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Abstract. We study uniformly elliptic fully nonlinear equations of the type
F(D*u, Du,u,z) = f(z). We show that convex positively 1-homogeneous opera-
tors possess two principal eigenvalues and eigenfunctions, and study these objects ;
we obtain existence and uniqueness results for non-proper operators whose princi-
pal eigenvalues (in some cases, only one of them) are positive ; finally, we obtain
an existence result for non-proper Isaac’s equations.
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1 Introduction and Main Results

This paper is a study of uniformly elliptic fully nonlinear equations in non-

divergence form
F(D?*u, Du,u,z) = f(x) (1.1)

in a bounded domain 2 C R™. We pursue the following goals. First, we show
that positively homogeneous operators which are convex (or concave) - like
Hamilton-Jacobi-Bellman operators, that is, suprema of linear operators with
non-smooth coefficients - possess two principal eigenvalues, corresponding to
a positive and a negative principal eigenfunction, and study properties of
these objects. Second, we show that existence and uniqueness theory can
be developed for coercive non-proper operators, more precisely, for operators
whose both principal eigenvalues (or, in some cases, only one of them) are
positive. Finally, we obtain existence results for the Dirichlet problem for
non-proper operators which are not convex (like Isaac’s equations, that is,
sup-inf of linear operators), under the hypothesis that some related operator
is coercive.
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It has long been known that certain types of positively homogeneous op-
erators possess “half”-eigenvalues. The first to observe this phenomenon was
Berestycki in [Be], where he considered bifurcation for some Sturm-Liouville
problems. An important step in studying these types of questions was made
by Lions [L1]. By combining probability and analytical methods, in that pa-
per he proved the existence of principal eigenvalues for operators which are
the supremum of linear operators with C'!'-coefficients, and obtained results
about the solvability of related Dirichlet problems. Recently the question of
existence of principal eigenvalues was addressed in another particular case,
namely when F' is a Pucci extremal operator (M3 ,(D?u), see below), by
Felmer and Quaas [FQ] (see also [BEQ)], [Q]). Related results were obtained
for operators of the type | Du|* M}  (D*u) by Birindelli and Demengel [BD1].
The results in all the quoted papers are partial in the sense that many known
properties of the principal eigenvalue of a linear operator were left open.
These properties include the facts that the eigenvalue is simple, isolated, and
its positivity is necessary and sufficient for the operator to satisfy compari-
son principle, for the Alexandrov-Bakelman-Pucci inequality to hold, and to
guarantee that the Dirichlet problem is solvable for any right-hand side. It
is our aim here to bring the eigentheory of fully nonlinear equations closer
to the level of the well studied linear case, for which we refer to the paper by
Berestycki, Nirenberg and Varadhan [BNV] — a deep study of properties of
the principal eigenvalue of linear elliptic operators in non-divergence form,
as well as of related maximum principles and existence theory for strong so-
lutions of linear equations. The results we obtain extend most of the main
results in [BNV] to nonlinear operators and viscosity solutions, and exhibit
the differences due to the nonlinear nature of the operators we consider.

In the last thirty years there have been a multitude of results on existence,
uniqueness and regularity properties of classical, strong or viscosity solutions
of equations of type (1.1). For the classical case we refer to the works [L2], [E],
[Bu], and to the books [K], [GT]. For strong solutions of linear equations,
see [GT], Chapter 9. As far as viscosity solutions are concerned, we shall
quote here the fundamental work [CIL], where very general equations are
studied, as well as [CC], [CCKS], [CKLS], [JS], [S] (see also the references in
these works), where a more specific - and close to ours - setting is considered.
Typical structure conditions on F' assumed in these papers are

(S) M)_\,A(M_N)_lﬂp_(.” < F(Mvpauvx)_F(Na(Lual‘)
< MM = N)+vlp —dl,
for some positive constants A\, A,y and any M, N € Sy (the set of all N x N

symmetric matrices), p,q € RN, u € R, x € Q, and
(P) F is proper, that is, I’ is nonincreasing in u.
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Recall that Pucci’s operators are defined by My \ (M) = sup 4 4 tr(AM),
M A(M) = /ilnil tr(AM), where A C Sy denotes the set of matrices whose
’ S

eigenvalues lie in the interval [\, A]. Note M} (M) = =M ,(—=M).

Condition (P) is too restrictive compared to what is known for linear
operators. For instance, consider the linear operator L = tr(AD?) + c(z).
It is well known that the Dirichlet problem for Lu = f € LY is uniquely
solvable provided A;(L) > 0. On the other hand, if tr(AD?.) is replaced
by a nonlinear operator satisfying (5), all the above quoted papers concern
the case ¢(z) < 0. We will show that for a nonlinear operator the right
hypothesis under which the Dirichlet problem is solvable for any right-hand
side is again the positivity of the principal eigenvalues.

The paper is organized as follows. In the next section we give assumptions
and define the principal eigenvalues. In Sections 1.2 and 1.3 we state our
main results, about properties of principal eigenvalues and eigenfunctions,
and about solvability of the Dirichlet problem. In Section 2 we give some
important examples of operators to which our results apply, and discuss
different situations that can arise. An intriguing difference between the two
eigenvalues is put into light. Finally, in Section 3 we recall some previous
results which we use, and in Section 4 we give the proofs of our results.

1.1 Assumptions and definition of A\, \|

The operator F is supposed to be defined on Sy x RY x R x (Q\ N), where
N C Qis a null set.
Next, we assume that the operator is positively homogeneous of order 1,
that is,
(Hp) F(tM,tp,tu,x) =t F(M,p,u,z), forallt>0.
Everywhere in the sequel we consider operators which satisfy the following
hypothesis : forsomey,d > 0andall M, N € Sy, p,g € RN u,v € R, 2z € Q,

M;,A<M_N)_7|p_q| - (5|u—v|SF(M,p,u,x)—F(N,q,v,x)
(H1)
< ML (M = N) +7lp =gl + dlu— .

We are going to suppose that
(Hs) F(M,0,0,z) is continuous in Sy x Q.
Note that when F is linear (H;) — (H3) mean F is uniformly elliptic, with
bounded coefficients, and continuous second-order coefficients.
We denote
G(M,p,u,x) = —F(—=M,—p, —u, x).
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An important role will be played by the following definition. We say that
an operator H (M, p,u,x) satisfies condition (Dp) provided

(D) G<M_N7p_Q7u_UJI) < H(M,p,u,x)—H(N,q,v,x)
F < F(M_va_Q7u_v7'r>'

This hypothesis permits to measure how far an operator H is from linear -
the extremes of (Dp) are attained, on one hand, when F' is linear (so that
F =G and HM,p,u,x) = F(M,p,u,x) + H(0,0,0,z)), and on the other
hand, when F(M, p,u,x) = M (M) + ~|p| 4 6|u| — then (D) reduces to
(H1).

Lemma 1.1 Suppose F satisfies (Hy). Then the following are equivalent
(i) F is convex in (M,p,u) ;  (it) F satisfies (Dp) ;
(i1i) F satisfies one of the two inequalities in (D).

We shall assume that the domain €2 is smooth. We stress however that
most results can be extended to arbitrary bounded domains, by using an
approximation argument, as in [BNV], see Section 5.

We make the convention that each time we use the term viscosity solution
we mean L"-viscosity - see for example [CCKS] for definitions and properties
of these. Also, any time we say a non-regular function satisfies an (in)equality,
we shall mean it is satisfied in the viscosity sense.

For any A € R we define the sets

UHFE,QN) ={0eCQ)|v >0 in Q, F(D*), D, v, x) + Mp <0 in Q},
U (F,UN) ={0el)|v<0 inQ, F(D*), D, v, x)+ \p >0 in Q},

and the following (finite, see Proposition 4.2) quantities
AL(F,Q) =sup (A | UF(F.Q,N) # 0},
AL(F,Q) = sup {A | U7 (F,Q,\) # 0}

We shall not write the dependence of A{, A\] in © or in F, when no confusion
arises. Note that A (F) = A (G) and A\ (F) = A (G). Note also that
A (F) < A\ (F) since F is convex. We will show later that the sets ¥ in the
definitions of A, A\[ can be replaced by much smaller ones - see (4.16) and
Proposition 4.11.

Next, we turn to the statements of our results. In order to facilitate the
task of the reader acknowledged with the corresponding results for linear
operators, we have adopted a way of exposing similar to the one in [BNV]

4
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— we believe this better highlights similarities and differences. It should
be stressed however that our proofs, while borrowing some ideas from the
linear case, require a different overall approach, and that essential points in
the proofs are very nonlinear in nature - for example the construction of a
supersolution in Proposition 4.12. We give an overview in Section 4.

1.2 Existence and properties of eigenvalues

The following theorem asserts the existence of two pairs of principal eigen-
functions and eigenvalues of a nonlinear operator. Set E, = W27 (Q)NC(Q).

Theorem 1.1 Suppose F satisfies (Hy), (H1), (Hz), and (Dg). Then there
exist functions o, 07 € E, for all p < oo, such that

F(D*of, Dol ¢l ,2) = —Me¢f in Q
e > 0 mn
o7 = 0 on 0f,
and
F(D%*py, Doy, o1, 1) = —Argy in Q
vy < 0 in
¢, = 0 on 0f.

If o (or @1 ) is normalized so that o} (zo) = 1 (resp. o] (x9) = —1) for
a fived point xg € Q, then o < C (resp. p; > —C) in Q, where C' depends
only on xo, 2, N\, A,y and 9.

In addition, N (resp. A ) is the only eigenvalue corresponding to a

positive (resp. negative) eigenfunction in C(S).

The next result implies that the principal eigenfunctions are simple in a
strong sense, even in the set of viscosity solutions.

Theorem 1.2 Suppose F satisfies (Hy), (H1), (H3), and (Dg). Assume there

exists a viscosity solution u € C(Q) of

F(D?*u, Du,u,z) = —Mu in (1.2)
u = 0 on 0f) '
or of
F(D?u, Du,u,z) > —Xu in Q (1.3)
u(zo) > 0, u < 0 on 0f), '

for some xy € Q. Then u = to;, for some t € R. If a function v € C(Q)
satisfies either (1.2) or the reverse inequalities in (1.3), with \{ replaced by
Ay, then v =typ; for somet € R.
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Remark. Taking u = ¢ shows u(xg) > 0 cannot be removed from (1.3).

The following theorem states that the eigenvalues are isolated.

Theorem 1.3 Suppose F satisfies (Hy), (Hy), (Hz), and (Dg). There ezists
go > 0 depending on N, X\, A, v,9, such that the problem

(1.4)

F(D?*u, Du,u,z) = —Mu in £
u = 0 on 0f)

has no solutions u # 0, for X € (—oo, A\ + o) \ {\{, ] }-

It is an interesting question whether the two eigenvalues can coincide for
truly nonlinear operators, and, when they do not, whether the eigenfunctions
can or may not differ only by a multiplication by a constant. The answers
are all affirmative, see Section 2.

The next theorem gives a necessary and sufficient condition for the pos-
itivity of the principal eigenvalues. It also shows that the existence of a
positive viscosity supersolution implies the existence of a positive uniformly
bounded (below, and in the global W?P-norm) strong supersolution.

Theorem 1.4 Suppose F satisfies (Ho), (H1), (Hs), and (Dr).
(a) Assume there is a function u € C(2) such that

F(D*u, Du,u,z) < 0 in Q F(D?u,...)
: resp.
u > 0 in Q, u

ANAY

0 in Q
0 wm €,

in the viscosity sense. Then either A >0 or \| = 0 with u =ty for
some t >0 (resp. \] >0 or A\] =0 with u = tyy, for somet > 0).

(b) Conversely, if \f > 0 then there exists a function u € W?P(Q),
p < 00, such that F(D*u, Du,u,z) <0, u>11n Q, and |jullwzrq) < C,
where C' depends on p, N,Q,\, A, 7,9, and \{.

Remark 1. When F' is proper, u = 1 satisfies the condition of Theorem 1.4.
Hence proper operators have positive eigenvalues.

Remark 2. Propositions 4.2 and 4.8 provide upper and lower bounds (in
terms of F' and ) for A\{” and \].

Remark 3. 1t follows from Theorem 1.4 that the eigenvalues are strictly
decreasing with respect to the domain : if Q@ G Q' then A{(Q) > A (€') and
AL (Q) > A\ (Q) (take u = 7 () in Theorem 1.4). Note that A] and A]
are continuous with respect to the domain, as Proposition 4.10 shows.
Further, we show that, similarly to the linear case, the positivity of the
principal eigenvalues is a necessary and sufficient condition for the operator

6
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to satisfy a comparison principle. We say that a second order operator H

satisfies a comparison principle (CP), provided for any u,v € C(£2), one of
which is in Ey, such that

H(D?*u, Du,u,z) > H(D?v,Dv,v,z) in
u < v on 02,

we have u < v in Q. A particular case of (CP) is the mazimum principle,
when one of u, v is set to zero (and H(0,0,0,x) = 0, as we always assume).

Theorem 1.5 Suppose a second-order operator F' satisfies (Hy), (Hy), (H2),
and (Dg). Then X\f(F) > 0 is necessary and sufficient for F to satisfy
(CP). Hence, if a second-order operator H satisfies (D), then A\{ (F) > 0
is sufficient for H to satisfy (C'P).

If AT > 0, the comparison and even the maximum principle do not neces-
sarily hold. However, it can be shown that A; > 0 is necessary and sufficient
for a one-sided maximum principle.

Theorem 1.6 Suppose a second-order operator F' satisfies (Hy), (Hh), (Hz),
and (Dg). Then F has the following property : for any u € C(2),

0 in €

F(D?u, Du,u, ) o .
{ 0 on 90 implies u >0 in €,

<
(A

if and only if \{ (F') > 0.

Finally, we have the following Alexandrov-Bakelman-Pucci (ABP) in-
equality for nonproper second order operators. The ABP inequality is an
essential tool in studying non-divergence form equations - see [GT], [BNV],

[CCKS] for discussions.

Theorem 1.7 Suppose the operator F' satisfies (Hy), (H1), (Ha), and (Dr).
Then for any u € C(Q), f € LN (Q), the inequalities F(D*u, Du,u,z) > f,
A (F) >0 (resp. F(D*u, Du,u,x) < f, A\ (F) > 0) imply

supu < C(supu™ + ||f_||LN(Q)), (resp. supu” < C(supu™ + ||f+||LN(Q))) )
Q a0 Q a0

where C' depends on Q, N, X\, \,~,d, and \{ (F) (resp. M| (F)).
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1.3 The Dirichlet problem

We will show that the Dirichlet problem for our type of operators is solvable
for any right-hand side if the eigenvalues of the operator are positive, and
that the Dirichlet problem may not be solvable if only one of them is positive.

Theorem 1.8 Suppose F' satisfies (Hy), (Hy), (Hs), and (Dp). If A\ (F) >0
then for any f € LP(Q),p > N, there exists a unique solution v € E, of

{F(D%,Du,u,x) = f in Q (1.5)

u = 0 on 09,

In addition, for any compact set w CC §2 there holds

||u||W2,p(w) < C”fHLp(Q)’

where C depends on p,w,Q, A\, A, 7,6, and ] (F).
On the other hand, if \[ (F) = 0 or A\ (F) > 0 > X[ (F) then problem

(1.5) does not possess a solution in C(S2), provided f <0, f £ 0 in Q.

Remark. In [Bu| Busca showed (through different techniques) the existence
of a unique classical solution of the Dirichlet problem in the particular case
when F'is a supremum of a countable family of linear operators with Holder
continuous coefficients and uniformly positive first eigenvalues. This uniform
positivity turns out to be equivalent to A{ > 0, as our results show (see the
next section).

As Theorem 1.8 shows, if only one of the two eigenvalues is positive, the
Dirichlet problem may not have a solution. However, it still does provided
the right-hand side is nonnegative.

Theorem 1.9 Suppose F' satisfies (Hy), (H1), (Hz2), (Dr). If \{(F) > 0
then for any f € LP(Q2),p > N, such that f > 0 in Q, there exists a nonpos-
itive solution v € E,, of (1.5).

Remark. We do not know if the solution obtained in Theorem 1.9 is unique.

As is known, the problem of solvability and uniqueness for the Dirich-
let problem for non-convex operators is quite complicated. The following
existence result, applicable to Isaac’s operators, completes (and uses) some
recent results for proper operators, obtained in [CKLS] (see also [JS]). It
says an Isaac’s equation is solvable provided the operator is controlled, in
the sense of (Dp), by an operator with positive eigenvalues.
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Theorem 1.10 Assume F satisfies (Hy), (H1), (Hz), (Dr), and H satisfies
(Dg) and (Hp). If AT (F) > 0 then the problem

H(D*u, Du,u,z) = f in
u = 0 on 09

is solvable in the viscosity sense for any f € LP(Q),p > N. If H(M,p,u, z)
is convex in M then u € E,, and u is unique.

2 Examples and Discussion

We have proved the existence of principal eigenvalues of Hamilton-Jacobi-
Bellman operators

Fiy(D*u, Du,u,x) = sup L%u, with
acA

Lou = tr (A%(z)D*u) + b*(x).Du 4 ¢*(z)u,

where A is an arbitrary index set, A%(x) are matrices which depend continu-
ously on x and such that A\I < A%(x) < AI, and b RY RN RN S R
are measurable bounded (uniformly in «) functions.

Note that the question of existence and uniqueness of solutions of Hamil-
ton-Jacobi-Bellman equations is often set in the form : given a family of
linear operators as above and a family of continuous functions f¢, solve

ilelg (tr (A%(z)D%u) + b (2).Du 4 ¢ (z)u — fa(x)) = 0.

This equation is in the form H(D?u, Du,u,x) = f(z), where

H(D?*u, Du,u, ) = sup (L2u — f*(z)) + inf f*(x), f(z) = inf f%(x).
acA acA acA
This H is convex in (M, p,u) and satisfies (Dp,,,), so the results of the

previous section apply.
It easily follows from the definitions of the eigenvalues that

AN (Frp) < inf \i(L3) < sup M(Lg) < AL (Frus), (2.6)
@ o€
where A;(L$) denotes the usual first eigenvalue of the linear operator LS.

One should clearly ask whether the first and the third inequalities in (2.6)
are actually equalities.
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As far as the first inequality is concerned, it actually is an equality when
the set A is countable, since then it is possible to show that the Dirichlet
problem for Fy;p is uniquely solvable for any right-hand side (through an
argument similar to the one in [Bu]), provided inf e 4 A1 (L) > 0. Then, if the
first inequality in (2.6) were strict, the operators Zg = LY + M\ (Fysp) have
uniformly positive eigenvalues but sup,c 4 Zgu = 0 has two solutions which
vanish on d€), the trivial one and ¢] given by Theorem 1.1 — a contradiction.
Further, it is clear that the Dirichlet problem for F ;g remains solvable under
infoeq A1 (LY) > 0, when A is a separable metric space such that the maps
a — A°, ga, ¢® are continuous for almost every x (a similar remark is made
in [GT], after Theorem 17.18). This implies, for instance, that

MM =, (0 (40).
the infimum being taken over constant matrices, and not over functions (as
was stated in [BEQ)]), which is what the mere fact that the infimum is at-
tained suggests.

Surprisingly, it turns out that an analogous intuitive statement about the
third inequality in (2.6) is wrong, as we shall show next.

First, note that A\ = A is possible for truly nonlinear operators. An
explicit example is, for instance, Q = (0,7) x (0,7) C R?, and

F,»(D*u) = max {aty, z, + OUpyey, Dllpy oy + Qllgyey b a,b>0, a#b,

where o] = —p] = sin(x;) sin(zy), and A\ (F,p) = A\ (Fap) = a + b.
Further, Theorem 1.2 (with u = —¢7) easily implies that ¢} = —¢|
after renormalization, whenever A\ = A\;. Let us now look at the same
operator F,,(D*u) = max{Lju, Lyu}, but on a ball B C R?. A simple
symmetry argument shows A\ (L;, B) = A(Ls, B), so, by what we already
saw, A\f (F,p) is equal to A\j(Ly). However, A\ (F,;) is strictly larger than
A (L) = Mi(Ly). Indeed, suppose for contradiction A\| = Ay (L1) = A\ =: \.
Then the principal eigenfunction ¢ := ¢f = —¢; of F,; would satisfy

{ Fa7b(D2g0)—|—/\cp = 0 in B,

Gup(D*¢0)+Xp = 0 in B, (2.7)

By adding up the two equations in (2.7) we see that ¢ is the principal eigen-
function of the Laplacian, and so ¢ is smooth and radial. It also follows from
(2.7) that F, ,(D?*p) = Gop(D?p) in B, which means ¢4, = ©z,2,- The only
smooth radial functions which satisfy this are C;|z|* + Cy — a contradiction.
An example when A\] # A\ and ¢ = —¢ is provided by the operator

F,(D*u) = max{Au, aAu}, a>0,a#1.

10
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Then ¢ = —p; is the usual first eigenfunction of the Laplacian, however
AT =min{\;, e\ } < max{\;,a)\} = \], where )\; is the first eigenvalue of
the Laplacian. Note that the spectrum of F, is actually the so-called Fucik
spectrum of the Laplacian.

Finally, we note that ./\/l;\r A is an operator for which ¢ and ¢ are not
proportional, for instance when {2 is a ball. Indeed, suppose for contradiction
that ¢ € E,(B) is a function such that ¢ > 0in B, ¢ =0 on 0B, and

M (D) + ANy = 0 in B, 2.8)
M A(D*0) + A = 0 in B, '
for some ball B. By summing these two equations we obtain
A+MNAp+ (AN +X)p=0 in B, (2.9)

so ¢ is the first (radial and smooth) eigenfunction of the Laplacian.

We recall that Mj\rA(M) = A Z e+ A Z e;, where e; denote the
{e;>0} {e;<0}
eigenvalues of M, for any M € Sy. This, together with the fact that ¢
attains its maximum at the origin, imply My , (D*¢(0)) = AMAg(0). It then
)\+

follows from the first equation in (2.8) that Tl = A1, where \; is the first
eigenvalue of the Laplacian.

Therefore the first equation in (2.8) reads M, (D*p) — AMAp = 0 in B,

or
N
A Z ei(r) + A Z ei(z) — )\Zei(x) =0 in B,
{ei(z)>0} {ei(x)<0} i=1

where e;(z) denote the eigenvalues of D?*p(z). Hence e;(z) < 0 in B, for all
i=1,...,N.

However, by writing (2.9) in the radial variable and by using Hopf’s
lemma, it is easy to see that D?p(x) has a positive eigenvalue in a neigh-
bourhood of 92 (see also Lemma 4.1). This is a contradiction.

Naturally, given some positive constants A, A,~y,d, our results apply to
the extremal operator

F,(D*u, Du,u) = M}:A(DQU) + v|Du| + 0 |ul,

and hence all results concerning maximum principles and existence for the
Dirichlet problem apply to operators H satisfying (Dpg, ), that is, (H;). In
particular, our results give an ABP inequality and existence results for Isaacs
operators

érelf’j’ 21613 {tr (A*P(z)D*u) + b (z).Du + ca’ﬁ(x)u} :

11
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under a more general hypothesis than ¢*”(z) < 0, which was considered in
previous works (see for example [CIL], [CKLS] and the references in these
papers).

An interesting particular case is obtained by setting A = A = 1, in other
words, ./\/l;\r A(D?*u) = Au in F,. In a very recent work Hamel, Nadirashvili
and Russ considered (among other things) the operator Au + |Dul, showed
it has two eigenvalues and proved that the domain which minimizes the
eigenvalue \{ (A + |D - |,€) on the set of all smooth domains with fixed
measure is the ball. Their result depends on the fact that the second-order
operator is the Laplacian. It is a very interesting open question to prove
that the same holds for more general second-order operators, for example,
to prove that Af (M} ,, Q) is minimized when Q is a ball. The analogous
question for A\] is completely open.

3 Some known results

In this section we recall some results for proper uniformly elliptic equations.
We start with the Alexandrov-Bakelman-Pucci estimate for viscosity so-
lutions, see Proposition 3.3 in [CCKS].

Theorem 3.1 (ABP) Let f € LN(Q). Ifu € C(Q) is a LN -viscosity solu-
tion of
MiA(D20) +A|Dul = fin {u> 0},
then there exists a constant B depending on N, \,A,~, and diam(QY), such
that
supu < supu” + B f7 ||y q)- (3.10)
Q o0

Similarly, if u is a LY -viscosity solution of M;’A(DQU) —y|Du| < f in
{u < 0}, then
supu” < supu” + B fT] ). (3.11)
Q o0

Hence if F' satisfies conditions (S) and (P) from the introduction, then
F(D?*u, Du,u,z) > f implies (3.10), and F(D*u, Du,u,z) < f implies
(3.11).

Theorem 3.1 implies a comparison result (Theorem 2.10 in [CCKS]).

Theorem 3.2 Suppose H satisfies (D) and F satisfies (Hy),(Ha), and (P).
If u,v € C(Q) are LY -viscosity solutions of

H(D?v, Dv,v,z) in £,
v on 0f),

u

{ H(D?u, Du,u, )

IN IV

12
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and one of u,v is in Ey, then u < v in €.
Now we give a regularity result, which will be needed in the sequel.

Theorem 3.3 Suppose F satisfies (Hy), (H1), (Hs), and F(M,p,u,x) is

convex in M. If u € C(Q) is a viscosity solution of
F(D*u, Du,u,z) = f in
and f € LP(Q), p > N, then u € W2P(Q), and for every Q' CC Q
lullwer@y < C ([ull=@ + [1fllze@)
where C' depends on dist(QY,09), diam(Q), p, N, X\, A, 7, 6.

Proof. In case F is proper (satisfies (P)), this follows from Theorem 3.1 in
[S] (see also the discussion in Sections 8-9 in [CKS]). If F' is not proper, by
(Hy) the operator F'(D*u, Du,u,z) — du is proper. By applying Theorem 3.1
in [S] to F(D?*u, Du,u,z) — du = f — du we conclude. O

Theorem 3.4 Suppose I satisfies (Hy), (Hy), (Ha), (P), and F(M,p,u,x)
is convex in M. Then, for any f € LP(Q), p > N, there exists a unique
solution u € E, of

F(D?*u, Du,u,z) = f in €,
u = 0 on 0f).

Proof. This is again a consequence of Theorem 3.1 in [S]. O

Next, we recall the following maximum principle in small domains.

Theorem 3.5 Suppose H satisfies (Dp), and F satisfies (Hy) and (Ha).
Then there exists eg > 0, depending on N, X\, \,~,d, and diam(SY), such that

if 192] < eq then for any u € C(2)

0 in - Q,
0 on 0N

IV INA

{ H(D?u, Du,u, )
u
implies u > 0 in §2.
Proof. By (H,) u satisfies
M;7A(D2u) —y|Du| < §lu| = du~ in {u<0}.

Then we use Theorem 3.1 to conclude, in a standard way. O

We shall need the following version of Hopf’s boundary lemma.

13
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Lemma 3.1 Let Q be a regular domain and let w € Eyn, u Z 0, be a
nonnegative solution to

M A (D?*u) =v|Dul —ou < 0 in  Q,

u 0 on 09, (3.12)

with v,6 € R. Then u > 0 in Q. Moreover, for each xy € OS2

lim sup —U(IO) —ulz)

<0,
T—T0 ‘I - I0|

where the limit is taken over the set of x for which the angle between x — x
and the outer normal at xq is less than w/2 — « for some fixzed o > 0.

Remark. For a general strong maximum principle for degenerate convex
elliptic operators, see the paper of M. Bardi, F. Da Lio [BD].

We recall next the following Harnack inequality.

Theorem 3.6 Let u € C(Q) and f € LN(Q) satisfy v > 0 in Q and
M \(D*u) +7|Du| +6u > fin €, (3.13)

M\ (D*u) —y|Du| —6u < fin €. (3.14)
Then for any compact set K C ()

supu < C{inf u + || fll v}
K K

where C' is a constant depending only on K, 0, N, A, A\, v and §.

Proof. First, inequality (3.14) implies the so-called weak Harnack inequality
- this was proved by Wang in [W], see also [CC]|, [CKS] for related results.
The fact that inequality (3.13) implies the local maximum principle (see for
example [GT], Chapter 9, for the terminology) was proved by Wang in the
proper case (0 = 0), and was extended to d > 0 in [BS] - see pages 560-562
of that paper. O

4 Proofs of the main results

We shall first give an overview of the proofs and list some of the main points
in them.

After some preliminary results concerning simplicity and bounds on even-
tual eigenvalues, we define a class of nonproper operators (in particular those

14
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with Xf > 0, see below), such that one can get comparison results for equa-
tions involving these operators through relating them to proper equations
and using the results quoted in the previous section. Then the sub- and
supersolution method allows us to prove existence and uniqueness results for
these equations, which in turn implies, via Krein-Rutman theory, that opera-
tors with A\]” > 0 have two eigenvalues (equal to A, A\]). The next step is to
observe that A, A\] do not change if one takes only functions ¢ € E, in the
definition of ¥*, ¥~ and then to prove Theorem 1.1, through an approxi-
mation procedure in subdomains of {2. The final quite delicate points are, on
one hand, to bridge the gap between A\ and A, and on the other hand, to
show Theorem 1.4 (b) with the right dependence of the constant bounding
the C! -norm of the supersolution obtained in it. This is accomplished in the
key Proposition 4.12, which permits to us to relate our Theorems 1.5-1.10 to
corresponding results for proper equations.

4.1 Some preliminary results

We start with the trivial proof of Lemma 1.1.
Proof of Lemma 1.1. Suppose f : RV *N+1 _ Rissuch that f(tz) = tf(x)
for all ¢ > 0. First, f is convex if and only if

) = flyo) < flyn — o) forall gy, yo € RNFNHL (4),

Indeed, if f is convex then

— Y2+ Yo

f(?/l):2f(y1 5 ) < flyn —y2) + f(y2).

Whereas if f satisfies (), then for any a € [0, 1]

flay + (1 = a)ya) —af(y) = flay + (1 —a)yz) — flam)
< f(1=a)ye) = (1 —a)f(y),

so f is convex.
Define g(y) = —f(—vy); we have from (x) that

9y —y2) = —flya — ) < fly1) — fy2),

and the lemma follows. O

Everywhere in the sequel F' will denote an operator which satisfies (Hy),
(Hy), (Hz), and (Dp).
The following theorem will be used several times.

15
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Theorem 4.1 Suppose u,v € C(Q) are viscosity solutions of

F(D?u, Du,u,z) < 0 in Q F(D?u,...) > 0 in Q
u > 0 in Q resp- u < 0 in Q
and
F(D%*v, Dv,v,z) > 0 in € F(D?*,...) < 0 in Q
v < 0 on 02 resp. v > 0 on 0N
v(zg) > 0, v(rg) < 0,

for some point xy € Q, where F satisfies (Hy), (H1), (Hz), and (Dp). Suppose
one of u,v is in En. Then u =tv for some t > 0.

Proof. Let u,v satisfy the first set of inequalities in Theorem 4.1. We
suppose first that both u,v € Ey. Theorem 4.1 is proved via a variant of
a rather typical argument, used for example in the linear setting in [BNV].
Take a compact set K C € such that |Q\ K| < ey, where g¢ is given in
Theorem 3.5. Set z; = v — tu. If ¢ is large enough z; < 0in K. By (Dp) and
(Hp), we have for all t > 0

F(D?z, Dz, 2, ) > F(D*v, Dv,v,2) — tF(D*u, Du,u,x) >0  (4.15)

in Q. Since z; < 0 on J(Q2\ K), by using Theorem 3.5 we get z; < 0in Q\ K.
So, by Hopf’s Lemma (Lemma 3.1), either z; = 0 in € in which case we are
done, or z; < 0 in €2. We define

T=inf{t| 2 <0 in Q}.

Since v(xg) > 0 we have 7 > 0. Now we repeat the same argument for z,.
So, either z. = 0 in €2 in which case we are done, or z, < 0 in 2. In this case
there exists n > 0 such that z,_, < 0 in K. Now we repeat again the same
argument for z;_,, which yields a contradiction with the definition of 7.

If the inequalities satisfied by u, v are reversed (second set of inequalities
in Theorem 4.1), we consider the function tu — v and use the same argument.

In case one of the functions, say v, is only in C({2), exactly the same
argument applies, since (4.15) holds. This is very standard - if 9 is a test

function for z;, then v + tu is a test function for v, and vice versa. O
Corollary 4.1 If u,v € R and u,v € C(Q) are such that
F(D%*u,...) = pu in F(D%*v,...) = v in Q
u > 0 in € and v > 0 m Q
u = 0 on 00 v = 0 on 09,

and one of u,v s in Ey, then p =v and u = tv for somet > 0. The same
1s valid if both functions are negative instead of positive.

16
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Proof. Suppose 1 < v. Then use Theorem 4.1 with F(D?u, Du,u, ) re-
placed by F(D?u, Du,u,r) — uu. O

Another consequence of Theorem 4.1 is an upper bound of the eigenvalues
in terms of the “thickness” of the domain. Before stating it, we recall the
following simple fact.

Lemma 4.1 Supposeu € C*(B) is a radial function, defined on a ball B, say
u(x) = g(|x|). Then the matriz D*u(x) has ¢"(|x|) as a simple eigenvalue,
and |z|7*¢'(|z|) as an eigenvalue of multiplicity N — 1.

Proposition 4.1 Suppose ) contains a ball Bog, with R < 1. Then

C

M(F,Q) <A\ (F,Q) < T

where C depends on N, A\, A, 7, 0.

Proof. Clearly A\; () < A{(Bg). We set o(z) = —1(|z]> = R?)?, 0 < 0 in
Bp (this comparison function appears in many other works). Then we have
|Do| < |z|(R?— |z|*) and the eigenvalues of D?*c are R*—|z|* and R? — 3|z |*.
By (H1)7

F(D?*c, Do, o,x) < M;A(Dza) + v|Do| + §lo],

so, through an easy computation,

in Br, where Cy depends on N, A\, A,~,d. To get this, we use the previous
lemma and the fact that /\/lj{A(M) =A Z e+ A Z e;, where e; denote
{e;>0} {ei<0}
the eigenvalues of M.
Suppose now there exists A € R,¢» € C(Q) such that ¢ < 0 in €,
F(D*), D, v, ) + Mp > 0, and A > &, By applying Theorem 4.1 with F

R2
replaced by F(D?*u, Du,u, z) + %u and  replaced by Bg, we get ¢ = to in
Bpg, a contradiction with ¢ = 0,1 < 0 on 0Bp. O

Next, for any A € R we define the sets
VHEQAN) ={¢ | 0 eW(Q) Vp<oo, ife=1,
and (D%, Dy, b, ) + Mp < 0 in Q},
T(FON =10 | ¢eW(Q) Vp<oo, supt=-1,
Q
and F(D%), Dy, ,x) + X > 0 in Q)

17
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(note these sets contain functions which are regular up to 092), and the
following quantities

M(F,Q) =sup {\ | UH(F,Q,\) £ 0}, (4.16)

A (F,Q) =sup{\ | U~ (F,Q,\) # 0}.

By using these definitions and by setting ) = 1 in (4.16), we obtain the
following bounds.

Proposition 4.2 We have Xl_ < A; and
5 < <X+</\+</\‘<C
=0 < —lefle AT AT <N =R
where c(x) = F(0,0,1,x), and C is the constant from Proposition 4.1.

4.2 First comparison and existence results for non-
proper equations

We are now going to show that a version of the ABP inequality (and hence
the maximum principle) holds for operators with positive A\J, A] .

Proposition 4.3 Suppose F' satisfies (Hy), (H1), (Hz2), (Dr). Suppose there
exists a function 1, € U(F,Q,0). Then for any u € C(Q), f € LN () the
inequality F(D?*u, Du,u,z) > f in Q implies

supu < C (SUP ut + Hf_HLN(Q)) :
QO o0

where C' depends on diam(2), X\, \,~,d, and ||}1||c1q). Similarly, if there
exists a function 1y € W (F,Q,0) then the inequality F(D*u, Du,u,z) < f
implies

supu” < C (supu_ + ||f+||LN(Q)) .
Q o0

Note that Xf > 0 (resp. Xf > 0) implies the existence of 1) € @*(F,Q,O)
(resp. 1y € U (F,Q,0)).

Proof. The proof is symmetric for both cases, so we present it only in the
case when there exists a function ¢ € U (F,Q,0). Set A = [[¢]|c1(q) (recall
W2P(Q2) embeds into CH*(0)).

We define the following operator

Fy(M,p,v,2) = F(¢M +p @ D¢ + vD*¢, ¢pp + vD¢, vg, x) (4.17)

18
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(here and in the sequel p ® ¢ denotes the matrix (p;q;)i;, for p,q € RY).

Claim. Hypotheses () and (P) from the introduction are satisfied by Fy (so
Theorem 3.1 applies to Fy).
Before continuing, we recall the following properties of Pucci operators.

Lemma 4.2 Let M,N € Sy, p,q € RY, and ¢(z) € C(Q) be such that
0<a<o¢(x) <A Then

MG AM) + M\ (N) S MG\ (M + N) < M (M) + M;:A(N)a
Miaaa(M) < M5 A (OM) < My 2, (M),
—C (A A N)pllgl < My, (p®q) < Alpllgl.

Proof. For the first two lines, simply use the definition of My ,. For the
third line, note that for any y € R we have

<(p®qy,y>=<p,y><q,y>< |pllgllyl,

so M =p®q— Ip||q|{ is negative definite and M;’A(M) = Atr(M). Of
course |tr(p ® q)| < |pllq|. So, by what we already know,

M AM) + M (pllal]) < My a(p @ q) < M5\ (M) + M, (Ipllgl),

and the lemma follows, with C'(A\, A, N) = A(N + 1) — AN. O
We continue with the proof of Proposition 4.3. Let M, N € Sy, and
p,q € RY. Then by (H;) and the above lemma,
F¢(M,p,v,x) - F¢(N7Q7U7I) 2 M;,A (¢(M_ N) +D¢® (p_Q))
—7lp —q

v

My A(G(M — N))
M A(Do @ (p—q)) —Ip — 4
> Mia(M = N) = (CA+7)p—dl,

where C' = C(\, A, N) is the constant from Lemma 4.2. In the same way we
obtain

F¢<M)p7v7x) _F¢(N7Q7U7I) S MIAA(M_N) + (OA+’Y)|p_Q|

(recall M3, (M) = =M \(=M)). So Fy satisfies (S), with modified con-
stants. Let us prove now that Fj, satisfies (P). Let vy,v2 € R be such that
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v = v;—vy > 0. Then by the definition of F};, (D), (Hy) and ¢ € UF(F,Q,0)
we get
F¢(M7pavlax)_F(b(Mvpan)x) S F(UD2¢,UD¢,U¢,$)
vF(D?*¢, D¢, ¢, x) < 0.
So Fy(M,p,v,x) is nonincreasing in v and the claim follows.
Now set v = % Then by using that F(D?u, Du,u,z) > f we easily
obtain Fy(D?v, Dv,v,z) > f. Now we use Theorem 3.1 for Fj, which yields

supv < supv’ + C||f 7 ||v ),
Q 00

where C' depends on the appropriate quantities. Note that A~'u < v < w.
Proposition 4.3 follows. O

The following comparison result is an immediate consequence of (D)
and Proposition 4.3.

Proposition 4.4 Suppose \{ (F) > 0. If u,v € C(Q) are such that
F(D?*u, Du,u,z) > F(D*v,Dv,v,z) in £,
v < v on 052,
and one of u,v 1s in Ey, then u < v in €.

Proof. Recall \{(F) > 0 implies that W*(F,,0) is not empty. Then we
conclude with the help of (Dr) and Proposition 4.3, applied to v — u. O
Remark. Note that A7 (') > 0 does not imply comparison.

Next, we prove that Xf > () is sufficient for the solvability of the Dirichlet
problem.

Proposition 4.5 Suppose F' satisfies hypotheses (Hy), (Hy), (Hsy), and (Dp).
If X[ (F) > 0 then for any f € LP(Q), p > N, there exists a unique viscosity
solution u € E, of

F(D?u, Du,u,z) = f in Q
u = 0 on 0.

In addition f >0 in Q implies u < 0 in Q, and f <0 implies u > 0.

Proof. Suppose first f € C(2). By Af > 0 and the definition of A}, there
exists a function ¢y € U (F,Q, %)\f), that is, ¢; > 1 in Q and

+
F(D2(ky), D(ki), kb, x) < —%mpl for all k>0
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(in this inequality we have used the fact that F' is homogeneous). We fix k;
such that A7k, > 2||f||z. Then the positive function kv is a supersolution
of the equation F(D?*u, Du,u,z) = f.

Similarly, since A7 > A{ > 0 we can find a function ¢, € U~ (F,, %Xf),
such that ¢, < —1 in 2 and

F(D2(ks), D(kto), kibo, ) > —%Ik% for all &k > 0.

Fixing ks such that A; ks > 2||f|| =, the negative function kstbs is a subsolu-
tion of the equation F(D*u, Du,u,z) = f.
Now we use the following (standard) lemma.

Lemma 4.3 Under the hypotheses of Proposition 4.5, suppose ug € E, is a
subsolution and vy € E, is a supersolution of F(D?*u, Du,u,x) = f, where
f € C(Q). Suppose in addition that ug < v in Q, ug <0 on 9, and vy > 0
on 082. Then there exists a solution u € E, of

F(D?u, Du,u,z) = f in Q
u = 0 on ON.

Proof. It is clear that hypothesis (H;) implies that F(M,p,u,x) — du is
nonincreasing in u. Therefore, by Theorem 3.4 we can solve the hierarchy of
problems

F(D*upy1, Dy, Upy1, ) — 0Uupyy = f—0u, in
Upp1 = 0 on 0f).

By Theorem 3.2 we have uy < u; < ... < vy. Hence u, tends pointwise to
a function u, and by interior estimates (Theorem 3.3) in I/Vli’f, hence locally
uniformly. Then by the viscosity solutions theory (see for example Theorem
3.8 in [CCKS]) w is a solution of F(D?*u, Du,u,z) = f in Q. By Theorem
3.2 we have wy < u,, < ws for all n, where wy,w, € E, are the solutions of

F(D*w;, Dw;,w;,x) — dw; = gL in Q
w; = 0 on 09,

where e; = 1,65 = —1, L = sup,, || f — duy||L=(q) (L depends on f, 0, ug, vo).

Hence u € C(2) and u = 0 on 09. O

To finish the proof of Proposition 4.5, if f € L is not in C(£2), we take a
sequence f,, € C(£) which tends to f in the LP-norm. By what we already
proved, there exists a solution w, € E, of F(D*u,, Duy,u,,z) = f,. Then

by (Dr) we obtain
F(DQ(Un - um)7D(un - um)yun - Um,ZE) Z fn - fma
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F(Dz(um - un)7D(um - un),um - umm) > fm - fna

for any m,n. By the ABP inequality (Proposition 4.3), which we already
proved,
1t — tUn||zoo (@) < Cllfn = fullLry ),

hence {u,} is a Cauchy sequence in C'(§2) and tends uniformly to a function
u € C(Q). We conclude by passing to the limit again. The function u is in
E,, by Theorem 3.3.

The uniqueness and the final statement of Proposition 4.5 follow from

Proposition 4.4. O

4.3 On existence of eigenvalues. Proof of Theorems
1.1 and 1.2

We are now able to prove the existence of two principal eigenvalues and
eigenfunctions, when A\ > 0.

Proposition 4.6 Suppose Xf > 0. Then there exist positive numbers Af, Ay,
and functions @Y, 7 € E, for all p < oo, such that

pf = 0 on 0f),
and , - - ) .
F(D Sol’Dcp179017x) = _A1Q01, ©q <0 m €
vy =0 on 0.

Proof. Recall F' is convex and positively homogeneous. We have proved
(Propositions 4.4 and 4.5) that (C'P) holds for F' and the Dirichlet problem
is uniquely solvable for F. Moreover the Hopf lemma (Lemma 3.1) holds for
F. Then we can use an adaptation of the classical Krein-Rutman Theorem
for a convex operator in a cone to establish the existence of A]” > 0 and ¢ .
The argument is carried out in [Q] or [FQ]. Since we can use exactly the
same argument, we refer to these papers for details.

The same argument can be used for GG, this yields the existence of A7 > 0
and @7 . O

Proposition 4.7 If Xf > 0 and Af,A] are as in the previous proposition
then AT = AT and AT = \[.
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Proof. From Proposition 4.6 (the existence of ¢ ) and the definition of A
we have A} < A\

Suppose there exists € > 0 such that A} < Af —e. By the definition of
A] we can take ¢ € C(Q) such that

F(D*¢, D, ¢, ) + (N —)p <0, ¢>0 in Q.
Since
F(D*e1, Do, x)+ (A —e)el > F(D*¢f, Dot of ,2)+A{ o =0in Q,

and o] > 01in Q, o = 0 on 9Q, Theorem 4.1 implies that ¢ = tp] for some
t > 0, which is a contradiction. By replacing F' by G in this argument we
get AT = A\]. O

Lemma 4.4 Set

VH(E,QN) ={veE,, Vp<oo | F(D*,Di,,z)+ M) <0 inQ
and ¥ >0 in 2}

Vo (F,QN) ={veE,, Vp<oo | F(D*,Di,,z)+ M) >0 inQ
and ¢ <0 in Q}.

Then B
N (F,Q) = XF(F,9) = sup {\ | UE(F,0, ) # 0},
1

AN (F,Q) = M\ (F,Q) :=sup{\ | U5 (F,Q,\) # 0}.

Proof. If X]L > () this follows from the previous proposition, since clearly
AT (F,Q) < X (F,Q) < X[ (F,Q) (from Proposition 4.6 and the definitions
of A\, Af).

Note that if F is a proper operator then A\ (F) > 0 (since ¢ = 1 is
in U+(F,€,0)). On the other hand F(D?u, Du,u, ) — du is nonincreasing
in u. Then, setting ﬁ(DQu, Du,u,z) = F(D?*u, Du,u,z) — (6 + 1)u we have
M (F) > 1, so, by what we already proved,

A(F)+0+1=M\(F)=X(F)=X(F)+06+1.

Theorem 4.2 Suppose F' satisfies hypotheses (Hy), (H1), (Hs), and (Dg). If
A (F,Q) > 0 then there exist functions pT, 0] € E, for all p < oo, such that
o > 0,07 <0inQ, o =0, =0 on I, and
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Proof. Take a sequence of smooth domains §2,, CC {2, such that €2, — Q as
n — oo. By the previous lemma Af(2) > 0 implies A (€,) > 0, for each n.

By Propositions 4.6 and 4.7 there exist functions ¢{" € W2P(Q,) N C(Q,),
Vp < oo, such that 4,0(1") > 01in €, <p§n) =0 on 09, and

where AY” = A\ (Q,). Likewise, there exist negative eigenfunctions in €,
corresponding to A; (£2,,).

Clearly {Aﬁ”)} is nonincreasing and bounded below by A (€2). Hence
(MY converges to a number A, with A; > A (Q) > 0. Proposition 4.2
provides an upper bound for A;.

The argument which follows is inspired by [BNV]. Fix a point zq € Q

and renormalize o\ so that ©\™ (z) = 1 (of course k'™ satisfies the same

equation as 905"), for any k& > 0). Fix a compact set K C Q such that zy € K
and |2\ K| < 3, where [ is to be chosen later.
By the Harnack inequality (Theorem 3.6) we have for large n

loi =) < Crg™ (o) = C.
By the hypotheses on F' — the homogeneity, (H;), and the fact that
F(M,p,u,z) < F(M,p,0,z) + F(0,0,u, ),
we get
F(D*(g)" = C1). D(g"” = C1),0.2) > F(D*(¢}" —C)... )
—F(0,0,¢" — C,, x)

F(D2\™, .. ) = C1F(0,0,1,2)
_5|90§n) — (4

v

> (A = 0)e" — 2018

(we have written F(D?u,...) for F(D?u, Du,u,z)). By applying the ABP
inequality (Theorem 3.1) in the domain ©,, \ K we get

sup (gogn) — (1) < (1/2) sup gogn) + Cs,
Qn\K Qu\K

provided we choose 3 = (2B(A; + 6 4+ 1)) ™", where B is the constant from
Theorem 3.1. Hence
||90§n)||L°°(Q) <2(Ch + Cy).
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In addition, we proved that
F(D*\™ D™ 0,2) > —(Ay + 0 + 1+ 2C16) = —Cj
in §2,,. Therefore, by Theorem 3.2,
1" < Cywy (4.18)

in ,,, where wy € E,,p < 00, is such that

F(D?*wy, Dwy,0,2) = —1 in Q
wg = 0 on 0N

(this problem is solvable, see Theorem 3.4).
Now, by interior WW?2P-estimates, the sequence 4,05") converges in I/Vlicp to

a nonnegative function ¢, which is bounded in Q, o] (z¢) = 1, and

in Q. By the strong maximum principle ¢ > 0 in Q. By (4.18) ¢ < Cswy
in Q - so in particular ¢ € C(Q) and ] = 0 on 9.

Recall that A; > Af. On the other hand the definition of A\{ and (4.19)
imply A; < \]. Exactly the same argument (reversing signs and inequalities
where appropriate) can be carried out for A§”> = A; (£,) and gpgn) < 0in Q
(then G(D2(—p{™),..) = =27 (=) in Q). Theorem 4.2 is proved. [

Proof of Theorem 1.1 We have just proved that operators with positive
Al have a principal eigenvalue (equal to A{). So, to show that any F has
two principal eigenvalues and eigenfunctions, it is enough to consider the
operator F(M,p,u,z) — (AT (F) + 1)u, whose A is equal to 1.

The upper bound on ¢, ] follows from the proof of Theorem 4.2. The
fact that no other eigenvalue can correspond to a positive (negative) eigen-
function is a consequence of Corollary 4.1. Theorem 1.1 is proved. O

The following lower bound on ] in terms of the measure of the domain
is an easy consequence of Theorem 1.1 and Theorem 3.1.

Proposition 4.8 Under the hypotheses of Theorem 1.1

1
B|Q|~

AL (F,Q) >

Y

where B is the constant from Theorem 3.1.
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Proof. Recall F(D?u, Du,u, z) — du satisfies the hypotheses of Theorem 3.1
and apply this theorem to

F(D*of, Dot of  x) — dp7 = —(A] +68)pf.

Proof of Theorem 1.2 We shall use Theorem 4.1 (the first set of inequali-
ties), with F(D?u, Du, u, z) replaced by F(D?u, Du,u, ) + A\ u.

Suppose u; = u satisfies (1.3). Then we apply Theorem 4.1 with u = ¢
and v = uy.

If u; = u satisfies (1.2) then either u; is positive somewhere, so u; satisfies
(1.3) and we are in the previous case, or u; is a negative eigenfunction, so
AT = A{, by Theorem 1.1. Then we apply Theorem 4.1 with u = ¢ and
v = —uy. Theorem 1.2 is proved. [

4.4 Proof of \{ = \/. Proof of Theorem 1.4

In the sequel we shall need the following boundary Lipschitz estimate for
fully nonlinear equations. It is simple and probably known, yet we have not
found a reference, so for the reader’s convenience we shall include the proof.
For the case of a linear equation, see Problem 3.6 in [GT].

Proposition 4.9 Suppose F satisfies (Hy) and Q satisfies an uniform ez-
terior sphere condition. Suppose u € C(Q) satisfies F(D?*u, Du,u,z) = f,
u =0 on 0N, where f € L>(Q2). Then there exists a constant k depending
on N, X\, A, v,0, diam(Q2), ||ul|Le@), || fl|L=(@), and the radius of the exterior
spheres, such that for each xy € OS2

lu(x)| < K|z — 2] for each € Q.

Proof. We use the barrier w(z) = [(R™P — |z — y|™?) for sufficiently large p
and [. Here y is the center of the exterior ball touching 0f2 at xg and R is its
radius. We replace F' by F' — du (so that F'— du be proper) and f by f — du.
Since w is radial, with the aid of Lemma 4.1 it is simple to see that

M\ (D*w) + b Dw| < —I
provided p is taken large enough. We then fix | > || f — du||~. Hence

F(D*w, Dw,w,z) —dw < F(D*u,Du,u,x)—0du in Q
w > u on 0f),

so the comparison between u and w permits to conclude. O
Next, we prove that the principal eigenvalues are continuous with respect
to the domain.
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Proposition 4.10 Suppose €2, are smooth domains such that 2, — € as
n — o0o. Then AT (Q,) — X[ (Q), and \[ () — A\ (Q).

Proof. The two limits are proved in the same way, so let us prove the first.
We already know that there exist positive eigenfunctions gogn), @) for F in
Qn, Q. If Q0 C Q, C Q for each n, the proposition is proved through
exactly the same argument as the one in the proof of Theorem 4.2.

Suppose now Q C Q,, C Q,1; for each n. Then A\{(£,) is nondecreasing
and bounded above by A\] (). Again through the same argument as the one
in the proof of Theorem 4.2 we can show that gpgn) is uniformly bounded in
L>=(2), and converges to a positive function ¢ in W2?(Q). By Proposition 4.9
{¢§”)} is equicontinuous in €2, and hence converges (up to a subsequence) to
a function ¢ in C(Q). Then ¢ = tp] is a consequence of Corollary 4.1.

Finally, for any given sequence 2,, such that €, — €2, we can find
sequences 2/, Q" such that € is increasing, ) is decreasing, €2, C €,
Q CQ,Q,Cc O and Q C . Proposition 4.10 then follows from what we
already proved. O

Lemma 4.5 Assume \[(Q) > 0. Then there exists a function v such that
v e L, Vp < oo, satisfying

F(D?v, Dv,v,2) <0 in €, 1<v<C in Q,

where the constant C depends on A\, A, N,Q,~,0, and N\ . Respectively, if
A1 > 0 then there exists a function w € E, such that —C < w < —1 and
F(D?*w, Dw,w,z) > 0.

Proof. First, by Proposition 4.9 there exists a neighbourhood of 0f2, de-
pending only on N, A\, A,~,d and A\ (or \[), such that ¢} (or ¢ ) attains
its maximum (minimum) outside this neighbourhood.

Next, we use the idea of the proof of Proposition 6.1 in [BNV]. Choose a
compact set K C € such that ¢} attains its maximum (set to 1) in K, and
such that |\ K| < e = (26B)™" where B is the constant in Theorem 3.1.
We solve the problem

26 in Q\ K

2 _
F(D w,Dw,O,x)—{ 0 i K,

and w = 0 on J9 (see Theorem 3.4). By Theorem 3.1 we have

0<w< B25e'/N =1 in €.
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Then, by (H)),

F(D*(w+1),D(w+1),w+1,) F(0,0,w + 1,2) + F(D*w, Dw, 0, r)

<
< S(w+1)—20<0 in Q\ K.

By the Harnack inequality (Theorem 3.6), we know that ¢} > n on K, for

some 1 > 0 which depends on the appropriate quantities. Set A = %fn and

v—1+w+Ag01. Then 1 <v <2+ A=:C.
Further, by (H;),

F(D*v,Dv,v,2) < F(D*(w+1),D(w+1),w+1,z) — AN ¢
< F(D*(w+1),D(w+1),w+1,z) < 0 in Q\K
- 20— AXNfnp < 0 in K
To get the corresponding statement when A\ > 0 we can repeat the same
argument, reversing signs and inequalities where appropriate. Ol

Note that we cannot directly infer from the proof of Lemma 4.5 that the
function v is in W?P(Q), because of unavailability of global TW?P-estimates
for fully nonlinear equations. For completeness (at least we are unaware of
any reference dealing with that question), we use the following construction.
Set

Qq = {z € RY | dist(z,Q) < d}.

Then if d is small enough (say d < dy, depending only on the shape of Q)
is smooth, and by (H) we can continuously extend the function ¥ (M,0,0,x)
in Sy x Q4. Define F' = Fifz e, andF(Mp,um):F(MOO:v)for
each z & Q. The extended operator F has the same properties as F', namely,
is convex in (M, p,u) and satisfies (Hy), (H1), (Ha).

Proposition 4.11 We have Af () = X\{ ().

Proof. Fix d < dy. For each ¢ > 0 we can apply Lemma 4.5 to the
operator F' + (A (F,Qq) — €) in the domain Q4, which yields A\ (F, ) >
AT (F,Q,) — e, by the definitions. By letting first ¢ — 0, then d — 0 and
by using Proposition 4.10, we get XT(F, Q) > M\ (F,Q). Since by definition
X < Af, Proposition 4.11 is proved. O

Proposition 4.12 Assume A/ (Q) > 0. Then there exists a function v such
that v € WP(Q), for all p < co, satisfying

F(D*v, Dv,v,x) <0 in Q, v>1 in Q, |v||w2r) < C,

where the constant C' depends on p, A\, A, N, 7,5, and \{. Respectively, if
] > 0 then there ezists a function w € W*P(Q) such that —C < w < —1,
F(D*w, Dw,w,z) >0, and ||w||wzrq) < C.
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Proof. In view of the previous proposition we only need to prove the bound
on the W2P-norm. We are going to show that there exists dy > 0, depending
on A\, A, N,Q,~,d and \f, such that A\](€4,) > 0. The result will then follow
from Lemma 4.5 and the interior W?*P-estimates (Theorem 3.3).

Take the function v we constructed in Lemma 4.5. Looking at its con-
struction, v = 1+ w + Ap] (see the proof of Lemma 4.5), we have v = 1 on
0Q, and v(x) < 1+ kodist(z,09), by Proposition 4.9 applied to w and ¢ .
Here ko depends on the right quantities.

We extend v outside €2 in the following way : given dy such that the
distance function to the boundary of {2 is smooth in Qg, \ Q (we refer to [GT],
Chapter 14.6, for properties of the distance function), for each y € Qg4, \ Q
we set

v(y) =1 — (ko + 1)d(y) — Cd*(y), where 0 < d(y) = dist(y, Q) < do.

Of course y = x+d(y)n(x), where n(z), z € 02, is the unit exterior normal to
092, and z is the point where dist(y, 0f2) is attained. The extended function
v is clearly continuous in €2g,.

Claim. We can choose dy sufficiently small, and C sufficiently large, depend-
ing only on the appropriate quantities, such that

MiA(D*0) <=1 in Qg \ Q. (4.20)

Proof of the Claim. Fix y and a principal coordinate system at = (see [GT],
page 354). Then

D2d :dia( A S ,0),
W) =dieg { T 07 T= mad(y)

where k; = k;(z) are the principal curvatures of 902 at z, see Lemma 14.17
in [GT]. Clearly there exists a constant x depending only on € such that
|ki(z)] < k for all ¢ and all z € 9. Take dy so small that kdy < 1.

Since |Dd| =1 we have Dd ® Dd(y) =diag(0,...,0,1), in the same coor-
dinate system. Now, by using

D?*(d?) = 2dD?*d + 2Dd ® Dd,

we see —2C is an eigenvalue of D%, while each of the other N —1 eigenvalues
of D?v is bounded by 2 ((ko + 1)k + 2kdC’). This implies

M\ (D*0) < 2M(N —1) ((ko + 1)& + 2kdC) — 2XC.
Taking dy < 3+ and C = —2ANH(’;°+1)+1 yields the claim.
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Therefore, by the way we extended F,
F(D*v, Dv,v,z) = F(D*v,0,0,z) < M3, (D*) <=1 in Q4 \Q,

with the choice of dy we made above. So we already know that we have
F(D?v, Dv,v,2) < 0in QU (Qq, \ Q). Finally, the function v is a wviscosity
solution of F(D?v, Dv,v,z) < 0 in )y, - this follows from the fact that we
have constructed v to be sufficiently “steep” outside {2, namely

1+ kod(z, 00) for 2 €
o) < { L= (ko +1)d(z,09) for z¢Q,

so no regular function can “touch from below” the graph of v at a point on
0Q. By the definition of A\{ we infer A\{(€4) > 0 for each d < d.

Getting the statement for A} > 0 is again a matter of reversing signs and
inequalities. O
Proof of Theorem 1.4 Part (a) is a consequence of Theorem 4.1. Indeed,
if u is as in Theorem 1.4 (a) then A\ > 0, by the definition of \]. If \{ =0
then Theorem 4.1 with v = ¢ implies u = tp7 .

Part (b) follows from Proposition 4.12. O

4.5 Conclusion. Proofs of Theorems 1.5-1.10

Proof of Theorem 1.5 That A\ > 0 suffices for (C'P) follows from Propo-
sitions 4.4 and 4.11.

On the other hand, if A < 0 then ¢ is a counterexample to the max-
imum principle, since then F(D%*p], Dol ¢f,2) > 0in Q, o7 = 0 on 99,
but ¢ £ 0in Q. O
Proof of Theorem 1.7 Theorem 1.7 is a consequence of Proposition 4.3
in which we take 11,15 to be the functions v, w constructed in Proposition
4.12, in view of the imbedding W%?(Q2) — C1*(Q). O
Proof of Theorem 1.6 Use Theorem 1.7 and note that if \] < 0 then
v; (p7 < 0in Q) provides a counterexample to the one-sided maximum
principle. O
Proof of Theorem 1.8 The existence result follows from Propositions 4.5
and 4.11. The W?? bound follows from Theorem 3.3 and Theorem 1.7.

Suppose for contradiction A = 0 and @ € C(Q) is a function such that
F(D*u, Du,u,z) = f <0in Q, w = 0 on 9N. First, if u > 0 in Q, then by
Lemma 3.1 @ > 0 in Q (note u # 0 since f # 0). Then u = u and v = ¢}
satisfy the first set of inequalities in Theorem 4.1, so u = ty;, which yields
a contradiction with f # 0.
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Second, if @ is negative somewhere, we have the second set of inequalities
in Theorem 4.1, with u = ¢; and v =@ (recall that F(D?p;,...) = =\ ¢;,
07 < 0in ©Q, and note A} > A\ = 0). We get f > 0and f < 0, a
contradiction with f = 0.

Finally, if A\ > 0 > A{ then Theorem 1.6 and Lemma 3.1 imply u > 0
or u =0 in €2, so we can conclude as in the previous two cases. O

Proof of Theorem 1.9 As in the proof of Proposition 4.5, Xl_ =A >0
implies the existence of a negative subsolution ug, provided f € C(£2). On
the other hand, f > 0 implies that vy = 0 is a supersolution. Then Lemma

4.3 shows Theorem 1.9 holds in case the right-hand side f is in C(2).

If f € L? is not in C(Q), we take a sequence f,, € C(Q), f, > 0, which
tends to f in the LP-norm. By what we already proved, there exists a solution
u, € E,, u, <0, of F(D*uy, Duy,up,x) = fp, and u, = 0 on 9Q. Note
that we cannot use the same approximation argument as in the proof of
Proposition 4.5, since the ABP inequality does not hold. However, the half-
ABP inequality which still holds under A\ > 0 (see Theorem 1.7) implies
that u, is uniformly bounded in © (recall u,, < 0). Then by interior W2p
estimates u,, converges in I/Vlicp to a solution u of F(D*u, Du,u,x) = f. It
only remains to show that u = 0 on 9Q and u € C(9).

Take again a compact subset K C € such that [Q\ K| < (26B)~", where
B is the constant in Theorem 3.1. We already know that u,, = v in K. Now

the inequality
F(D2(un_um)7 D(un_um)aun_umwr) _5(un_um> 2 fn_fm_(s(un_um)a

(and the same with m and n interchanged), together with Theorem 3.1, yield

1
sup |un - um' S sup |un - uml + Ban - meLP(Q) + 5 sup |un - um|-
Q\K oK QK

This implies that {u,} is a Cauchy sequence in C'(2\ K) and so converges
uniformly in this set. O

Proof of Theorem 1.10 We are going to use the results for proper operators
obtained in [CKLS].

First, suppose H and f are continuous in all their variables. Let ¢ = v be
the function constructed in Proposition 4.12. Then, as we already showed in
the proof of Proposition 4.3, the operator H, satisfies hypotheses (1.2) and
(1.3) in [CKLS] (we define H, as in (4.17) with F' replaced by H). Hence
Theorem 1.10 follows from Theorem 1.1 in [CKLS] - note that if @ is a solution
of Hy(D?*u, Du,u,z) = f, then u = ¢t is a solution of H(D?*u, Du,u,z) = f.
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Next, if H is only measurable, we smooth out GG, H, and F as in the proof
of Theorem 4.1 in [CKLS]

1 _
F.(M,p,u,z) = = /77 (:E . y) F(M,p,u,y)dy, same for H., G.,
RN

where 1 > 0 has compact support and mass 1. Now, for fixed ¢, the operators
H., G, F_ satisfy all the hypotheses we have made on H, G, F', with the same
constants A\, A, v, 0.

In particular, F. also possesses a principal eigenvalue \| (F., Q).
Claim. X[ (F.) — \[(F), as e — 0.
Proof of the Claim. By the bounds on the first eigenvalue that we have
already proved (Proposition 4.2) {\] (F.)} is bounded in e. Fix a subsequence
of {\(F.)} and let u be the limit of some subsequence of this subsequence.
We are going to show that u = A{(F)). Let ¢}, be the first eigenfunctions of
F. normalized so that ¢} _(xg) = 1 for a fixed point zo € Q. Then {p;.} is
uniformly bounded in the L*°-norm, by Theorem 1.1. Hypothesis (H;) and
the equation satisfied by ¢; . then imply

M, (DPo1c) + 91Dl = =C, M, (D*¢1c) —7|Dgrc] < C,

where C' is independent of €. Hence, by Proposition 4.2 in [CKLS] (see also
the end of the proof of Theorem 4.1 in this paper), a subsequence of {¢; .}
converges uniformly in Q to a positive function ¢ € C(Q), which solves (see
also Theorem 3.8 in [CCKS])

F(D*p, Dy, o, 1) = —pp in Q, and u=0 on Of.

So u = A (F,Q), by Theorem 1.1.
Hence, if ¢ is small enough, we have A\{ (F.) > $A{(F) > 0.

We take a sequence f,, € C'(2) which converges to f in L. By what we
already proved, if € is small enough, there exists a solution u. , of

Ha(DQUE,ny Dua,n7 Ug n s $) = fna
and u., = 0 on 0. Since H satisfies (Dp) this implies
Fs(DQUE,nvDus,naue,mm) > fna and

FE(DZ(_UE,TL)> D(_us,n)a —Uen, l’) > _fn

in 2. By the ABP inequality (Theorem 1.7) u,., is uniformly bounded in €
and n, so we can finish the proof of Theorem 1.10 through the same argument
as the one used to end the proof of Theorem 4.1 in [CKLS].

The last statement in Theorem 1.10 is a consequence of Theorem 3.3. [
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5 General bounded domains

In [BNV] Berestycki, Nirenberg and Varadhan proved the existence of a prin-
cipal eigenvalue and a principal eigenfunction of linear elliptic operators with
bounded (and continuous second-order) coefficients in arbitrary bounded do-
mains. As noted in the introduction, once we have proved our theorems in
smooth domains, it is not difficult to adapt some arguments from [BNV] in
order to show that most of our results extend to general domains. In this
section we make several remarks concerning these extensions, leaving the
details to the interested reader.

So suppose € is just bounded, F satisfies (Hy)-(H;), and F'(M,0,0,z) is
continuous in Sy x €. Similarly to Section 3 in [BNV] we use the positive
function %, defined as the limit of the solutions of F(D?u, Du,0,z) = —1
in smooth subdomains of €2 which converge to 2. Note that the negative
function u, defined as the limit of the solutions of F(D?*u, Du,0,z) = 1
satisfies 0 < —u, < up, by the assumptions on F'.

The functions we consider are not continuous up to the boundary, and the

Dirichlet boundary condition u = 0 is to be replaced in all results by u = 0,
that is, u(z;) — 0 whenever z; — 02 and %g(x;) — 0. Inequalities u < v on
0Q are to be replaced by limsup(u(z;) — v(z;)) < 0 whenever z; — 0 and
Uo(z;) — 0. In defining the comparison principle one has to explicitly state
that the functions involved are bounded (see [BNV] for an example showing
that this is unavoidable). The space E, has to be replaced by W27 N L>(Q).

Then Theorem 1.1 is proved through the same approximation argument as
the one used in the proof of Theorem 4.2, since we already know eigenvalues
exist in the smooth subdomains. Theorem 1.2 and all other results following
from Theorem 4.1 do not change. Theorem 1.4 (b) has to be replaced by
the result in Lemma 4.5, which remains true (but Proposition 4.12 no longer
holds). The results on solvability of the Dirichlet problem and the ABP
inequality are proved by an adaptation of the arguments in Section 6 of
[BNV], by using at the appropriate places the fact that the Dirichlet problem
is already known to be solvable in smooth subdomains of €.

6 Proof of Theorem 1.3

It follows from Theorem 1.8 that u = 0 is the unique solution of (1.4), when
A< Af. If X < A\ and w # 0 is a solution of (1.4) then it follows from
Theorem 1.6 and the strong maximum principle that v > 0 in €2. Then
A = A, by the last statement in Theorem 1.1.

Finally, suppose there exists a sequence A, \, A] such that problem (1.4)
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with A = A, has a solution u, # 0. We normalize u,, so that ||uy||Le@) = 1.
By (H;)

M;\F,A(Dzun> +v[Duy| > =C, M;,A(DQUH) —v|Du,| < C,

and again from Proposition 4.2 in [CKLS] and Theorem 3.8 in [CCKS] it
follows that u, converges uniformly in Q to a nontrivial solution of (1.4) with
A = A7, in other words, to ¢;. However, u,, changes sign, by Theorem 1.1,
so we can take a connected component 2, of {u, > 0}. Then, by what
we have already proved for non-regular domains, A\ (F,Q,) = A\, — AJ.
On the other hand ¢; < 0 implies Q, — 0, hence A\ (F,Q,) — oo by
Proposition 4.8, which is a contradiction.
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