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1 Introduction

It is well known that the classical C2(£2) NC(€) sub- and supersolutions of fully nonlinear
elliptic equations

(1.1) F(z,u, Du, D*u) =0 in Q C R"
satisfy the comparison principle when

(i) F(z,r,p, X) is strictly increasing in r and equation (1.1) is degenerate elliptic in
the sense of (1.2), or

(ii) F(x,r,p,X) is nondecreasing in r and (1.1) is a uniformly elliptic equation (see [8]).

This simple result is valid for semicontinuous viscosity sub- and supersolutions only in
the autonomous case, i.e. when F(z,r,p, X) is independent of = (see [13]). When F
depends on x, the nonstrict monotonicity of F(z,r, p, X) with respect to r and the uniform
ellipticity of the equation (1.1) are not enough for the validity of the comparison principle
for semicontinuous viscosity sub- and supersolutions, as Example 1 at the end of this
paper shows. The only case when this is true is if one of the sub- or supersolutions is a C?
smooth function, or even piecewise C2-function, i.e. a C*-function in £ with possible jumps
only of the second normal derivative through a C'-hypersurface in Q (see Th. 3 in [12]).
In general, some extra structure conditions on F' are necessary, as for example condition
(3.14) in [6] for degenerate elliptic equations or F*4 in [17] for uniformly elliptic ones. As it
is mentioned in Remark 3.4 in [6] and Example 3.6 there, the important condition (3.14),
which naturally appears in the proof of the comparison principle, for first order linear
equations is a necessary one as well. For the time being the real role of the important
assumptions (3.14) in [6], or F*4 in [17] is still not well understood. It seems that they
are smoothness conditions with respect to x and at the same time growth conditions for
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F(x,r,p, X) in the p, X variables. There are many questions about the nature of these
conditions, their necessity or how to find some other criteria guaranteeing the validity of
the comparison principle for semicontinuous viscosity sub- and supersolutions of proper
equations (1.1). Let us recall that F' is proper if F(xz,r,p, X) is degenerate elliptic and
monotone with respect to r, i.e. if for every z € Q, p € R", X, Y € S* (where S™ is the
space of all symmetric n x n matrices) the ellipticity condition (1.2) and the monotonicity
condition (1.3) hold:

F(z,r,p, X)
F(x,r,p, X)

F(z,r,p,Y) whenever Y < X |

<
< F(z,s,p, X) whenever r < s .

In the present paper we propose some conditions, which differ from (3.14) in [6] or F*4
in [17], for the validity of the comparison principle for semicontinuous viscosity sub- and
supersolutions. These conditions are almost natural, because they come from the simplest
criterion for a priori estimates on the gradient of classical solutions to (1.1), with F' € C*,
by means of the Bernstein method, i.e.

(1.4) > piFu (@, p, X) + |pI*Fo(2,7,p, X) > 0
k=1

(see [4] and [5]).
More precisely, for ' € C* our additional condition for proper equations (1.1), i.e.
those satisfying (1.2) and (1.3), is the following one:

- 1
(1.5) > peFo(x,rp, X) + lelgFr(x,T,p,X) >0
k=1

whenever F(z,r,p, X) = 0. In this way we can even cover even equations which are not
uniformly monotone with respect to r in the sense of (1.7).

Let us note that in view of (1.3) assumption (1.5) is weaker than (1.4). In this respect
our results generalize those in [4] and [5]. In the general case, when F' is only a continuous
function, (1.5) has to be replaced by

(1.6) F(:p—tﬁ,r—t@,p,X)<O<F(x+t£,r+tm,p,X)

p| 4 p| 4
whenever F(x,r,p, X) =0 for |p| # 0 and for all sufficiently small ¢ > 0.

(1.4) and (1.5) shed light on the nature of condition (1.6) as follows. It has a simple
geometric interpretation. For p # 0 the map ¢ — F(xz + t%, r+ t%,p, X) passes at t =0
through the zeroes of F'(x,r,p, X) only from minus to plus. Moreover, the corresponding
comparison result in Theorem 2.2 in the present paper is an extension of Theorem 3.3 in
[6], because the uniform monotonicity of F(z,r, p, X) with respect to r, namely condition

(1.7)

(1.7) y(r—s) < F(z,r,p,X) — F(z,s,p, X)



Comparison principle 3

for every r > s, r,5,€ R, 2 € Q, p € R*, X € S™ and for some positive constant v > 0, is
now replaced by the weak monotonicity condition (1.3). For example, the entire class of
equations (1.1) which are independent of u satisfies (1.3) but not (1.7) and Theorem 2.2
can be applied to them.

We should also point out, that even when (1.7) holds, our results generalize those in
[6]. In fact, a careful analysis of the proof of Theorem 2.2 shows that the comparison
principle holds under the following generalization of (1.6), which is weaker than (3.14) in
6]

(1.8) F(z—tﬂ,r—t@—M,p,X) <0< F(x+t£,r+t@+M,p,X)

|p| 4 p| 4

whenever F(z,r,p, X) = 0 for every positive constant M and for every ¢ € (0, to], where
to depends on M, |p| and || X||. Condition (1.8) generalizes (3.14) in [6], but it is not as
easily checked as (1.6).

Let us mention that there are only few results (see for example. Th. 3.1 in [11], Th. 2.6 in
[3], Th. 1.1 in [17]) where the comparison principle was proved under the weaker condition
(1.3) instead of (1.7) but only for uniormly elliptic equations (1.1) and continuous or
Lipschitz continuous viscosity sub- and supersolutions (see also Th. 3 in [12] where one
of the sub- or supersolutions is a piecewise C*-function). Thus the result in Theorem
2.2 is new for general proper equations (1.1). Incidentally, in [14] the uniform ellipticity
condition was replaced by the following strict ellipticity condition: there exists a strictly
increasing function wy : RY — R* with wy(0") = 0 such that F(z,r,p, X +k £®¢) <
F(X)+w (k) for every k > 0 and £ € R™. This allowed for applications to fully nonlinear
Hessian equations S(k1,...k,) = 0. Here k; are the eigenvalues of the Hessian matrix
D?u.

Another advantage of (1.6) is the possibility to replace this condition by a weaker one
of the same form when equation (1.1) is a “nondegenerate elliptic equation in at least one
direction” at every point x € €2, i.e. when

(1.9) F(z,r,p,X) > F(z,r,p, X +Z)

for every (z,r,p, X) € Q@ x R x R" x S™, p # 0, for all sufficiently small constants £ > 0
and for some Z € S™, Z > 0, Z # 0 (possibly depending on z,r,p and X). A typical
example of an equation satisfying (1.9) is the oo-Laplacian, i.e.

(1.10) —Asu+ f(z,u, Du) = — Z Ug U Uz o, + (2,0, Du) =0 in €

ij=1

This equation is nondegenerate in the nonzero gradient direction p, because (1.9) holds
with Z = p®p, p = Du # 0, see also (3) and (4) in [1] for a related condition. In this case
a sufficient condition for the validity of the comparison principle is the right inequality
in (1.6). As for locally uniformly elliptic equations (1.1) such as mean curvature type
equations, it suffices to suppose the weak inequality in (1.6).



4 B. Kawohl, N. Kutev

Finally let us mention that the comparison principle is the key argument in the Perron
method for viscosity solutions ([9], [10], [6]), which guarantees existence of a unique
viscosity solution of (1.1) if there are sub- and supersolutions satisfying continuously the
(Dirichlet) boundary data. In this way, under the conditions of the comparison principle,
we get existence of a unique viscosity solution.

The paper is organized in the following way. In Section 2 the main results and defi-
nitions are given. Section 3 deals with the proofs of the main results and in Section 4
some applications to the m-Laplacian, co-Laplacian, mean curvature type equations and
others are considered. These examples illustrate the advantage of the Perron method for
equations in nondivergence form in comparison with some other methods, as for example
the fixed point theorem or the method of continuity on parameter.

2 Main results and definitions

Throughout the paper we assume that F(z,r,p, X) is a continuous function of all its
variables. For some classes of equations we will suppose extra local Lipschitz regularity
of F' with respect to p, i.e.

(21) |F(l‘,’r‘,p,X)—F(ZL‘,T,q,X)| SCo(R)|p—Q|

for every # € Q, r € R, p,qg € R", X € S*, |r| + |p| +|q| + || X|| < R. If Cy is independent
of R then F'is globally Lipschitz continous in p. Further on we will also use the local
uniform ellipticity condition (2.2)

(2.2) Ci(R)trace (X =Y) < F(z,r,p,Y) — F(z,r,p, X) < Cy(R)trace (X —Y)

forevery X > Y, 2€Q, reR pe R XY €S |r|+ |p| + | X]| + |Y|| £ R, where
Ci(R) > 0,47 =1,2. When C; are positive constants independent of R then (2.2) turns
into the global uniform ellipticity condition.

Definition 2.1 Suppose F' satisfies (1.2), (1.3). An upper semicontinuous function u €
USC(Q) is a viscosity subsolution of (1.1) if F(xo,u(xzo),p, X) <0 for every xo € Q and
for every (p, X) € J*Vu(xy).

Here the second order superjet J&  u(zg) is defined as the set of those (p, X) € R x S™
for which u(z) < u(xo) + (p, & — o) + 3(X(x — 20), & — xo) + o(|x — z[*) as  — xo.

Analogously, the definition of a lower continuous viscosity supersolution v € LSC(f)
is given by means of the opposite inequality F'(yo,v(yo),q,Y) > 0 for every yo € 2 and
for every (q,Y) € Jo v(yo), where JZ v(yo) = Jo+ (—v(yo)).

Finally a continuous function in € is a viscosity solution of (1.1) if it is both a viscosity
sub- and supersolution.

Throughout the paper by “comparison principle for semicontinuous viscosity sub- and

supersolutions” we mean the following statement.

Comparison principle. If u € USC(Q), v € LSC(Q) are bounded viscosity sub- and
supersolutions of (1.1) and u < v on 992, then u < v in .
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Theorem 2.2 Let uw € USC(Q2), v € LSC(S2) be bounded, |ul,|v] < Ry, viscosity sub-
and supersolutions of (1.1). Suppose F(x,r,p, X) satisfies (1.2), (1.3), (1.6) and (2.3)

(2.3) Vo € Q the map r+— F(x,7,0,0) has at most one zero in [—Ro, Ro).

If u < v on 09, then u < v in Q.

Remark 2.3 Note that in view of (1.3) the set of zeroes in the map defined in (2.3) must
be an interval. As Ezxample 2 in Section 4 shows, condition (2.3) is necessary for the

validity of the comparison principle even for classical solutions of (1.1) under assumptions
(1.2), (1.3) and (1.6).

As for condition (1.6), it cannot be replaced by only one inequality. This follows from
Example 3 in Section 4. However, this is true for equations (1.1) which are “nondegenerate
in at least one direction” in the sense that (1.9) is satisfied.

Theorem 2.4 Let u € USC(Q), v € LSC(Q) be bounded, |u|,|v] < Ry, viscosity sub-
and supersolutions of (1.1). Suppose F(x,r,p, X) satisfies (1.2), (1.3), (1.9), (2.3) and

(2.4)

(2.4) F(x+t|%|,r+t%,p,X)>O

whenever F(x,r,p, X) =0 for |p| # 0 and for all sufficiently small positive values of t.
If u < v on 09, then u < v in Q.

Remark 2.5 Condition (1.9) in Theorem 2.4 is necessary, see Example 3 in Section 4.
In this case all the assumptions of Theorem 2.4 are satisfied except (1.9), but a comparison
principle does not hold.

Further relaxations of the conditions in Theorems 2.2 and 2.4 are possible when the
function F(x,r, p, X) is locally uniformly elliptic and a locally Lipschitz continuous func-
tion with respect to p, i.e. when (2.1) and (2.2) are satisfied instead of (1.2). In this
case (2.3) is superfluous, while (2.4) should be replaced by the similar and slightly more
general inequality, i.e.

(2.5) F(a:+t|%|,'r+t%,p,)() > 0

whenever F'(z,r,p, X) = 0 for |p| # 0 and for all sufficiently small positive values of ¢ > 0.

Theorem 2.6 Let u € USC(Q), v € LSC(Q) be bounded viscosity sub- and supersolu-
tions of (1.1). Suppose F(x,r,p, X) satisfies (1.3), (2.1), (2.2) and (2.5).

If u <wv on 0 then u <wv in Q.
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Remark 2.7 The local Lipschitz continuity of F(x,r,p, X) with respect to p cannot be
relazed even for classical solutions of globally uniformly elliptic equations as a counterez-
ample from [2] shows (see Example 2 in Section 4). The structure condition (2.5) is
also necessary for the comparison result even for globally uniformly elliptic equations with
analytical coefficients, as illustrated by FExample 1 in Section 4.

Finally, using the comparison principles in Theorems 2.2, 2.4 and 2.6 one can apply
Perron’s method in order to prove existence of a unique continuous viscosity solution of
(1.1), provided there exist a viscosity sub- and supersolution of (1.1).

Theorem 2.8 Suppose v € USC(Q), w € LSC(Q), v < w, are bounded (|v], |w| < Ry)
viscosity sub- and supersolutions of (1.1).

If the conditions of at least one of the Theorems 2.2, 2.4 or 2.6 are satisfied, then there
exist a unique viscosity solution u € C(Q) of (1.1). Moreover, v < u < w in €.

If additionally vi(x) = w*(x) = p(x) on O, then u = ¢ on Q. Here v.(x) and w*(x)
are the LSC and USC envelopes of v and w, see (4.1) in [6].

3 Proof of the main results

The proof of Theorem 2.2 uses the main idea from [6] of doubling the number of indepen-
dent variables as in the proof of the comparison principle, Theorem 3.3 in [6], but this
time with a different auxiliary function.

Proof of Theorem 2.2. Suppose supg(u(z) —v(z)) = M > 0. From the condition u(x) —
v(x) <0 on 99 it follows that (u —v) € USC(Q) attains its positive maximum at some
interior point of €2. Let us consider the auxiliary function w(z, y) = u(z) —v(y) — |z —y|*
in 2 x Q for all sufficiently large positive constants N. It is clear that w(x, y) has a positive
maximum My > M at some point (zy,yn). As in the proof of Theorem 3.1 in [6], it is
easy to check that N|zy —yn|* — 0, zn,yn — 2 € Q, u(z) —v(z) = M, My — M when
N — o0 so that xy,yy are interior points of () for N sufficiently large. Moreover, there
exist matrices X,Y € S” satisfying the inequality

I0 X 0 1,
(3.1) —wrtan (g 9) <(5 ) sarga
where A = 1A and A; = Nlzy —yn|* I +2N{(zxy —yn) ® (xy —yn)} is such
-4 1

that for p = Nlzy — yn[*(zy — yn)
(3.2) (p, X) € J>tqu(zy) and (p,Y) € J2 qu(yn).
Consequently, see (3.25) in [6],

(3.3) IXILIYIE<2f4], X <V
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If xty = yn then A = 0 so that from (3.1) we have X <0<Y, My =M, zny = yny = 2,
u(z) —v(z) = M for some z € Q. From Definition 2.1 and (1.2), (1.3) we get the
inequalities

F(z,v(2),0,0) < F(z,u(2),0,X) <0
< F(z,v(2),0,Y) < F(z,v(2),0,0).

Hence F(z,v(z) +t,0,0) =0 for every 0 < ¢ < M which contradicts (2.3).
If 2y # yn then for p = N|zy—yn|[*(xny—yn), t = |2y —yn| we have similar inequalities
as above, using (1.3), (3.3) and (1.2), (3.2) etc:

p|

(34> F<xN7U(yN>7p7Y) < F('r]\“ (yN)_'_t A

0, Y)

p|

< F('TN7U<yN) _'_MN_'_tZup7Y)

p|

< F(an,v(yn) + My +t— 1

:F(.’L‘N,U(.TN),p,X)
S 0 S F(yNav(yN)ap7Y) S F(yNav(yN)ap7X)

In case that F(yn,v(yn),p,Y) = 0 then from the right inequality in (1.6) it follows that
F(yn + Tﬁ, v(yn) + T'Z',p, Y) > 0 for all sufficiently small positive 7 > 0. Since from

(34) Flyn + i, vlyn) + t%,p, Y) <0, there exist a positive 0 < 79 < t = |xn — yn|

;0 X)

with the properties F'(yy + 7" v v(yn) + Tl%,p, Y)>0for 0 <7 <7 and

Fyy + 70%7 v(yn) + 7’0%,,’07 Y)=0.
However, this is impossible according to the left inequality (1.6) for z = yy + 7'0%,

r=v(yn) + 107 ol

If F(yn,v (yN) p,Y) > 0 then from (3.4)

|p|
4

Ip|

F(yNﬂLtﬁ v(yn) +t—— 1

p|’

so that there exists 0 < 7y < ¢t = |xy — yy| with the properties F(yn + T%,v(y]v) +

7p7Y>:F('TN7U(yN)+t 7p7Y)§O

|p|,p, Y)>0for0<7<m,but Fyy +7‘1| v v(yn) + 7 |Z|,p, Y) = 0. This is impossible
according to the left inequality (1.6).
Proof of Theorem 2.4. The proof of Theorem 2.4 is similar to the proof of Theorem 2.2
and we will point out only the differences. Choosing the same auxiliary function as in

the proof of Theorem 2.2 and repeating the same arguments, now we are not able to
exclude the case F(yy + 7'|p|, v(yn) + Tl%,p, Y)>0for0 <7 <1 <t=|ry—yn| but

F(yy + mt |p|, v(yn) + T2 |Z|,p, Y) =0 in (3.4) by means of (2.4).
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Therefore let us now fix some 7y, 0 < 79 < 73 for which F(yN~|>7'0‘ [ U v(yn)+T10 |Z|,p, Y) >

0. From (1.9) for the point (yy + 7o ‘p‘, v(yn) + 7o hZ',p, Y') it follows that there exists a
matrix Z > 0 such that

p|

Z,p,Y—l—eZ)

Ipl
4

Y%
F(yn +T2H7U(ZUN) + T2

< F(yn +T2£7U(yzv) +7—,p0Y)=0

Pl
for all sufficiently small positive constants € > 0. If ¢ > 0 is sufficiently small then we can
guarantee also the inequality F(yN+TO‘ v v(yn)+7o |Z| ,p, Y +eZ) > 0 because of the choice

OfTO Since F<yN+T2‘ ‘7 (yN)—i_TQ ‘4‘7p7Y+€Z) <0< F(yN—i_TO‘ ‘7 (yN>+TOIZI7p7Y+EZ)
for 79 < 7, then there exist 79 < 71 < 7o with the properties F'(yy + T|p|, v(yn) +

‘p‘,p,YjLeZ) < 0 for every 77 < 7 < 75 and F(yN+Tl‘ v v(yn) +71‘Z‘,p,Y+gZ) =0,
which contradicts (2.4).

Proof of Theorem 2.6. Since F(z,r,p,X) does not satisfy (2.3) and since (2.5) is a
nonstrict inequality we need some different barrier technique which is inspired by [13].

If supg(u(x) —v(z)) = M > 0, we consider the auxiliary function w(z,y) = u(z) —
v(y) — Nlx — y|*/2 + exp(—Ny|z|?/2). Here without loss of generality we assume that
QC {zr € R",r < |z|] < ry} and that N, N; are sufficiently large positive constants,
where N; = Ni(N) is chosen so that

(3.5) le M2 oy <1,
(36) T101N1 > maX(NT%Cl,zcng),
(3.7 n+ 4nt*Nde Nri/2 < Nyp2/2

The constants C; = C;(R) > 0, i« = 0,1 in (3.6) are defined in (2.1), (2.2) for R =
(81n* + 2ry) N + 2Ry and Ry is implicitly defined by |ul, |v] < Ry.
As in the proofs of Theorems 2.2 and 2.4 we conclude that

(N(zy — yn) + Naye ME2 X)) € Prou(ay), (N(zy — yn).Y) € T2 qu(yn)
for some matrices X,Y € S™ satisfying (3.1) with

Simple computations (see (17) in [13] for more details) show that
(3.8) trace (X — Y) < —N2(r2/2)eNilenl?/2,

Now for p = N(xzy — yn) from Definition 2.1, (1.3), (2.1), (2.2), (3.5)—(3.7) we get the
following chain of inequalities

Flyn,v(yn),p,Y) > 0> F(ay,u(zy),p+ Ny e Nlvl/2 x)
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> F(oy,v(yn) + |zn — ?/N|‘]2il + M,p,Y)+ Cy trace (Y — X) — CoNy|zy| e~ Nilzn[?/2

> F(xy,v(yn) + |lon — yn| - %7297 Y) + (CyN212 /2 — CoNyry) e Nilenl?/2

> F(xy,v(yn) + |on — yN\'%'ap’ Y)

From the above inequalities we have immediately that zny # yn, i.e. p # 0. The rest of
the proof follows from (2.5) in the same way as the proof of Theorems 2.2 and 2.4.

The proof of Theorem 2.8 follows from the Perron method (see [9], [10], [6]) and is left
as an exercise to the reader.

4 Some examples and applications

We will start this section with some simple examples which illustrate the sharpness of the
conditions in Theorems 2.2, 2.4 and 2.6.

Example 1. This example will illustrate the importance of assumption (2.5) in Theorem
2.6. Consider the following boundary value problem

(4.1) —u"(z) — 18z(v'())' = 0 in (—1,1),
u(—=1) = A, u(l) = B.

By separation of variables and as long as u/(x) # 0 one obtains

K

(4.2) u'(z) = [1—27K3(1 — 22)]'/3

with K := u'(-1),

so that the sign of K determines the sign of u’ throughout (—1,1). Another integration
leads to

@ dt
(4.3) u(z) = A+ /1 [K—3 —27(1 — 12)]1/3

and the requirement u(1) = B implies

! dt
(4.4) A+/_1 T —ma e - B

The left hand side in (4.4) is monotone decreasing in K and bounded above as K — —o0.
But then for A > B

(4.5) B .

/1 dt
> A-
L YT - )

is a necessary condition for the existence of a a unique classical solution u; € C?*(—1,1)N
C([—1,1]) which satisfies the boundary data in a classical sense, see the plot on top in
Figure 1. For large A — B inequality (4.5) is no longer valid.
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In that case problem (4.1) has only viscosity solutions with infinite slope K = —oo on
the boundary

e dt

uc(z) =C /_1 m, C = const, A>C > B.

More precisely, uc(z) € C*(—1,1) N C([—1,1]), but it satisfies the Dirichlet conditions
only in a weak (viscosity) sense (see Section 7 in [6]). If C' = A then ua(x) satisfies the
Dirichlet data at —1 in a classical sense and at +1 in a weak (viscosity) sense (see center
plot in Figure 1) while for C = B + fj1[27(1 — 12)]7Y/3 dt the solution up(x) satisfies
Dirichlet data in a classical sense at x = 1 and in a weak (viscosity) sense at x = —1 (see
bottom plot in Figure 1).

A\
\

/]

AN
o
=

Figure 1: Classical and viscosity solutions of (4.1)

However, the comparison principle still holds since u'(x) < 0 for every z € (—1,1).
Moreover, when —X — 18xp? = 0, p # 0, we get the inequality —X — 18(z + %)p4 =
—18tp®|p| > 0 so that condition (2.5) in Theorem 2.6 is fulfilled.

The situation is totally different when A < B. In this case u/(x) > 0 for every
x € (—1,1) and condition (2.5) in Theorem 2.6 is not satisfied according to the above
calculation. For simplicity let us take A = —B. One can easily check that for 0 < B < 1
problem (4.1) still has a unique classical solution u(z) € C?*([—1,1]). However, for B > 1
there is no longer a continuous viscosity solution of (4.1), while for B = 1 the unique
viscosity solution is u(x) = </z. The functions @ and ¥ given by

_ {3/5—1+Bfor 0<z<I1,

o= Jr+1—Bfor —1<uz <0,
. [¥Yr—1+Bfor 0<z <1,
vo= Jr+1—Bfor —1<x<0,

differ only in the origin. @ € USC([-1,1]) and © € LSC[-1,1] are viscosity sub- and
supersolutions of (4.1) for B > 1 with identical Dirichlet data, but sup_; (@ — 0) =
@(0) — 0(0) = 2(B — 1) > 0 and the comparison principle fails (see Figure 2).
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Iz
Z

Figure 2: The functions u and o violate the comparison principle

Note that equation (4.1) does not satisfy condition (3.14) in [6], nor does it satisfy the
strict monotonicity condition (1.7) with respect to r. Indeed, F(z,r,p, X) = —X — 18zp*

and for
10 X 0 1 -1
o )=0 )= (s o)
the inequality F(y,r, N(z —y),Y) — F(z,r, N(z —y), X) = =Y — 18yN*(z —y)* + X +
18xN*(x—y) = X =Y +18N*(x—y)° < w(N|z—y|*+|z—y|) cannot be fulfilled for every
z,y € (=1,1), N > 0 and some modulus of continuity w(t),w(t) € C([0,00)),w(t) > 0
for ¢ > 0, w(0) = 0. In the same way one can check that condition F*4 in [17] is not

satisfied for (4.1). However, according to Theorem 2.6 the comparison principle holds for
all monotone decreasing solutions of (4.1).

Example 2. This example illustrates the necessity of assumption (2.3) in Theorems 2.2
and 2.4.

—Au+ |Dul? + |Du|me ™" =0 in B = {|z| <1} C R"

u = C = const on 0B, where m is a constant, 0 < m < 1.

This equation, after an appropriate change of the variables was considered by G. Barles,
1

G. Diaz, J.I. Diaz in [2]. For C' < —In k(k+mn —2)m71, with kK = (2 —m)/(1 — m), the

above problem has two classical solutions,

w(z)=C and  us(z) = —lnfe C — k(k +n—2)71(1 — |2|*)],

so that the comparison principle fails even for classical solutions. All assumptions of The-
orems 2.2 and 2.4 are satisfied except (2.3). Since m € (0, 1) the function F'(z,r,p, X) =
—trace X + |p|> + |p|™e~™" is monotone with respect to r, uniformly elliptic and
—trace X + [p|* + \p|me(1’m)(”+%) > 0 whenever —trace X + |p|? + |p|™ed=™)" = 0
for |p| # 0. However, F(z,7,0,0) = 0 and (2.3) fails.
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Example 3. Consider the ordinary differential equation
(4.6) ('3 (x) —2/3)> =0 in (—1,1) .

All conditions of Theorem 2.2 are satisfied except the left inequality in (1.6). Re-
ally, F(x,r,p,X) = (2/3p — 2/3)? and since F(x,p,0,0) # 0 (2.3) follows trivially. If
F(z,r,p,X) =0, ie 2'/°p—2/3 =0 then

p p

[(z + t%)wp —2/3] = [(z + tm)w’p — 23] = p*[(x + tm)”g — 2P >0

for |p| # 0. Thus the right inequality in (1.6) is true but the left one fails because

P p
(=t D0 = 203 = p(w — b7 )% =P > 0 for [p] # 0.

This example shows that the left and right inequality in (1.6) are necessary for the validity
of the comparison principle in the degenerate case. One can easily check that the functions

i x2/3 for0<ax<1 - x2/3 for0<z <1
T2 41 for —1<z<0 22341 for —1<z<0

satisfy u € USC([—1,1]), © € LSC(]—1,1]) and are viscosity sub- and supersolutions of
(4.6) which violate the comparison principle, because @(0) —9(0) = 1 > 0 (see Figure 3).

Figure 3: The functions u and v violate the comparison principle

Example 4. We modify Example 3 and consider
(4.7) zid/(x) —2/3=0 in (-1,1) .

This equation is almost the same as (4.6), however all conditions of Theorem 2.2 are
fulfilled for (4.7) and the comparison principle holds for (4.7). Since F(x,r,p, X) =



Comparison principle 13

1/3p—2/3, F is nonstrictly monotone with respect to r, degenerate elliptic, F(z,r,0,0) =

—2/3 # 0 with respect to r and (x t‘p‘)1/3p—2/3 <0< (:E+t|p|)1/3 —2/3 for p # 0,

whenever x'/3p — 2/3 = 0. Really,

p P 13 1/31,. _ D \o/3 D173 173 2/3
Tl )= lp = Etpl /(e £t )T+ (e Rt ) e
p| Ip| p| p|

has the right sign. Note that condition (3.14) in [6] is also satisfied because

(xkt—)3p—2/3 = [(z £t

F(y,r,N(z —y),Y) — F(z,n, Nz —y),X = =N(z'? — y'*)(z — y)
= —N(@"? — y?)2(2%3 4 2By 1 423) <0 < w(Nlw — y* + |z — yl)

for every modulas of continuity w(¢). However the Dirichlet problem u(—1) = A, u(1) =
B, A, B = const has no viscosity solution. We will check this statement only for A = B =
1. Since the function v = L(1 — 2?) + 1 is a classical subsolution (and hence a viscosity
subsolution of (4.7) for all positive constants L, satisfying the boundary data, from the
comparison principle we get the estimate u(z) > v(x) in (—1,1) for the viscosity solution
u(z) € C([—1,1]) of (4.7). Thus u(0) > v(0) = L for every L > 0 which is impossible.

This example shows that the assumptions in Theorem 2.8 for existence of viscosity sub-
and supersolutions are necessary for the Perron method.

Example 5. The following example of a mean curvature type equation illustrates the
importance of condition (2.5).

(4.8) —[(1 + |Du|>)I — Du® Du]D*u + H(x,u, Du)(1+ |Du|*)*?* = 0.

If H(z,r,p) is locally Lipschitz continuous with respect to p, then according to Theorem
2.6 the comparison principle holds provided

(49) Hee ik o+t ) > )

for every x € Q, |r| < Ry, p#0, p € R™.

If H is of class C' with respect to the variables = and r then (4.9) can be rewritten in the
following form:

) 1
%Hw(x,r,p) + §|p|Hu(af,r,p) > 0 for every x € Q, |r| < Ry, p#0, pe R".
p

Note that for functions H(x,r, p) which are strictly monotone in r, condition (3.14) in
[6] requires
F(y,T‘,N(l’—y),Y) - F(l‘,T‘,N(I’—y),X)
= [H(y.r, N(x —y)) = H(z,r,N(z — y)|(1 + N?|z — y[*)*/?
<w(Nlz—yl)* + |z —yl)
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for some modulus of continuity w(t) which is a very restrictive assumption. However, for
equation (4.8) divided by the positive term (1 + |Du|?)3/? condition (3.14) becomes

H(y,r,N(z —y)) = H(z,r,N(z —y)) Sw(N|lz —y|* + |z —y]) .

Another mean-curvature type equation was considered by J. Serrin in [16]. If the first
variation of a suitable functional vanishes, then

5/¢(:U)\/1+|Du|2d:v:0 , ¢>0, p€C? .

The Euler-Lagrange equation for this variational problem is

Dé.Du

(4.10) —[(1 + |Du/*)I — Du ® Du]D*u — (1+|Dul*) =0 .

According to Theorem 2.6, the comparison principle holds for (4.10) in the class of viscos-
ity sub- and supersolutions if (—In @), pipr > 0, i.e. when In ¢ is a concave function.
For example, the functions ¢ = e~171* or ¢ = 1 are log concave functions.

Example 6. Consider the following equation involving the m-Laplacian operator for
2<m< oo

(4.11) —Aju+ f(z,u,Du) =0 in Q CR" |

where A,,u = div (|Duu|™2Du) for finite m and where A, is given in (1.10).

We consider only the degenerate m-Laplacian, m > 2, but the result in Proposition 4.1
is true also for the singular case, 1 < m < 2. The interested reader should consult [15] or
[7] for this case.

Since equation (4.11) is strictly elliptic for p # 0 we can apply the result in Theorem
2.4.

Corollary 4.1 Suppose f(x,r,p) is a monotone function with respect to r, i.e.

(4.12) f(x,s,p) < f(z,r,p) for everyr > s, r,5,€ R, 2 €Q, peR",

(4.13) Vx € Q the map r — f(x,r,0) has at most countably many zeroes in [—Rg, Ry],

and

(4.14) f(x—i—t%,’r—l—t%,p) > f(x,7,p)

for every x € Q, |r| < Ry, p € R"\ 0 and for all sufficiently small positive values of t.

If u e USC(Q), v € LSC(2) are bounded,|ul,|v| < Ry, sub- and supersolutions of
(4.11) such that u < v on OS2, then u < v in Q.

Moreover, if u € USC(Q), u € LSC(R?), u < u are bounded viscosity sub- and superso-

lutions of (4.11) then there exist a viscosity solution u € C(2) and u satisfies u < u < u
in .
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Example 7. This example deals with the pseudo-m-Laplacian for 2 < m < oco.

™2 Hu
61’@-

ou
8.’172‘

=1

(4.15) —div <i

>+f(a:,u,Du):01nQCR”.

According to Theorem 2.4, for the degenerate pseudo-m-Laplacian (4.15) we can liter-
ally derive the same result, Corollary 4.1, as for the m-Laplacian (with (4.11) replaced by
(4.15)).
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