34)

forall u e R™ and a.e. x € ). In addition,

Zmij(u,x) <0, Vie{l,...,n}, (35)
j=1

in case (H5), or
mij(u,x) Smij, VZ,j € {1,...,77,}, (36)

in case (H6) holds.

Proof. Because of (H0) the function h(s,u,x) = V,c(su,z) belongs to
L*((0,1) x Bg x Q), for any By C R", R < oo (even if ¢ is only locally
Lipschitz un u). By Fubini’s theorem the function

M(u,ac)z/o Vuc(su, z)ds (37)

is measurable on R" x Q. By (H0) M € L>*(R" x 2, M,(R)). Further, M
clearly satisfies (33), (34), (35), and (36) for a.e. (u,x).

Now for a.e. = € €2 the matrix M (u,z) is well defined for all u € R™\ Z,
with all the desired properties, where Z, C R" is a set of n-dimensional
measure zero. It remains to define M on Z,. To this aim, for any u € Z,
we take up € R™\ Z, such that u;, — wu and observe that the sequence
M (uy, z) is bounded in M, (R). We can thus define M (u,z) as (any) limit
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of a subsequence of M (uy,x), and observe that properties (33), (34), (35),
and (36) are still satisfied at the limit.
This completes the proof of Lemma 5.1. O

We infer from (H1), (2) and Lemma 5.1 that

MT(D*w) + 4| D] + ) my(u(x), 2)u; > — £, (38)
j=1
fori=1,---,n. We set m;;(x) = m;;(u(z),x).

We claim that the same inequality is satisfied by the positive parts of the
functions u;.

Claim 5.1 We have

MI(D*uf) + | D | + Y m(2)uf = — (39)

J=1

Proof. By (34) mu; < myju;, for i # j. Hence both v = u; and v = 0
satisfy the inequality

MF(D?*0) + y|Dv| + my(z)v > —f;F — Z mg;(x)u; .
J#i
Hence, by Proposition 4.1, u;” = max(u;, 0) satisfies the same inequation. [J
We are now ready to prove the ABP inequality in case (H5) is satisfied.
By the previous considerations we can restrict ourselves to a system of type
(39), with m,; satisfying (34) and (35). The basic idea of the proof is to show
that the function
v(z) =uf V- Vaul(z) (40)
satisfies a scalar elliptic inequation, and then apply the scalar ABP estimate
to v.

Lemma 5.2 Under (H5) we have
—LY(D*v,Dv) < fif vV fF in Q. (41)

Proof. Suppose for contradiction that there are an open set O CC , a
point zp € O, € > 0, and a function p € W2¥(0) such that v < ¢ in O,
v(xo) = @(xp), and

—LT(D*p,Dp) > ff V-V fF+e>0 ae in O. (42)
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We have to show that (42) is impossible. Fix k € {1,...,n} such that
u (zo) = v(xp). Then

e>uf >0 in O and p(zg) = uf (o). (43)

We distinguish two cases. First, if ¢(xg) = 0, we see that ¢ attains a local

minimum at xy. Then we apply the scalar strong maximum principle (see

Proposition 4.4) to (42) and obtain ¢ = 0 in O. This contradicts (42).
Second, if ¢(zg) > 0, we have, by (34), (35), (42) and (HO)

—LT(D*p, D) > (Z mkj> ui + fif +e (44)

J=1

n c '
> kajuj + £+ 3 a.e. in Oy, (45)
=1

where O; C O is an open neighbourhood of zy in which
up >0 and w > ul —e/2v, (46)

for all j € {1,...,n} (O exists, since ug(xg) = uy V...V u,(xg) > 0).
By (39) wy is a (viscosity) solution of

— LT (D*uff, Duff) < kajuj + £,

j=1
which is a contradiction with (43) and (45). Lemma 5.2 is proved. O
Now we can apply Proposition 4.3 to (41). We obtain

supv < supv + Cuf|fi7 VoV T v ),
Q o9

which gives part (b) of Theorem 3.1.

Remark. If the functions ¢; are supposed to be only locally Lipschitz the
above proof remains the same, if we replace v in (46) by the essential supre-
mum of all } . |m;;(z)| in a neighbourhood of .

We are going to show that if our system satisfies assumption (H6) then we
can introduce a change of functions so that the transformed system satisfies
(H5). So let us assume (H6) , which says m;;(z) < m;; for a.e. z, where

M = (m;;) is a negative semi-definite matrix. First we perturb the system
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in order to make the zero order matrix negative definite. To this purpose,
+

u-
we set u; = j, where 1 is the solution of

( ~

MH (D) +~|Dy| = —1 in Q
v = 0 on 80 (47)
\ Y o€ WE(Q)NCQ) Vpe (1, +00)

(this problem is solvable, see Proposition 4.5 and (20)), where € is such that
Qcc Q. By the scalar maximum principle ¢ > 0 in Q. By using the scalar
ABP inequality, Lemma 4.1, and a theorem by Krylov which we state later
(Theorem 7.1 on page 33), one can see that C' > 1) > ¢ > 0 in , where C
and ¢ are constants which depend only on N, ay, v, and diam(2).

By (H6), (39) and Lemma 4.3 @ satisfies the system of inequations

M+(D2m)+<v + 2a51\/N”DwH°°) | D |+ (g —e6;)1; > I (48)
infgw - J 7% = ¢ )

where

M (D*) + 7| Dy 1
= > 0.
supq ¢ supq ¢

Set M, = eI — M (M. is positive definite), and let £ € R™ be the solution
of the linear system

£=—

M.E=(1,...,1). (49)

We claim that assumptions (H3) and (H6) imply & > 0 for all ¢. In order to
prove this we suppose first that M. is symmetric. It is well-known that (H6)
implies that all principal minors of M, are positive. We are going to use an
algebraic lemma from [FM1] (Lemma 2.2 in that paper), the statement of
which we give for readers’ convenience.

Lemma 5.3 (de Figueiredo-Mitidieri) Let M = (m;;) € M,(R) be a
matriz such that m;; < 0 for i # j, and det ((mij)ﬁjzl) > 0, for every
ke{l,...,n}. Then

(=1)"*detM" > 0,
where MY is the submatriz of M obtained by dropping its i-th line and j-th
column.
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It follows from this lemma that (—1)"det(M¥) > 0. By Cramer’s rule
& = det(M_") Y “(=1)"det(MZ) > 0.

j=1
If M, is not symmetric we use the following elementary algebraic lemma.

Lemma 5.4 If A is a positive definite matrix then
A+ AT
det(A) > det ( +2 ) > 0.

Lemma 5.4 implies that all principal minors of M, are positive, even if M. is
not symmetric. For completeness, we give a proof of lemma 5.4 at the end
of this section.

We can now finish the proof of the ABP estimate. We set u; = &u;. These
transformed functions clearly satisfy

- 1 ~ -~
MH(D*;) + 7| D + 3 > dyty > [ (50)
b
where
¥ _ Tt fi+
dig = (M —05)&; T = i (51)
_ Dy
"= 2ag" v 1D¢ o : 2
v <%\/_infm/1 +7 (52)
By (49), the zero-order matrix in (50) satisfies
1~ 1
gzdw:_gd’ (53)
7 ]:1 7

for all 4, i.e. assumption (H5). Therefore we can apply to (50) the ABP
. . oy
inequality we already proved. Since u; = —— we get
_ sup, &

Theorem 3.1 is proved. O

We obtain the result in Theorem 3.1bis by setting v = —u in Theorem 3.1,
by using (H2), and by noting that g;(u,x) = —g;(—u, ) has the same prop-
erties as g; (namely, satisfies (HO) and (H3)). O

supluf VooV uf) 4 Cl v ).

sup(ug V...V uy)
Q o9

Proof of Lemma 5.4. The lemma follows from the following more general
fact.
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Claim 5.2 Let B € M,(R) be a positive definite symmetric matriz and let
R € M, (R) be a skew-symmetric matriz (RT = —R). Then

[5]
det(B + zR) = Z apr?",
k=0

where ar, > 0 if k > 1, and ay = det(B) > 0.

A4 AT A— AT
Lemma 5.4 follows by taking B = +2 R = 5 and x = 1 in the

claim (note that A and B are matrices of the same quadratic form).
Proof of the Claim. First we note that for any skew-symmetric matrix D
the characteristic polynomial of D can be written in the following form

det(AI — D) = N(AN> + B1) ... (A + B), (54)

where 3; > 0,i = 1,...,m,p+ 2m = n. Indeed, if y € C and v € C" are
such that Rv = pw, the equality (Rv,v) = (v, RTv) implies p = —.
Next, we write

1

det(B+zR) = det(B).2".det(B™'R + 51)
= det(B).2".(—1)"det(A] — SR), (55)
1
where A = —— and S = B! is a positive definite symmetric matrix. We set

x
D = S2RS:. Then D is a skew-symmetric matrix, and the eigenvalues of
D and SR, counted with their multiplicities, are the same (if v € C" is an
eigenvector of SR corresponding to the eigenvalue p and w solves S 2w = v,

then w € C" is an eigenvector of D corresponding to the same eigenvalue).
Equalities (54) and (55) then yield

det(B + zR) = det(B)(B12* + 1) ... (Bnx® + 1),

which gives the desired result. O

6 Proof of the Local Maximum Principle

This section is devoted to the proof of Proposition 3.1. From now on, we
suppose that ® = 1 and B; is centered at y, = 0, the general case being
T —Yo

7

obtained by means of the coordinate transformation r —
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First, we claim that the function u; satisfies the inequation
—LY(D*uf, Duf) <vuf v...vul + f*F in Bj (56)

(in the viscosity sense), for all k =1,...,n. Recall that f = fi V...V f,.

Proof of (56). Set v = uf V...V u'. Suppose (56) is false. Then, by
Definition 4.1, there exist an open set O CC Bs, zg € O, ¢ € W2N(0), and
a real number € > 0 such that v < ¢ in O, v(zg) = ¢(xy) and

—LY(D*p,Dg) >vv+ fH+e  ae in O. (57)

Observe that the hypotheses of Proposition 3.1 imply, by Lemma 5.1,

—LT(D*uy,, Dug) < Z M (@) u (2) + mpe () (uf — uy)
J#k (58)
< vv+my(r)u, +fT in Q,

for all K = 1,...,n. We then proceed as in the proof of the ABP estimate,
Lemma 5.2. If v(xg) = ¢(xg) > 0, we take k such that v(xg) = ux(z) and
obtain a contradiction with (57) and (58) in some open set O; C O, where
uy, > 0 (so that myu, =0in Oy). If p(xg) = 0, ¢ attains a local minimum
at o and we obtain a contradiction with the strong maximum principle, as
in the proof of Lemma 5.2. O

Using the fact that the maximum of subsolutions is a subsolution (Propo-
sition 4.1), we obtain from (56)

—LY(D%*, Dv) <wv + f+ in B (59)

in the viscosity sense. In order to obtain the conclusion of Proposition 3.1 we
use Proposition 4.3, combined with the localization argument in the proof
of Theorem 9.20 in [GT]. We are going to show that this argument can be
adapted to our situation. Since it relies on a cut-off procedure and point-
wise estimates, for the differential relations to make sense we shall use a
regularized version of v, namely its sup-convolution, defined by

oa) = swp {uls) = lo = o} (60)

y€Bs /2

Let us suppose first that f is continuous in Bs. We recall the following
well-known properties of the sup-convolution, see [Je| and [JLS].

Lemma 6.1 (1) v. € C%™(Bsp) ;
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(2) ve — v uniformly in By ;
(3) v. is twice differentiable a.e. in By ;

(4) As a consequence of (59), v satisfies

—LT(D?v,, Dv,) < v, + E a.e.in By, (61)
where
vo(z) = sup  w:(y),  fr(x)= sup [fT(y), (62)
lz—y|<d(e) lz—y[<d(e)

| 1/2
with 6(e) = 2 <5HUHL°°(Bs/2)> :

We then set w. = n.v., where

ne(w) = (2= 0()) (2 = 6(e))* — [a*)”,

for some 3 > 2. For simplicity of notation, we write n instead of 7..
By (16), (17), (18) and (61), we have
—LY(D*w., Dw,) < —M*(nD*v.) —2M~(Dn® Dv,)
—M™(v-D*n) — v [nDv. +v.Dn
<7 (_M+<D2U5) - 'Y‘DUED
+2M*((=Dn) @ Dv.) + M* (—vD*y) + yve| Dn|
< v+ fF+205 VN (|| Duel +D*nlee) + el D

a.e. in By_s() (see also the proof of Lemma 4.3). Let us denote by H the
right-hand side in the last inequality. By using Proposition 4.3 we obtain

sup we < Cy||H ||z rsy, (63)
By_5(e)

where I'T is the upper contact set of w,, see Proposition 4.3. By a concavity
argument we get, as in the proof of Theorem 9.20 in [GT],

1
|DU6| < C(ﬂ)n P e
on I'T. Since
Dy < Cn'~% | |D*| < Cp'~5,
we see that

H <nvo.+C (77_%%06 + f;) (64)
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a.e. on I'T.

Here and in the sequel C' denotes a constant which depends on the ap-
propriate quantities and may vary from line to line.

Then we follow the lines of the proof of Theorem 9.20 in [GT] (in partic-
ular the last three inequalities in this proof) to infer from (63) and (64)

Sup <C <||7717e||LN(Bz) + vellze(By) + ||f?||LN(BQ)> ; (65)
2—65(e)

where C' does not depend on €. By interpolation this implies

1 _ _ —
SUp 7)Ve — o SUD 1)Uz < C <||Ua||Lp(Bz) + vl e (By) + ||f5+||LN(B2)) . (66)
Ba_s(e) Ba

Note that, by (2) in Lemma 6.1 v, — v uniformly on Bs.

By letting ¢ — 0 we obtain the desired result.

Finally we have to remove the continuity assumption on f. This can be
done through a (standard) approximation argument. We take a solution of
the problem

—Lo(DWLDE) = fi—ft i By
P = 0 on 0B (67)
Woe W) NC(B,)

(see Proposition 4.5), where f7 € C®(By), f7 — f+in LV (By).
Set v/ = v +17. The scalar ABP inequality (Proposition 4.3), applied to
(67), implies 1Y — 0 uniformly in B,. Then by (18)

LH(D*,Dv) < LY(D*7,Dvi) — L= (DI, D) 68
= LN(D?*v,Dvl)+ fI — fT. (68)

Note that this is valid in the viscosity sense since 1)/ has the regularity of a
test function (17 € W2N(Q)). Now, by (59)

loc

(240 AP J
LT (D*v?, Dv?) < vo + f (69)

vl + fi
where fi = f7 4+ v(v — 7). Note that fi € C(B,) and fi — f* in LN(By).

Applying the result we already proved (f7 is continuous) to (69) with v’
instead of v and sending 7 — oo in the final inequality concludes the proof.
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7 Proof of the Harnack Inequality

In this section we prove the Harnack and the weak Harnack inequalities
(that is, Theorem 3.2 and Proposition 3.2) in the case when system (1) is
fully coupled. We recall that we have taken R = 1.

We shall use the following equivalent definition of full coupling by a chain
(see for instance [CZ2]).

Lemma 7.1 The system (1) is fully coupled in Q0 if and only if for any
k,le{l,...,n}, with k # [, we can find a sequence of indices {i;}};_g, such
that i; # ij41 for all j = 0,...,7 — 1,ig = k,i, = [, and sets with positive
Lebesgue measure w; ;. C Q such that

Qiji (t) >0 forall t >0 (70)
(recall that pi; are defined in (8)).

For each couple i,j € {1,...,n}, i # j, we define the function

Pij(t) = (Kijeis(t) — C*’lf"LN(Bg))+7 (71)

where k;; = kij (N, n, ap, v, v, meas(w;;)) are positive constants (to be defined
later) and C, = C.(N, g, 7, ) is the constant from the scalar ABP inequality
(Proposition 4.3).

We set

&(t) = }géfl 95162'1 0 &hiz 0...0 &ir—ll(t)7 (72)

where for each (k,1), k # [, the chain {i;}7_, is chosen as in Lemma 7.1
above. Note that ¢ is a Lipschitz continuous non-decreasing function of ¢,
with ¢(0) = 0 in case f = 0.

The following lemma plays a crucial role. It relates the values of the
infimums of the functions wu;.

Lemma 7.2 Under the hypotheses of Theorem 3.2, suppose the indices k
and | are such that k # 1 and there exists a set wy C By with meas(wy;) > 0,
such that pg(t) >0 for allt > 0. Then

iéllf up > Szkz(igf up). (73)

Therefore, for all k # 1,
igf up > @(igf u). (74)
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Proof. If i}gf u; = 0 there is nothing to prove. So suppose igf u; > 0. By
2 2

assumption (H2) we have
L™ (D*uy, Dug) + gr(u, z) < fr. (75)
By using the cooperativity assumption (H3) we get
L™ (D*uy, Duy) + gr(urer + wey, ) < f, (76)

where e; is the " vector in the canonical basis of R". By the assumed
(uniform in x) Lipschitz continuity of gx, together with the cooperativity
assumption (H3), (76) yields

L~ (D*uy,, Dug) + gk(i%f w e, x) — vug < fr, (77)

(recall v is a Lipschitz constant for gy).
We are going to estimate u; from below by the solution of the following
problem (see Proposition 4.5)

( L7 (D*w, Dw) —vw = —gk(igfulel,x) in By
2

w e W2P(B)NC(By), VYpe(l,+o0)  (78)

loc

w = 0 on 0Bs.

\

Note that gi(0,z) = 0 and g (-, z) € C% imply gi(u,z) € L>®(Q) for u fixed.
We are going to infer from (77) and (78) an elliptic inequality for the
function ur — w. We use the following (essentially known) lemma.

Lemma 7.3 Let w be a domain and suppose wi, wy € C(W) satisfy

M= (D?*wy) —y|Dwy| < h and
(79)
M~ (D*wy) — y|Dws| > 0 in w,

in the viscosity sense, for some h € LY (w), and that wy, € W?N(w). Then
—~MH(D*(wy — w1)) — Y| D(wy — wy)| < h in w.

Proof of Lemma 7.3 Let us take 2o € O C w, € > 0 and a test function
¢ € WAN(0) satisfying ¢ > wy —w; in O, ¢(xg) = wa(wg) — w1 (). Suppose
for contradiction that

~LY(D*p,D¢) > h+¢ in O. (80)
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By (17),(18), (79) and (80) we get

—L7(D*(¢ — w), D(¢p — wa)) > —MT(D?*¢) + M~ (D*w,)
= D| — | Dwy|
> —M*(D?*¢) —4|Dg|
> h+e

in O.
Since wy € WY (w), ¢—w, is a test function which satisfies ¢p—wq > —w;
in O, with equality at xy. Now since —w, satisfies

—LH(D*(—wr), D(—w1)) < h, (81)

we get, by Definition 4.1,
—LH(D*(¢ —wz), D(6 —ws)) Z hte (82)
in O, which is a contradiction. O

From inequalities (77), (78) and the above lemma, we deduce that the
function u, — w satisfies the inequality

—LY(D*(w — w), D(w — wg)) + v(w —uy) < fr (83)

in By. Since w — ug < 0 on 0B5 the scalar ABP inequality (Proposition 4.3)
implies

—inf(up —w) = sup(w — ug) < C*kaHLN(BQ), (84)
Bo By
which yields
up(z) > w(w) — Cul| fell Ly sy > iglfw — Cull fell v By (85)

for all x € B;. Hence

iglfuk > iglfw — Cull frllzv (my)- (86)

The point is that 1§f w can be estimated from below by gokl(mf w). Let us

prove this. By Lemma 4.1 there exists an linear second order uniformly
elhptlc operator L such that Lw = £~ (D?w, Dw). Then (H3) and (78) yield

( Lw—vw = —gk(igf wep,x) < 0 in By
2

Lw—vw = —gk(igf wey, ) < —@kl(igf u) in ww C By (87)
2 2

w = 0 on 0Bs.
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By the usual maximum principle w > 0 in B;. We now use the following
consequence of a theorem by Krylov (Theorem 12 on p. 129 in [Kr]), in the
form which was stated in [BNV].

Theorem 7.1 (Krylov) Let Ly be a linear uniformly elliptic operator with
bounded measurable coefficients in the form (27), and suppose ¢ € L*>°(Bs).
Suppose oy is an ellipticity constant for Lo, and T is an upper bound for the
L*>-norms of ¢ and the first order coefficients of Ly. Let v € VVE)’CN(BQ) be a
positive function satisfying Lov+cv < 0 a.e. in By and Lov+cv < —p a.e. in
a closed subset w C By, for some p > 0. Then there exists a constant m > 0,
depending only on N, ag, T, and a positive lower bound on meas (w) > 0, such
that

infv > mp. (88)
B
This theorem and (87) give the following estimate from below

P .
infw > ﬁkzwkz(lgf up), (89)

where £y, is the constant from Theorem 7.1. Combining (86) and (89) yields

iglf Uy, > %z(igf up). (90)

This proves (73) in Lemma 7.2. Finally, we take a sequence {i;}}_, as in

Lemma 7.1 and a sequence of nested balls { By, }j_y, a; = 1+ S Then, as
r

above,
aijij+1 (Blarf_l uij+1) < lBrg Wi (91)
and the second estimate in Lemma 7.2 follows by iterating (91) r times (note
that » < n(n — 1)), in view of the definition of ¢ (see (72)). O
By using the cooperativity assumption (H3) and the Lipschitz continuity
of gr at u = 0 (recall that g(0,z) = 0), we have

L™ (D*uy,, Duy) — vuy, < f  in By, (92)
for kK =1,...,n. The weak Harnack inequality for scalar equations (Propo-
sition 4.4) yields

b < e (s + U oven ) (93

where p;, and Cy are positive constants which depend only on N, ag, 7, and v.
We set p = min{ps,...,p,} and note that | - |, g is non-decreasing in p > 0.
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Next, we replace everywhere in the above proof each function ¢;; for
which ¢;;(t) > 0 if ¢ > 0 by a Lipschitz continuous function @;; such that
©ij(t) < @;j(t) and @;(t) is strictly increasing, for ¢ > 0 (if ;; itself does
not have these properties it is easy to see that such a function @;; can be
constructed). Of course, estimates (73) and (74) in Lemma 7.2 continue to
hold.

We set .
t
1 *
st =25 (7 + vy )

1] 7,

and
Do (¢, | fllenmy) = Skl;IlJ Piy 110 Dip_yip 5 0. 0Piyiy (1) 0 iy (1),

where for each (k,1), k # [, the chain {i;}}_, is chosen as in Lemma 7.1.
Note that ®y(t, s) is continuous and increasing on [0, 00)?, and ®((0,0) = 0.
Then estimate (74) can be recast in the form

inf u; < @o(inf ug, || f||Ly(s,)), (94)
By B
forall k,l=1,---,n,k #I.
Finally
|’LL1\/...\/’U,n|p72 < ]u1+...+un]p’2
< TEVD) Y il
i=1
1-1 . .
< (nrv1Cy (2 infu; + n||f||LN(B3)>
_1 -
< (vt i it 71y ) + Il
1<i<n By
— 0 (gt Ao At 5oy ) + Cllfluvio
= ¢ (1glfu1 VANPIIAN Unp,, ||fHLN(Bs)) >
which concludes the proof of Proposition 3.2. O
The full Harnack inequality is an immediate consequence of Proposi-
tion 3.1 and Proposition 3.2. O
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Part 1I. Linear Elliptic Systems

8 The Estimates in the Linear Case

In this section we restate and extend our results from Section 3 in the setting
of linear weakly coupled cooperative elliptic systems of second order. In
this more simple but important case we obtain more precise and easier-to-
state results. In Section 10 we discuss some extensions and give some open
problems and counterexamples.

We study the system

Liuy + cr1(2)ug + crp(@)ug + ... + cp(@)u, = fi(x)
L2u2 + Co1 (LL’)Ul + CQQ(JI)UQ + ...+ 02n<l’>un = fg(.I) (95)
Loy, + cni(2)ug + cpo(@)ug + ... + cpn(T)uyp : fulz)

in the bounded domain Q Cc RV ;n, N > 1.
In order to simplify the notations we write (95) in the form

Lu+Cu= f,
where L = diag(Ly, ..., L), C(zx) = (cj(2));,, u = (u1, ..., u,)T, and
f = (fh ce '7fn)T'
The second-order elliptic operators Ly, ..., L, are supposed to be in gen-

eral non-divergence form

0? 0
_ k k .

and to be uniformly elliptic :

(L1) there exists g € (0,1) such that for all ¢ € RY all k =1,...,n, and
almost every z € () we have

N
aolé]? < Z ali(2)&:& < ag ¢

i,j=1

We assume that the operators Lq,..., L, and the matrix C have bounded
measurable coefficients, with
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N n

k(12 2
(L2) 1?3;2 1651|7000 = " < v, 121]2%2 lenill Loy < v
1= 1=

We assume that the system (95) is cooperative, that is, for all indices
i,7€{1,...,n}, with i # j,
(L3) Cij Z 0 a.e. in .

Finally, we assume
(L4) feLNQRY,
and consider L"-viscosity solutions u € C(Q,R") of (95). Recall that any
u € W2N(Q,R") which satisfies (95) a.e. in Q is a viscosity solution.

loc

The first result is the ABP estimate for (95). We prove it under an
assumption which is milder that (H5) and (H6). Actually, assumption ¥
below is sharp, in a sense which will become clear later (see Section 14).

Theorem 8.1 (ABP estimate) (a) We suppose that

(V) there exists a function ¥ = (1,...,¢,) € W2P(Q,R™) N C(Q,R™), for
some p > N, such that

LYV +C¥ < 0 a.e. in €

(97)
U > 0 in Q.

If (L1) through (L4) hold and u € C(Q,R") satisfies
Lu+Cu > —f m

then

sup(ug V... Vu,) <C (sup(ul+ V.o Vaulh) + Hf+“LN(Q)) (98)
Q0 o0

(recall f = f1 V...V fn). Respectively, if u is such that Lu + Cu < f then

—ir(lzf(ul Ao Auy) <C (sup(u1 V...Vu,)+ Hf+||LN(Q)) :
o0

The constant C' depends on N, ag, v, ¥, and diam €.

(b) If instead of (V) one assumes in (a) the stronger (take ¥V = (1,...,1))
condition

Z%‘@) <0 ae in Q, foreveryie{l,... ,n}, (99)

=1
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then the following stronger conclusion holds true

supuy V- Vo, < supui VeVl 4+ Caspl[f 7] v ) (100)
Q 20

and, respectively,

— igf(ul A ANuy) <sup(up V... Vo) 4 Casell /7| v @) (101)
G

where the constant Cagp depends only on N, ag, v, and diam €.

Remark 1. Taking n =1, u € W2 (Q,R) in (100), we obtain Theorem 9.1

in [GT] (compare also with [BNV], Theorem 1.3). This means our results
contain the classical ABP estimate for scalar equations.

Remark 2. Hypothesis (V) implies that the matrix operator L + C satisfies
the maximum principle in €2 (see [FM2]| and Section 14 of our paper).
Remark 3. In the case when the second order coefficients of the elliptic
operators Ly, ..., L, are continuous functions and 0f) has some regularity,
we can weaken hypothesis (¥). More precisely, instead of ¥ > 0 in Q we
could suppose that ¥ > 0 in €2, with either ¥ 2 0 on 02 or LV + CW¥ # 0
in €. This weaker condition will be shown to be equivalent to (¥) (see in
particular Lemma 14.1 in Section 14).

Remark 4. The dependence in ¥ of the constant in Theorem 8.1 is expressed
A and PrV... Vi,

in terms of upper bounds on | ———
Y1 A AU | o VI A Ay,

L‘x’(Q).

We turn to the Harnack inequality for non-negative solutions of (95).

Our first goal is to describe precisely the way system (95) can force the
functions uq, ..., u, to depend on each other.

Let us restate the definition of a fully coupled system in the linear case.

Definition 8.1 A matriz C(z) = (c;j(2));,_, , which satisfies (H3), is called
irreducible in Q, and the system Lu + Cu = f is called fully coupled in €2,
provided for any non-empty sets I,J C {1,...,n} such that INJ =0 and
TuJ=A{1,...,n}, there exist iy € I and jo € J for which

meas{z € Q | ¢;j,(z) >0} > 0. (102)
For simplicity, when (102) holds we write ¢;j, 0 in €.

Next we give a notion of partial coupling for a non-fully coupled system.
It is easy to see, by renumbering lines and columns (i.e. by permuting the
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indices of uy, . .., u,), that any matrix C can be written in the block triangular
form

C=(Ch)pi—i > (103)
so that the matrix which we obtain still satisfies (H3) ; here 1 < m < n, Cy

are ty X t; matrices, > ty = n, Cg is an irreducible matrix for all k = 1,...,m,
k=1
and Crp; =0in Q, for all k,1 € {1,...,m} with & < [. Note that m = 1 means

C is irreducible, while m = n means C is in triangular form.
From now on, we suppose that C(z) is written in the form (103). We set

k
S0 :O,Sk = Zti7 Sk = {Sk,1+1,...,8k} and
=1

Up = Ugy 41 V... VU, Up = Ugy 41 N oo N\ Uy,
for all k € {1,...,m}.

Definition 8.2 Let (95) be a non-fully coupled system and let k > 1, for
some k,l € {1,...,m}. We call system (95) (kl)-partially coupled, provided
there exist indices (i,j) € Sy x Sy such that ¢;j # 0 in Q. For simplicity, in
this case we write Cpy Z0 in €.

We fix a point zo € Q and a ball Bsg := B(x9,3R) C 2. We suppose the
matrix C(z) is written in the form (103) in Bsg (i.e. Cyy =0 in Bsg for k <1
and Cyy, are irreducible in Bsg).

We set, for all k,1 € {1,...,m},

A(Bar) = { (1,5)(1,5) € Sex Si, i # j and ¢; 0 in Byg}, A= U Ay,

(A can be empty, if (95) is totally decoupled) and fix o € (0,3) such that
Akl(BaR) = Akl(BgR), for all k,1 € {1, ... ,m}.

We shall prove a Harnack inequality in the ball B,gz. To avoid heavy
notations, we take @ = 1 (in the general case the constants in the Harnack
inequality depend on 3 — ). We set, for all (i,7) € A,

wij = {z € Br | ¢;;(x) = p}, (104)
where p > 0 is taken so that meas(w;;) > 0.
Theorem 8.2 (Harnack inequality) Suppose (L1) through (L4) are sat-
isfied and let uw > 0 be a solution of (95) in Bsgr. Then

suptr < € (infus + Rl fovi ). (105)
R

Br
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forall k€ {1,...,m}.
If, in addition, (95) is (kl)-partially coupled, then

supug Vi, < C (infuk+RHfHLN(B3R)) : (106)
Br Br =™

The constants C in (105) and (106) depend only on n, N, ag, vR?, pR?, and
a positive lower bound for R~ meas(wy;), (i,7) € AN {1,...,s,}2.

Counterexample. We recall that our results fail for general non-cooperative
systems. For example, the functions u = |z|?,v = 2N solve the system

Au—v = 0
in B; C RY,
Av =0

and violate (106). See also the counterexamples at the end of Section 3.

A particular case of (105) is the following

Corollary 8.1 Under the hypotheses of Theorem 8.2 we have

supu; < C (g}lf w; + RHfHLN(BgR)) : (107)

Br

foralli=1,... n.
If, in addition, system (95) is fully coupled, then

supuy V... Vu, <C (infm Ao Ay, F R||f||LN(33R)) . (108)
Br Bgr

Let us recall the earlier results on Harnack inequalities for elliptic sys-
tems. Extending results by Mandras [Ma], Chen and Zhao ([CZ1]) obtained
Corollary 8.1 for strong solutions of (95), in the case f = 0, under Holder
regularity assumptions on the coefficients of the elliptic operators L, ..., L,.
Their proof makes use of estimates on the Green functions of Ly, ..., L,. The
result of Chen and Zhao was shown to hold for aj; € C*', b € L™ by Ara-
postatis, Ghosh and Marcus ([AGM]). All these works relied on typically
“linear” tools which require f = (0 and lead to the additional regularity as-
sumptions on the coefficients of the elliptic operators. We note that, using
a Nash-Moser type iteration technique, Muscalu ([Mu]) recently obtained a
weak form of the Harnack inequality for a class of elliptic systems in diver-
gence form.

Finally, we state the two half-Harnack inequalities.
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Proposition 8.1 (local maximum principle) Suppose hypotheses (L1)
through (L4) hold. Let
Lu+Cu>—Jf (109)

in Bsr. Then for all p > 0 we have

s;lpul\/...\/un§C(|uf\/...\/u,f|p,2R+R||f1+\/...\/fj||LN(BzR)),
R

where C' = C(N, ag, vR?, p).

Proposition 8.2 (weak Harnack inequality) Suppose hypotheses (L1)
through (L4) hold and let u > 0 satisfy

Lu+Cu<f (110)

in Bsr. Then there exists a number p = p(N,n,ag, vR?) > 0 such that for
any k € {1,...,m},

elan < € (gt AL VooV Bl ) (111
and, in case (95) is (kl)-partially coupled,

oV han < C (s + RV oV v ) (012)
R

where C is as in Theorem 8.2.

9 Proofs

We begin with the proof of the linear ABP estimate (Theorem 8.1). First,
the statement in (b) is a particular case of Theorem 3.1 in Section 3.
In case system (95) satisfies condition (¥), we make the following change

of functions
A |

fr= e (113)

A simple computation yields

1 — L
%Lkuk = Lyuy, + uy, ( ka) ,
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for all k =1,...,n, where, as in Lemma 4.2,

N
Lpy=Lp+2)Y af(z)——t—. 114

We have then, by Lemma 4.2 (b),
Litix + Yty > —fy, (115)

=1
where )
Crj(7) = ™~ (ckjt + Oy L) -

We see that (U) implies
Y Tylr) <0 i Q (116)

for all £ = 1,...,n. Thus, by making the change of functions (113), we
obtain a new cooperative system which satisfies (99). By applying the ABP
estimate for such systems, which we already have, we obtain

supg 1 V -+ Vi, + + +
supuy V-V, < - supui V---Vu, +C :
QP 1 = Tnfa s A A as? 1 L v

Theorem 8.1 is proved. O

The linear local maximum principle (Proposition 8.1) is a consequence of
Proposition 3.1.

The proofs of the Harnack and the weak Harnack inequalities will be
carried out through an induction argument. We use induction with respect
to m, where, we recall, m is the number of irreducible blocks which appear
when we write the matrix C in the form (103).

The case m = 1 (that is, C is irreducible) is a consequence of the nonlinear
Harnack inequality we already proved in Part 1. Note that in the case of a
linear system the functions ¢;; are linear in ¢

i =1 ( inf esscij(x)) >pt, (i,7) €A,

TEW;j
so that the basic estimate (74) reduces to

infui > kiginfu; — Cllfllevmy, 177, (117)
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and the function ®, which appears at the end of the proof of Theorem 3.2
is linear, ®y(t,s) = Cit + Css. Let us suppose Theorem 8.2 and Proposition
8.2 hold for systems with at most m — 1 irreducible blocks, and let us have
a system with m irreducible blocks.

Note that, by the induction hypothesis, Theorem 8.2 and Proposition 8.2
hold for the system formed by the first s,,_; equations in (95). It remains to
prove (105), (106), (111) and (112) for k = m.

The inequality (111) is obtained by repeating the last argument in Sec-
tion 7 and by using the fact that (117) holds for 7,5 € S,,, i # j. Note that
(L3) implies

(Li —c;)u; < f; in By, i=1,...,n,

so that the weak Harnack inequality for scalar equations yields
b < © (igfus + 17 s ) (118)

Let us prove (112). Fix [ € {1,...,m — 1} such that C,,; # 0 in B;. Let
for example ¢;;, #Z 0 in By, for some iy € Sy, jo € S;. Then, by (117),

s < C (i + 1 luvin (119)

2

Using (111), (117), (118), (119) and the induction hypothesis, we obtain

[Um VUilpe < C([Umlp2 + [Wlp2)

< . ' .. ' +
< C Z 1;12ful + IJIé{gIll%léij +1f HLN(Bs)>

ZESm 2

. . +

< C Z 1él2fui + lg,lsfujo + I f HLN(33)>

i€Sm 2

: +
< Cl2) inf u; + 1 ||LN<Ba)>
ieS'IVL

<

.. +
C (ngég 111311fui +IIf ”LN(BS))
- C (igfu_m—i- Her”LN(BS)) ;
1

which proves (112).
Finally, let us prove (105) and (106). We distinguish two cases.
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Case 1. There exists a number [ € {1,...,m — 1} such that Cy; = 0 in By,
for all & > (.

In this case we remove from (95) the equations with numbers in .S; and
obtain a system to which the induction hypothesis applies.

Case 2. For alll € {1,...,m— 1} there exists k > [ such that Cx; #Z 0 in B;.
In this case we can even prove that

supug V...Vu, <C (iélfu_m-f- ||fHLN(33)) : (120)

B

In view of Proposition 8.1 it suffices to prove that

e < € (gt + 1/l ) (121)

for alll € {1,...,m}. For | = m this follows from (111). On the other hand,
the assumption of Case 2 implies, by (112), that for all [ € {1,...,m — 1}
there exists k£ > [ such that

s < © (i + 1 loven )

Finally, we take a sequence | = ky < k1 < ... < k. = m such that the
latter inequality holds between uy, and uy,,, and at most m — 1 nested balls
between B; and Bs. Iterating the inequality between each two of them, we
obtain (121). O

10 Further results and some open problems

While the hypotheses under which we prove our Harnack inequality seem
natural — and the result seems complete in view of what is known for scalar
equations — a number of questions remain to be answered about the ABP
inequality, and even about the maximum principle. Namely, (H5) and (H6)
are not optimal. For instance, one could expect that Theorem 3.1 holds only
under the hypothesis

Clu,z) = (g:: (u,x)) is negative semi-definite for a.e. (u,x). (122)
j

ij=1

Indeed (122) is more general than (H5) and (H6) in view of the following
lemma.
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Lemma 10.1 Let M = (m;;) € M, (R) be a cooperative matriz, i.e. m;; > 0
for i # j. Suppose either that

ZmijSO forall i=1,....n (123)
j=1

or that

my,; < mija (124)
where M = (T;;) is a negative semi-definite matriz (i.e. (M, &) <0 for all
¢ € R"). Then M is negative semi-definite.

We give the elementary proof of Lemma 10.1 at the end of this section, for
the sake of completeness.

Although Theorem 3.1 holds under (122) for some particular systems,
this proves to be false in general. This section contains a discussion on these
points.

The problem is quite delicate, even in the linear case. In particular,
there turns out to be important differences between systems with divergence
and non-divergence form operators, between systems with autonomous (i.e.
constant in the linear case) or non-autonomous zero-order terms, and between
systems with the same or different linear elliptic operators.

To avoid technical complications, in this section we consider only strong
solutions, that is, u € W2 (2, R") N C(Q, R™).

First, it follows from Theorem 3.1 (b) that the system

LY(D*uw;, Du;) + (Cu), =0, i=1,...,n

satisfies ABP (that is, (4) holds), if C is a constant negative semi-definite
matrix.

Next, we recall that ABP remains true under (122) for linear systems
with elliptic operators in divergence form.

Proposition 10.1 Suppose u € W3V (Q,R") satisfies
Lu+C(z)u > —f (125)
in the reqular domain ), where Ly, k =1,...,n, can be written in the form
N
Ly = 0iaf(x)0;)
ij=1

Jor some af; € C'(Q2), and suppose C(x) = C(u,x) satisfies (122). Then

supug V-V, <C <supuir VERRRVETASES ||f+||LN(Q)) . (126)
Q o0
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Remark. The assumption that the coefficients of the elliptic operators are
regular can of course be relaxed by considering the weak formulation of (125).
We have made these hypothesis for simplicity, in order to remain in the non-
divergence framework.

Proof of Proposition 10.1. As we show later, it suffices to prove that L+C
satisfies the maximum principle (since this implies (¥) from Theorem 8.1,
see Section 14, Theorem 14.1). Let u be such that

Lu+Cu < 0 inQ
(127)
w > 0 ondf)

We have to show that u > 0 in 2. We use a standard argument. We multiply
the ¢-th equation by u; and integrate over (2. We obtain

— A'Du;, Du;) dx + ciiuiu, <0, 1=1,...,n,
1 el Rt}
Q Q=

where A’ = (a’,), ,. Summing over i we obtain (recall that u = u™ —u™)

Z/ (AiDui_,Dui_) dx — Z cijuy u; < 0.
i=1 7

ij=1

Hence, by ellipticity and (122),

aOZ/Q |Du; |? dw < /Q (C(z)u,u") dz <0,
i=1

which implies u; = const =0,7=1,...,n. O
The next result shows that the ABP inequality remains true for strong

solutions of linear systems in non-divergence form under assumption (122),
provided all elliptic operators L; coincide.

Proposition 10.2 Suppose C(z) = C(u, x) satisfies (122), u satisfies (125)
and that Ly = ... = L, 1s a scalar second-order operator with bounded mea-
surable coefficients in the form (96). Then (126) holds true.

Remark. We do have to restrict here to strong supersolutions; we suspect

that this result extends to viscosity supersolutions, although we do not have
a proof.
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Proof. By dividing each function u; by a solution of L) = —1 in @, Qcc ﬁ,
we can reduce to a modified system with negative definite zero-order matrix,
see (47) and the computations thereafter. We keep the same notations for
simplicity. Hence we can assume

(C(x)E,€) < —alé]*  forall € €R™ ae x€Q, (128)

for some a > 0.

As we explained above, in order to establish (126) it is enough to show
that the maximum principle holds true for L+C in €, i.e. that (127) implies
u; =0in Q, for all 4. First, note that by the cooperativity assumption (L3)
the i*" equation in (127) yields

Lyu; + ciuf =Y cijuy < 0. (129)
=1

1
Let us denote by ¢. the convolution of the function z — 5(2,)2 with a

standard smoothing kernel p. (that is, [, p. = 1, p- > 0, p. € CF(R),

supp pe C (—¢,¢€)).
Note that ¢L(2) = pe*(—27), so that | — ¢L(u;) —u; | < e. By multiplying
(129) by —¢.(u;) (> 0) and by using (128) we get

- z’"‘: ¢ (ui) Ly < —a Y (uy)* + Ce, (130)
i=1 :

where C' depends only on ||u||z(q). Observe that for any w € W2 and any
convex ¢ € C? we have the following well-known Kato inequality

Li(op(w)) > ¢'(w) Liw. (131)

We assume for contradiction that Z(ul— )2 > 0 and apply (131), with

7

W = u;, » = P, to (130). This yields

n

~L <Z cba(ui)) <= () Lyu; <0 (132)

i=1
for all € > 0 small enough. By the scalar maximum principle applied to
(132), noticing that u; > 0 on 02 implies ¢.(u;) = O(e) on 0%, we get
D ¢e(u;) < Ce (133)
i=1
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in Q. Taking ¢ — 0 we get u; = 0 in € for all 7, a contradiction. O

In the nonlinear case we are able to prove that system (1) satisfies the
maximum principle under (122), provided it is autonomous. We do not know
whether ABP holds in this situation.

Proposition 10.3 Suppose u € C(Q,R") satisfies
L7 (D*u;, Du;) +ci(u) < 0 in

v > 0  ondf) (134)

1 = 1,...,n

in the viscosity sense. Assume the functions ¢; satisfy (HO), (H3) and

n

(c(v),v) = Zci(v)vi <0  forall veR" (135)

=1

Then uw > 0 in €.

Remark. Condition (135) is weaker than (122). This is natural, since in
Proposition 10.3 we aim at a maximum principle only.

Proof of Proposition 10.3. Set u; = u;¢), where v is a strong solution of
the equation
L (D*),Dy) = —1 in Q
Y = 0 on O,
with Q cc Q. Up to adding a constant to v we have
L7 (D*u;, Dw;) +ci(u) < 0 inQ

u > 0 ondQ (136)
1 = 1,...,n,
where ¢ is defined by
P I _ 1
c(u) = —c(uy) —eu;, €=
(@ = o) —

(see Lemma 4.3 and (48)). Now system (136) satisfies all hypotheses of
Proposition 10.3, with a strict inequality in (135), for all v € R™ \ {0}. For
simplicity we write ¢ instead of ¢ and u instead of .
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By (H3) we have
L7 (D*ui, D) + ci(—uy, ooy =g, Uiy —Up gy, —Uy ) <0 in Q
for all 7. Hence
_£+(D2ui_7 Duz_) + Ci(_u_) <0,

since u; = —min(u;,0) and the minimum of supersolutions is a supersolu-
tion. Let @; € {2 be a point of maximum of the nonnegative function u; . Set
¢ = —ci(—uy (Zy),...,—u, (T,)). We claim that ¢ > 0 for all 7. If not, there
exists j € {1,...,n} such that ¢; < 0 and, by continuity,

Cj(_uf(xl)v R _u;(xn)) > o

for (z1,...,x,) € O, where O is a neighbourhood of (Zy,...,7,), such that
u; achieves its maximum in O at 7;. We get

£7(D (5 (75) 7). Dl (8) 7)) = L+ (D5 Duy) <~ <0

in O. By the scalar strong maximum principle u; = u; (7;) in O, which is a
contradiction with the last inequality.
Set y; = u; (T;) > 0and y = (y1,...,y,). Then, by ¢ > 0 and (135),

0< Z(_yi)ci(_y) <0,

unless y; = 0 for all 4. O

Finally we show, through a counterexample, that condition (122) is not
sufficient to ensure the validity of the maximum principle in the non-autono-
mous case, even for a linear system.

Set I = (—3,3) and define the functions a,d € C*(I) as follows

—e if x€[-3,—1] -
a(x) = 9 d(z) = )
- if zell,3], —e if x€[1,3].

if ze[-3,—1]

and such that a(x)d(z) =2 in I.
Let v € C?*(I) be a positive function such that

v(=3)=v(3)=0,v" >0in [-3,1) U (2,3] and ¢" <0in (1,2).
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Set u(z) = v(—=z). It is easy to see that if € and ¢y are small enough the
following inequalities hold

MT(D*u) +a(x)u+v > 0 in T
MY (D*v)+u+d(z)v > 0 in [ (137)
u,v = 0 on OI.

This system satisfies (122) but it does not satisfy the maximum principle,
since u,v £ 0 in €. Note also that (137) can be written as a linear system,
by using Lemma 4.1.

Proof of Lemma 10.1. Set a;; = %(mi]‘ + my;), @jj = %(mij + mj;), and
A = (a;;), A= (@;y). If (123) holds one gets by a trivial computation

(ME,§) = (A, §) < _Zaij(gj — &)2 < 0.

i<j

In case (124) is verified (a;; < @;; and (A&, &) < 0 for all £ € R™) we set
B.=cl—A B.=cl—A= (Bij), so that B, is positive definite. It is clearly
enough to show that B. is positive definite under the additional assumption
that A and A differ only in one entry, say

aij = mj if (2,]) 75 (io,jo) and aiojo < El-ojo. (138)

The result then follows easily by taking a chain of matrices each two consec-
utive elements of which differ only in one entry, and by letting ¢ — 0.

So suppose (138) and set B(t) = (1 — t)B. + tB. = (b;;(t)). Let, as
before, M*" denotes the submatrix obtained from an arbitrary matrix M by
removing its k™ line and ™ column. By (138) detB™I(t) =det B'”(t), for
any j € {1,...,n}. By Cramer’s rule and Lemma 5.3 we get

det B(t) = Z<_1)i0+jbioj (t) det Bloj (t) + (_1)i0+j0bi0j0 (t) det Riodo (t)

J#jo

> 3 (1) i (1) det B (1) 4+ (—1) Dy (1) det B (1)
J#Jjo

= det B, > 0.

It follows, by continuity in ¢, that all eigenvalues of B(1) = B, are positive,
i.e. that B. is positive definite. O
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Part 1II. Applications

In the third part of the paper we give several applications of the results
obtained in Parts I and II. We prove a maximum principle in unbounded
domains and a sharp strong maximum principle for cooperative systems.
An important application is the existence of a principal eigenvalue and a
principal eigenfunction of a fully coupled system. This result permits us to
obtain a necessary and sufficient condition for a cooperative (not necessarily
fully coupled) system to satisfy the maximum principle. Finally, we show
how our results can be applied to give Harnack type estimates for a class
of higher order elliptic equations, including the biharmonic and the poly-
harmonic equation. We show the existence of a principal eigenvalue and a
principal eigenfunction for these equations, in a sense which seems to be new.

In order to simplify the presentation all these applications are given in the
linear case although most results (maximum principles, higher order equa-
tions) readily extend to nonlinear equations.

11 A Maximum Principle in Unbounded Do-
mains

We say that the operator L+C satisfies the maximum principle in §2 provided
for any v € C(Q2,R"),

Lu+Cu < 0 inQ
(139)
w > 0 on 0f2

implies v > 0 in 2. When 2 is bounded, it is well-known that the assump-
tions of Theorem 8.1 (the ABP estimate) are sufficient to ensure that L + C
satisfies the maximum principle in Q (see [FM1]). This fact is a particular
case of Theorem 8.1.

The ABP estimate can also be used to derive a maximum principle in
unbounded domains. The next proposition contains a result of this kind.
General results of the same type for scalar equations can be found in [Bu].
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Proposition 11.1 Let Q C RY be a domain (bounded or unbounded). Sup-
pose (L1) through (L4) hold and

Zcij(x) <—0<0 ae inQ (140)
j=1

foralli =1,...,n, and some 6 > 0. Then there exists €9(0, N, ag,v) > 0
such that

Lu+Cu < 0 m Q,
u > 0 on 0, ifOQAD

u(x) V... Vu,(z) < Ceoll in  Q  for some C >0,
implies u > 0 in §2.

Proof. We take # > 0 such that 2@@6162 + vV NG < 6 and set gy = B/2.
We make the change of functions u; = %, with g(x) = coshfz; ... coshfxy.

Then @ = (uy, . .., u,) satisfies

where L = (L, ..., Ly,),

Ly =Ly +23 Z afj(x)tanhﬂxii

x .
1<i,j<N 0

and

— L L,
C:C—i-diag(—lg,..., g>'
g g

More precisely, C = (Cx;);, ;_;, with

Chj = Crj+ Okj 32 Z afmtanhﬁxltanhﬁxm

1<l,m<N
l#m
R Y s Y bftanhﬁxl>.
1<I<N 1<I<N

Note that, because of the choice of § and ey, C satisfies condition (99) and
u- — 0 as |z| — +oo, z € . By applying ABP inequality (Theorem 8.1,
(101)) to @ in balls of increasing radii, we obtain the conclusion of Proposi-
tion 11.1. Ol
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12 A Sharp Strong Maximum Principle

An immediate consequence of the weak Harnack inequality (Proposition 8.2)
is the following strong maximum principle. We recall we suppose that the
zero order matrix C is written in the form (103) in .

Proposition 12.1 Assume (L1) through (L4) hold. Suppose u € C(£2,R")
satisfies
Lu+Cu < 0 inQ

uw > 0 in Q.

Let 1 < k < m and suppose there exists a point ro € €2 and an index
i € Sy such that u;(zo) = 0. Then u; = 0 for all j € Si. If, in addition,
1 <k <1< m are such that there evists a sequence {i;}}_o for which

k’:’Lo>Zl>>ZTZZ and CZJZ]_H?_&O m ) (141)
then u; =0 in Q, for all j € ‘LTJO Si;-
J:

Remark 1. In the particular case when the system is fully coupled (m = 1),
Proposition 12.1 reduces to the known strong maximum principle (see [Sw]),
which states that u;(z) = 0 for some xy € Q and some i € {1,...,n} implies
u=01in €.

Remark 2. The strong maximum principle given by Proposition 12.1 is
sharp in the sense that if a sequence as in (141) does not exist then, clearly,
the system does not relate the functions with indices in Sy to the functions
with indices in S;.

13 Existence of a Principal Eigenvalue
for a Fully Coupled System

Throughout this and the next section we suppose that (L1) through (L3)
hold and, in addition,
afj e C(Q),

for all 4,5 € {1,...,N},k € {1,...,n}. All functions considered belong to
W2I(Q,R™) N C(Q,R), for all ¢ < oo (except otherwise stated), so that, in
contrast to the rest of the paper, all equalities and inequalities hold almost

everywhere.
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For simplicity we suppose that € is regular (for example, 2 satisfies a
uniform exterior cone condition). All our results can be extended to arbitrary
domains, by using the arguments in [BNV].

We set

M=ML+C)=sup{A€R | thereexists U e W2"(Q,R") such that

loc

U>0 and (L+C+ M)V <0 in Q}.
Our main result in this section is the following theorem.

Theorem 13.1 Suppose that C is an irreducible matm':n_(see Definition 8.1).
Then (a) there ezists a function 1 € T/Vli’cq(Q,R") NC(,R™), Vg < oo, such
that

(L+C+MDHP; = 0 in €

d; > 0 m Q
b, =0 on 0f).

(b) there are no eigenvalues of — (L +C) in the interval (—oo,\;) ; the
vector @, spans Ker (L + C + MI) in W2Y(Q,R?) N C(Q,R™) under the
Dirichlet boundary condition.

(¢) assume there is a function U € W2N(Q,R™) such that

loc

v >0 and (L+C)¥ <0 in Q.

Then either Ay > 0 or Ay =0 and ¥ = const. ;.
(d) if U e W2N(Q,R")NC(Q,R") satisfies

loc

(L+C+MDT < 0 in Q

S

> 0 on 0f

then U = const.®;.
(e) if we normalize ®1 = (¢11, ..., P1n) in such a way that
oin é14(z0) =1

for some xy € Q, then

sup Py :=supg11 V...V, <C,
Q Q

where C' depends only on xq, ) and the same quantities as the constant which
appears in the Harnack inequality (Theorem 8.2 in Part I1).
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Remark 1. Supposing a priori that A; > 0 (he actually uses a hypothesis of
type (¥) and proves his hypothesis is equivalent to A; > 0), Sweers proved
parts (a) and (b) of Theorem 13.1 in [Sw] (his proof relies on the Krein-
Rutman technique ; see also [BMS] for the case of a non-regular domain).
We are going to use this result in the proof of Theorem 13.1.

Remark 2. If the boundary of €2 is not regular the principal eigenfunction

may not belong to C'(2) and ®; = 0 on 92 only in a certain sense (as in
[BNV] and [BMS]).

Remark 3. In [BNV] Berestycki, Nirenberg and Varadhan made a deep
study of the properties of the principal eigenvalue and the principal eigen-
function of a scalar elliptic operator in a general domain. The basic tools they
used are the ABP and the Harnack-Krylov-Safonov inequalities for scalar
equations. Since we now have such inequalities for cooperative elliptic sys-
tems, it is only a matter of technique to show that all results in [BNV] have
their analogues for systems. Here and in the next section we present some
of these analogues (and often merely adapt the proofs in [BNV] to the case
of a system). To extend to systems the rest of the results in [BNV] is left to
the interested reader.

Remark 4. The hypothesis that the system is fully coupled can be relaxed
in Theorem 13.1.

Remark 5. In [He] Hess considered a related eigenvalue problem. He showed
that the equation L® + uCP = 0 has a solution (u,®) under Dirichlet
boundary conditions, with 4 > 0,® > 0 in €, provided ¢, # 0 for some
k€ {1,...,n}. In other words, Hess gave a condition on C under which one
can find a positive constant g such that A\j(L + uC) = 0, in terms of our
definition of \;.

Proof of Theorem 13.1. It follows from the definition of A\; that for any
A < A1 the matrix operator L + C + A satisfies the hypotheses of Theorem
1.1 in [Sw] (namely, this operator is cooperative, fully coupled, and satisfies a
condition of type (¥)). This theorem implies the existence of couple (py, D)
such that @, € W2 (Q,RY) N C(Q,RY), py > 0 and

loc

(L+C+A+pu))®y = 0 in Q
Dy > 0 in Q (142)
®, =0 on 0.

We claim that
A<+ <A< — (143)
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where C7 = C1 (N, ap, v) and R > 0 is such that 2 contains a ball of radius R.

The first inequality in (143) is obvious. The second inequality follows
from the definition of A\; and (142). The last inequality in (143) is known to
hold if A; is replaced by Ai(L; + ¢;;) — the principal eigenvalue of the scalar
operator L; + ¢; in Q, for any ¢ = 1,...,n (this is Lemma 1.1, page 51 in
[BNV]). On the other hand, since C is cooperative,

(L+C+ AP <0 implies (Li+cy+AN)g; <0

(® = (¢1,...,0n)), hence \y < A\ (L; + ¢y), for all i =1,...,n.
We now fix § = 0(N, ap, v,2) > 0 such that

C -N
0 < {QOABP (V + E;)}

(Capp is the constant which appears in Theorem 8.1 (b)).
Let zp € Q. We normalize the vector ®) = (¢r1,...,¢xrn) by dividing
the equation in (142) by 11r£11<n ®xi(zo) > 0, so that we can suppose

Dxi(z0) > 1, forall i =1,... n,

and
Gar Ao A Pan(mo) = 1. (144)
We take a compact set K C €2 such that we have ry € K,Br C K,
A(K) = A(2) (A is defined in Section 8, page 38), and
meas (2 '\ K) < 0.

It follows from (144) and our Harnack inequality (Corollary 8.1 in Part II)
that
supPr V...V oy, < Oy (145)
K

(the constant C, indexed or not, depends only on the appropriate quantities,
in particular, C' is independent of A).
Set e = (1,1,...,1) and &) = &, — Cse, so that

®, <0 on 9(Q\ K). (146)

We have, by (142) and (143),

(L+C—vD®y = —(v+ X+ up)Py— Co(C—vie
> —(1/—1—%) D, in Q\ K, (147)
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where we have used the fact that (L2) implies (C — vI)e < 0. This fact also
shows that the operator in the left-hand side of (147) satisfies the hypotheses
of the ABP estimate (Theorem 8.1 (b)). Applying this estimate to (147), we
obtain

C 1
supPr1 V... Vor, —Cy < Capp <V+E;> ONSuUp a1 V...V orn
O\K O\K

1
< zsupdrg V..V dan. (148)
2a\k

By combining (145) and (148) we obtain

| @Al () = Slgllp Oa1 V...V o, < Cs.

Since .
Lk = — > _(Crj — kg (A + 12)) b,
=1
we see that Li¢, x remain bounded in L®(Q2) as A — Ay, forall k =1,...,n.

Classical interior elliptic estimates for scalar equations imply
[®allwzar) < C, (149)

for any 1 < ¢ < oo and any ) CC Q.
We infer from (149) that there exists a sequence {A)}%2, and a function
®, such that
AD A and @Y = dy,) — @

weakly in VVif(Q), 1 < ¢ < o0, and uniformly in any compact subset of (2.
It follows that ®; solves the equation
(L+C+M1)P1=0 in
(note that (143) implies AU 4 ;) — A1), and
0<d; <(Cse in €.

Since, by (144), ®;(z) > e, the strong maximum principle implies ®; > 0
in Q.
Finally,

LPW) —CPU) — ()\(j) + H,\(j>)@(j)
C,Cs

RZ

> —v(Cse —

e =—Che in €,
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so the usual maximum principle for scalar equations implies
ol < ¢y, in Q,
where @ is the solution of the problem

L®y, = —e in €

(I)O = 0 on 0f).

Hence
0< d; < O4q>0 n Q,

so ®; € C(Q2) and &; =0 on 0.

Statements (a) and (e) of Theorem 13.1 are proved.

The first part of statement (b) follows from the result of Sweers (Theorem
1.1in [Sw]). Indeed, if A < ); is an eigenvalue for —(L+C) then the operator
L+C+ %I satisfies the hypotheses of Theorem 1.1 in [Sw], and hence does
not have negative eigenvalues - a contradiction. The second part of (b) is a
particular case of (d).

Let us prove statements (c) and (d). It is clear that the assumptions in
(c) imply Ay > 0. If Ay =0, set

T=sup{t e R|¥ >tD; in Q}. (150)

By continuity ¥ > 7®&;. If ¥ = 7®;, we are done. If not, the strong
maximum principle, applied to

(L+C)(¥ —79,) <0,

implies ¥ > 7® in 2. We now make use of the maximum principle in “small
domains” obtained by de Figueiredo in [dF] (this result is stated in Corollary
14.1 below). It follows from this result that if a compact set K C €2 is such
that meas(Q2\ K) is small enough, then L+C satisfies the maximum principle
in Q\ K. Since K is compact, there exists € > 0 such that ¥ > (74 ¢)®; in
K. Since

(L+C) (¥ —(14+e)P) < 0 in Q\ K
(151)
UV—(r+e)P;, > 0 on 0(\ K),

we get, by the maximum principle, ¥ > (7 4 ¢)®; in 2, which contradicts
(150).
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Finally, let us prove (d). We can suppose that A\; = 0 (replace C by
C + M\ I). Tt suffices to find a > 0 such that

Z=U+4+ab, >0 in O

(Z then satisfies the assumption in (c)). We fix a compact K C € such that
L + C satisfies the maximum principle in Q \ K and we take « > 0 such that
Z >01in K. Since

(L+C)Z < 0  in Q\K

Z >0 on J(2\K),

we get Z > 0in Q\ K.
Theorem 13.1 is proved. O

At the end of this section we recall the following result of Sweers ([Sw]).

Theorem 13.2 (Sweers) Suppose C is irreducible and let f € Li(Q,R"),
q > N. If A\, > 0 then there exists a unique solution in W24(Q, RMNC(Q, R™)
of the problem

—

Lu+Cu = —f m )

u = 0 on Of).

Moreover, f >0 in Q impliesu>0inQ ; f = (fi, -y fn) >0 and f; 0,
for some i, imply f > 0.

14 Necessary and Sufficient Conditions for a
Linear System to Satisfy the Maximum
Principle

The existence of a principal eigenfunction permits us to show that condition
(¥) in Theorem 8.1 (a), which has long been known to be sufficient for the
maximum principle, is also necessary for its validity. Our result, applied
to a fully coupled system, says the maximum principle holds if and only
if the principal eigenvalue of the matrix operator L + C is positive. This
result contains the well-known necessary and sufficient condition for a scalar
operator to verify the maximum principle.
Let the matrix C be written in the form

C = (Cu)yy (152)
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m
in Q, where, we recall, 1 < m < n, Cy; are t; x t; matrices, Y tp = n,Cyy is an

k=1
irreducible matrix for all k = 1,...,m, and C; = 0 for all k,1 € {1,...,m}

k
with k < [. We have set s = 0,5, = >_t;, and Sy = {sp_1+1,..., Sk}
i=1

Let A" € Rand @ € W29(Q, R%*)NC(Q, Rt), Vg < o0, be the principal

loc
eigenvalue and eigenfunction of the operator L* + Cy in €, where we denote

L* = diag (Ls, ,41,---,Ls,). The existence of )\gk) and @gk) is ensured by
Theorem 13.1.

Theorem 14.1 Let (L1) through (L3) hold and let af; be continuous func-
tions, for all i,7, k. The following are equivalent :

(i) L+ C satisfies the mazimum principle in §2, in the sense described in
the beginning of Section 11 ;

(i1) A(lk) >0, for all k € {1,...,m}.

(111)  there exists a function ¥ > 0 in Q such that (L +C)V <0 in Q, and
either U # 0 on 0Q or (L + C)¥ # 0 in Q (component-wise).

Proof. (i)=-(ii). Suppose there exists k € {1,...,m} such that AR <o,
Set
U =(0,...,0,®" 0,...,0)

(the only non-zero coordinates of W are those with indices in Si). Then
(L+C)W =(0,...,0,- A0l ¢ Crd?),

so, by (L3),
(L+C)¥ > 0 in Q
v = 0 on 0f),
but ¥ £ 0 in 2, which contradicts the maximum principle.

(ii)=>(iii). We use a recurrent procedure to construct ¥ = (¥ . . ym)
U®) consists of ¢, components). Set ¥ = oM. It Cy1 = 0 we take
( 1

v = <I>§2). If Co1 # 0 we take U to be the solution of the problem

( )\(2)
L2 + CQQ + % @(2) = —021@(1) in Q
v@ > 0 in Q
L v@ = 0 on Of)



This boundary value problem is solvable, by Theorem 13.2.
Finally, for any I € {2,...,n}, when we have constructed ¥ ... w(=1),

we take U®) to be either <1>§”, in case Ci, =0 for all k =1,...,1— 1, or the
positive solution of the problem

AW -1
L'+ Cy + % v = -3 Cpv®  in Q
k=1 (153)

gl = 0 on 01,

in case the right-hand side in (153) is not identically zero.
Then we have ¥ > 0 and

2 m
W) _ﬁ @) _Ag ) ) :
(L+C)¥ < APy 5 o7, 5 Ol <0 in .

(iii)= (7). Let us note ¥ = (¥W ... ¥™) > (. Since (L3) holds, we have
(L* 4+ Ci) U™ < 0,

and either W) 2 0 on 90 or (LF + Cp)U® £ 0in Q, for all k = 1,...,m.
It follows from Theorem 13.1 (c) that either A{*) > 0 or A¥ = 0 and, in the
latter case, W) = const@gk). The last equality is impossible, by (iii) and

the properties of ®;.

(11i)=(i). ~ We show that (iii) is equivalent to condition (¥) in the ABP
estimate (Theorem 8.1 (a)). Then the conclusion is immediate, since the
maximum principle is a particular case of the ABP estimate.

Lemma 14.1 Suppose )\gk) > 0, for all k =1,....,m. Then there exists a
function ¥ € W29(Q,R™) N C(Q,R™), Vg < oo such that

loc
(L+C)¥ < 0 in Q
v > e in Q.
Proof. Since (iii) is equivalent to (ii) we can consider the vector ¥ con-

structed in the proof of (ii)=-(iii). Then we can adapt to our situation the
proof of Lemma 6.1 in [BNV]. Let us sketch the argument.
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We take a compact set K C 2 and solve the following n scalar equations

LW = —2ve in Q\K
LW = 0 in K
W =0 on O

As in [BNV], by taking K sufficiently close to 2, we can ensure that W < e
in 2. Taking €y such that ¥ > gge on K and setting

4 —
a:maxk—y and VY =e+W+aV,
1<k<m )\g )50

we get (L +C)¥ <0 in , as in [BNV].
Theorem 14.1 is proved. [
Finally, we give a lower bound for the principal eigenvalue, analogous to
the estimate in Lemma 4.1 in [BNV].

Proposition 14.1 Under the conditions of Theorem 13.1, set

by = max {g l[eijllzoo @) + ||CE||L°°(Q>} :
i#j

Then
1

> — — by
Capp Q¥

A1

Proof. Apply the ABP estimate to

(L+C—b ), = —(by + \;)®,.

The following maximum principle in small domains (see [dF]) is a conse-
quence of Proposition 14.1 and Theorem 14.1.

Corollary 14.1 Suppose (L1) through (L3) hold. For any d > 0 there exists
a positive number 6 = §(N, co, v, d) such that

diamQ <d and [Q] <9

imply that the operator L + C satisfies the maximum principle in 2.
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15 Higher Order Equations. Estimates for
Equations of Polyharmonic Type.

The equation A"u = 0,n > 2, is very classical. It is known that solutions
of this equation (called polyharmonic functions) do not admit the same es-
timates as harmonic functions. However, there is an important subclass of
polyharmonic functions (the so-called completely superharmonic functions,
see below) for which Harnack and Liouville type results have been obtained.
The possibility of extending these results to equations with right-hand side
and zero-order term has been an open question for a long time. Our estimates
for systems permit us to give an affirmative answer to this question.

Our results give ABP and Harnack estimates for equations of arbitrary
order in the form

(=Lyp —cp()) ... (L1 — 1 (2))u — c(z)u = f(z) in Q (154)

(in contrast to the rest of the paper, in this section u and f denote scalar
functions). It is easy to see that (154) is equivalent to the system

—

Lu+Cu=f, (155)
where
c(x) 1 0 0 U
0 cox) 1 0 (L1 = cr)u
C(x) = .. , U=
0 0 0 n—1
@@ 00 Gl (-zi-c)u

and f = (0,...,0, f)T. Note that the matrix C is fully coupled when ¢ % 0
and is in triangular form when ¢ = 0.

The simplest and most studied example for (154) is the biharmonic equa-~
tion

—A (Au) + c(x)u = f(z) in . (156)
which corresponds to the system
Au+v = 0

(157)
Avte(z)u = f(x).
We have the following Harnack estimate for equation (154). We give

separately the Harnack estimate for the polyharmonic equation with a right-
hand side.
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Theorem 15.1 Let f € LV(Q).
(a) Suppose that u € C*"2(Q) satisfies the equation

(~A)'u=f (158)
in the viscosity sense in ) and
(=AY u>0 (159)
n a ball Bsg CQ, fork=0,...,n—1.
Then
supu < € (infus Rl flovian ). (160)
BR BR

where C' = C(n, N, R).
(b) Letce L*® and ¢; € L*(Q),i=1,...,n, be functions such that

cZ£0,0<c<y, max ekl L) < v.

Let u € C?"2(Q) be a non-negative viscosity solution of
(=Lp—cp)... (L1 —c)u—cu=f in Q (161)

such that
(—Lk — Ck) N (—Ll — cl)u Z 0

forallk=1,...,n—1.
Then

sup {u\/max (IIEI(—Li—ci))u} < C(inf{u/\ min (llj[(—Li—ci))u}

Br 1<k<n—1 §=1 Bg 1<k<n—1 §=1

+ RHf”LN(BgR)) :

Functions which satisfy condition (159) are called completely superhar-
monic (of order n—1). It is easy to see that this hypothesis cannot be omitted
in Theorem 15.1 (take for example u = |z|? in the unit ball ; then the weak
Harnack inequality fails, since A%u = 0,4 > 0,u(0) = 0, but u # 0).

The particular role of completely superharmonic functions was already
noticed by M. Nicolesco in his classical book [Ni] (pages 16-25). He proved
that the coefficients in the Almansi expansion of a polyharmonic function
which satisfies this property are of constant sign, as well as a Harnack con-
vergence type theorem for such functions. Harnack type results for positive
solutions of A™u = 0 were obtained by many authors, mostly by studying
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spherical means of u (see for instance [DN] and [Gh]). An interesting Liou-
ville type result for completely superharmonic functions was proved by [Ov] ;
other theorems of Liouville type can be found in [Fr]. The inequality (160)
for f = 0 and n = 2 appears for example in [Sm] (we could not find a ref-
erence for n > 2). All these results rely heavily on the polyharmonicity of
the function and could not be extended to equations with a non-trivial right-
hand side. Quite little is known about the equation (—A)"u — c¢(z)u = 0
either (see also Theorem 15.2).

Recently, using Green functions, Grunau and Sweers (see [GS1], Theo-
rem 5.1) obtained maximum principle type results for classical solutions of
(154), in the case when the domain is a ball and all derivatives of u of order
smaller than n vanish on 0. In [GS2] they used this result to obtain a
local maximum principle for equations of order 2n, provided the lower order
coefficients are sufficiently small.

Theorem 13.1 permits us to define a “principal eigenvalue” and a “prin-
cipal eigenfunction” for the operator (—A)" — ¢(z),c¢ > 0, under Dirichlet
boundary conditions for the lower order Laplacians. The positivity of this
eigenvalue is a necessary and sufficient condition for the operator to satisfy
the maximum principle. Note that the existence of a first eigenvalue for
the other classical polyharmonic boundary value problem (Lauricella’s prob-
lem) — in which the boundary conditions require that D*u = 0 on 99 for
k=0,...,n—1—is well-known.

Theorem 15.2 (a) Let c € L>*(Q), 0 < ¢ < wv. There exists a real number
A o= A and a function ¢, = ¢\ in W) N C?"2(Q),Yq < oo, such
that

(—A - )\1)”@51 - C¢1 =0 mn
¢1 > O, (—A — /\1)k¢1 > 0 mn €

¢1 = O, (_A - /\1)k¢1 =0 on 8Q, (166

fork=1,...,n—1. There are no eigenvalues (with the Dirichlet condition
(166)) smaller than Ay and (A1, ¢1) is the unique couple (up to a normaliza-
tion of ¢1), which satisfies (162), (164) and (166).

(b) )\gc) > 0 is a necessary and sufficient condition for the operator (—A)
to satisfy the maximum principle, in the following sense

(—=A)"u—cu < 0 in

"—c

(=A)fu < 0 on 09Q, k=0,....,n—1,
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implies (—A)fu <0 in Q, fork=0,...,n—1.
(c) Let ¢\ be normalized so that ¢\?(xg) = 1, for some xo € Q. Then

wWPSaWN%m'

(d) If {7}32, is a sequence such that ¢ > 0, {¢’} is bounded in L>() and

{7} tends to zero a.e. in Q, then )\gcj) tends to the principal eigenvalue of
the Laplacian in 2 and

= a(A)
(A = Alhkglea) g k=1, n—1,

weakly in W2%(Q) and strongly in C(Q) (the functions ¢§Cj ) are assumed to
be normalized as in (c)).

Proof. In view of Theorem 13.1 and the representation (155), only part (d)
needs a proof. Suppose for simplicity n = 2 (the case n > 2 is very much the
same).

Set M = )\gcj ) and ¢f = qbgcj ). It follows from (143) and Proposition 14.1
that the sequence { N} is bounded. Hence (up to a subsequence) it converges
to a number .

We have L .
(A =M = v
(167)
(A =N = du?,

where v/ = ¢ and v/ = (—A — M)¢/.
Applying the Theorem of Krylov we already used in Section 7 (Theo-
rem 7.1 on page 33), we obtain from the first equation in (167)

infu/ > C(N,v, K,Q)inf v’ (168)
K K

for any compact subset K C €.
Applied to (167), our local maximum principle (Proposition 8.1) yields

supw’! Vol < C (|uj\p723 + \vj!p,zR) ; (169)

Br

for any p > 0, any Byr C Q, with C = C(p, N,vR?). The weak Harnack
inequality for scalar equations (Theorem 9.22 in [GT]) applied to

(A =X/ >0 and (—A— M)/ >0
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then gives

supw! Voo < C(infu! + info?
Br Br Br

< Cinfu/ = C(N,v,Q)
Br

if 2o € Bgr, where we have used (168), (169), and u/(xy) = 1. Hence, for any
compact set K C (),

supw! V! < C(N,v, K,Q).
K

By proceeding as in the proof of Theorem 13.1, that is, by taking K close
enough to Q and by applying the ABP inequality in Q \ K, we get

Huj vV UjHLoo(Q) S C(N, v, Q)
Then elliptic theory implies
W — and v —

weakly in W2%(Q),Vq < oo, and strongly in C(Q). By passing to the limit
in (167) we obtain

(—A=XNu = v in Q
(~A=XNv = 0 in Q (170)
u=v = 0 on 0N

Since v > 0, we infer from the second equation in (170) that either v = 0 or
A=A (A) and v = ¢1(A) > 0. In the second case we obtain a contradiction
with the first equation, since

(—A—=X(A)u > 0 in Q

v = 0 on 0N

has no solution. Hence

(—A=XNu = 0 in
u = 0 on ON.
Since u > 0 and u(wg) = 1, we get A = A\ (A) and u = ¢ (A).
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Theorem 15.2 is proved. O

More generally, for any n elliptic operators L1, ..., L,, satisfying (H1)-
(H2), and any ¢ > 0, there exists a couple (A1, ¢1) such that

(_Ln - )\1) cee (—Ll - )\1)¢1 —cpr =0,

with the appropriate positivity and boundary conditions.

References

[AGM] A. Arapostathis, M. Ghosh, St. Marcus Harnack’s inequality for
cooperative weakly coupled elliptic systems, Comm. Part. Diff. Eq. 24
(1999), no. 9-10, pp. 1555-1571.

[BMS] I. Birindelli, E. Mitidieri, G. Sweers Ezistence of the principal eigen-
function for cooperative elliptic systems in a general domain, Differential
Equations (Differ. Uravn.) 35 (1999), no. 3 (in Russian).

[BNV] H. Berestycki, L. Nirenberg, S.R.S. Varadhan, The principal eigen-
value and mazimum principle for second order elliptic operators in gen-
eral domains, Comm. Pure Appl. Math. 47 (1994), no. 1, pp. 47-92.

[Bl] M. Bladt, A Markov modulated financial model, J. Comm. Stat: Stoch.
Models 14 (1998), pp. 225-240.

[BP] M. Bladt, P. Padilla, Nonlinear financial models: finite Markov modu-
lation and limaits, preprint.

[Bu] J. Busca, Existence results for Bellman equations and mazimum prin-
ciples in unbounded domains, Comm. Part. Diff. Eq. 24 (1999), no.
11-12, pp. 2023-2042.

[Cab] X. Cabre, On the ABP estimate and the reversed Hélder inequality for
solutions of elliptic and parabolic problems, Comm. Pure Appl. Math.
48 (1995), pp. 539-570.

[CCKS] L.A. Caffarelli, M.G. Crandall, M.Kocan, A. Swiech, On wviscos-
ity solutions of fully nonlinear equations with measurable ingredients,
Comm. Pure Appl. Math 49 (1996), pp. 365-397.

[Caf] L.A. Caffarelli, Interior estimates for fully nonlinear elliptic equations,
Ann. of Math. 130 (1989), pp. 189-213.

67



[CC] L.A. Caffarelli, X. Cabre, FUuLLY NONLINEAR ELLIPTIC EQUATIONS,
A.M.S. Coll. Publ. Vol 43, Providence (1995).

[CZ1] Z.Q. Chen, Z. Zhao, Harnack principle for weakly coupled elliptic sys-
tems, J. Diff. Eq. 139 (1997), pp. 261-282.

[CZ2] Z.Q. Chen, Z. Zhao, Potential theory for elliptic systems, Ann. Probab.
24 (1996), no. 1, 293-319.

[Cr] M.G. Crandall, K. Fok, M. Kocan, A. Swiech, Remarks on nonlinear
uniformly parabolic equations, Indiana Univ. Math. J. 47 (1998), No. 4
, pp. 1293 - 1326.

[CKS] M.G. Crandall, M. Kocan, A. Swiech, LP theory for fully nonlinear
uniformly parabolic equations, Comm. Part. Diff. Eq. 25 (2000), No.
11&12, pp. 1997-2053.

[CIL] M.G. Crandall, H. Ishii, P.-L. Lions, User’s guide to visosity solutions
of second-order partial differential equations, Bull. Amer. Math. Soc. 27
(1992), no. 1, pp. 1-67.

[DN] R.J. Duffin, Z. Nehari, Note on polyharmonic functions, Proc. Amer.
Math. Soc. 12 (1961), pp. 110-115.

[dF] D.G. de Figueiredo, Monotonicity and symmetry of solutions of elliptic
systems in general domains, NoDEA 1 (1994), pp. 119-123.

[Fe] P.L. Felmer, Nonexistence and symmetry theorems for elliptic systems
in RY, Rend. Circ. Mat. Pal. Ser II. T. XLIIT (1994), pp. 259-284.

[FM1] D.G. de Figueiredo, E. Mitidieri, Maximum principles for linear el-
liptic systems, Rend. Instit. Mat. Univ. Trieste (1992), pp. 36-66.

[FM2] D.G. de Figueiredo, E. Mitidieri, Mazimum principles for cooperative
elliptic systems, C. R. Acad. Sci. Paris Ser. I 310 (1990), No 2, pp.
49-52.

[Fr] A. Friedman, On n-metaharmonic functions and harmonic functions of
infinite order, Proc. Amer. Math. Soc. 8 (1957), pp. 223-229.

[Gh] M. Ghermanescu, Sur les valeurs moyennes des fonctions, Math. Ann.
119 (1944), pp. 288-320.

[Gi] M. Giaquinta, MULTIPLE INTEGRALS IN THE CALCULUS OF VARIA-
TIONS AND NONLINEAR ELLIPTIC SYSTEMS, Annals of Mathematics
Studies, 105. Princeton University Press (1983).

68



[GT] D. Gilbarg, N.S. Trudinger, ELLIPTIC PARTIAL DIFFERENTIAL EQUA-
TIONS OF SECOND ORDER, 2nd edition, Revised Third Printing,
Springer Verlag (1998).

[dG] E.de Giorgi, Un esempio di estremali discontinue per un problema vari-
azionale di tipo elliptico, Boll. Un. Mat. Ital. 1 (1968), no. 4, pp. 135-137.

[GS1] H. Grunau, G. Sweers, Positivity for equations involving polyharmonic
operators with Dirichlet boundary conditions, Math. Ann. 307 (1997),
pp. 589.

[GS2] H. Grunau, G. Sweers, Classical solutions for some higher order
semilinear elliptic equations under weak growth conditions, Nonl. Anal.

T.M.A. 28 (1997), pp. 799-807.

[He] P. Hess, On the eigenvalue problem for weakly coupled elliptic systems,
Arch. Rat. Mech. Anal. 81 (1983), no. 2 , pp. 151-1509.

[HW] S. Hildebrandt, K.-O. Widman, On the Hélder continuity of weak so-
lutions of quasilinear elliptic systems of second order , Ann. Sc. Norm.
Sup. Pisa Cl. Sci. 4 (1977), no. 1, pp. 145-178.

[Is] H. Ishii, Perron’s method for monotone systems of second-order elliptic
partial differential equations, Diff. Int. Eq. 5 (1992), no. 1, pp. 1-24.

[IK] H. Ishii, S. Koike, Viscosity solutions for monotone systems of second-
order elliptic PDE’s, Comm. Part. DIff. Eq. 16 (1991), no 6 & 7, pp.
1095-1128.

[Je] R. Jensen, The maximum principle for viscosity solutions of fully non-
linear seoncd order partial differential equations, Arch. Rat. Mech. Anal.
101 (1988), pp. 1 - 27.

[JLS] R. Jensen, P.L. Lions, P.E. Souganidis, A uniqueness result for viscos-
ity solutions of fully nonlinear second order partial differential equations,
Proc. Amer. Math. Soc. 4 (1988), pp. 975-978.

[Kr] Krylov, NONLINEAR ELLIPTIC AND PARABOLIC EQUATIONS OF SEC-
OND ORDER, Coll. Math. and its Appl. (1987).

[LL] J.-M. Lasry, P.-L. Lions, Large deviations for diffusion process coupled
by a jump process, C.R. Acad. Sci. Paris, Sér. I 321 (1995), pp. 849-854.

69



[LB] S.M. Lenhart, S.A. Belbas, A system of nonlinear PDE’s arising in the
optimal control of stochastic systems, SIAM J. Appl. Math. 43 (1983),
pp. 465-475.

[Ma] Mandras, Disequanza di Harnack per sistemi elliptici debolmente ac-
copiati, Boll. UMI A, 14 (1977), no. 5, pp. 313-32.

[MS] E. Mitidieri, L. Sweers, Weakly coupled elliptic systems and positivity,
Math. Nachr. 173 (1995), pp. 259-286.

[Mu] J.D. Murray, MATHEMATICAL BIOLOGY, Springer Verlag (1993).

[Mu] C. Muscalu, On the Harnack principle for strongly elliptic systems with
nonsmooth coefficients, Comm. Pure Appl. Math. 52 (1999), pp. 1213-
1230.

[Ni] M. Nicolescu, LES FONCTIONS POLYHARMONIQUES, Hermann & Cie,
Paris (1936).

[Ov] LE. Ovcarenko, On multiply superharmonic functions, Usp. Math.
Nauk 16 (1961), no. 3, pp. 197-200 (in Russian).

[Se| J. Serrin, Local behaviour of solutions of quasilinear equations, Acta
Math. 111 (1964), pp. 247-302.

[Sm] E.P. Smyrnelis, Une propriété de moyenne des fonctions biharmoniques,
Bull. Sc. Math, 2eme série, 109 (1985), pp. 103-111.

[Sw] G. Sweers, Strong positivity in C(S) for elliptic systems, Math.
Zeitschrift 209 (1992), pp. 251-27.

[Wa] L. Wang, On the regularity theory of fully nonlinear parabolic equa-
tions: I, Comm. Pure Appl. Math. 45 (1992), no 1 , pp. 27-76.

busca@univ-tours.fr
Boyan.Sirakov@u-paris10.fr

70



