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A uniqueness theorem for degenerate elliptic equations
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Abstract!. In this paper, we consider the uniqueness of a viscosity solution of the degen-
erate elliptic equation

F(z,u(z), Vu(z), D*u(z)) =0
or its normalized counterpart
F(z,u(x), Vu(x), D*u(x)) = 0

subject to continuous boundary data. A useful strict comparison principle is obtained
with very weak requirements, precisely that F' is proper, degenerate elliptic, and locally
uniformly continuous in x, on the equation. Under a further structural condition on F,
namely

Bz, (14 t)r,(1+t)g, (1 +8)X) > (1L +o(t))F(z, 7,9, X)
or
Fz,(1+t)r,q,(1+1)X) = (1+0(t)F(x,rq,X)

for the normalized equation, where o is a modulus of continuity, the comparison principle
and whence the uniqueness of a viscosity solution of the inhomogeneous equation

F(.ZL', u(z),Vu(x), Dzu(‘r)) = f(x)
or its normalized counterpart
F(x,u(x), Vu(x), D*u(x)) = f (),

where f is a positive or negative continuous function, are secured from the strict com-
parison principle. The inhomogeneous p-Laplace equation, the inhomogeneous infinity
Laplace equation, and its normalized counterpart are the prototypes of the degenerate
equations treated in this work.
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INTRODUCTION

This paper may be regarded as a further development of the theory of viscosity
solutions presented in the work of Crandall-Ishii-Lions, [13], and also as summary
and generalization of the authors’ uniqueness res ults in [LW1,2]. This work is
by no means a summary of the developments in the theory of degenerate elliptic
equations up to date. To find the recent developments in the theory of degenerate
elliptic equations, the reader may read the paper by Bardi and Da Lio, [5], and the
references therein.

In this paper, we consider the partial differential equations of the form

(0.1) F(z,u(z), Vu(z), D*u(z)) =0
(0.2) F(z, u(z), Vu(z), D?u(z)) =0,

where F': Q x R X R" X S, — R, Q is a bounded domain in R"™, S, «,, is the set
of n x n symmetric matrices, and Vu = Vu/|Vu|. We say F is degenerate elliptic
if

F(z,r,q,X) < F(z,7,¢,Y)
whenever X <Y in the sense of matrices and for any x € 1, r € R, and ¢ € R";
and we say F'is proper if

F(w7 r? q7 X) Z F(m7 87 q7 X)

whenever r < s and for any x € 0, ¢ € R”, and X € S,,xn-

Examples of the proper degenerate elliptic operator F' are the well-known Lapla-
cian A(z,r,q, X) = Tr (X), the p-Laplacian A, (z,7,¢,X) = (p—2)|q|P~*(Xq,q) +
lg|P~2Tr (X), the infinity Laplacian A (z,7,¢,X) = (Xq,q), and the normalized
infinity Laplacian AY (z,7,¢, X) = (X4, §), where Tr (X) denotes the trace of the
matrix X. The inhomogeneous nonlinear operators such as the inhomogeneous
infinity Laplacian (z,r,q,X) — (Xq,q) — f(z,q), where f : Q@ X R" — R is a
continuous function, are also important examples of the proper degenerate elliptic
operators. Here (z,y) and & = z/|z|, for z and y € R”, denote the inner product
of z and y, and the normalized vector of x.

In the manuscript [13], Crandall, Ishii and Lions dealt with the uniqueness prob-
lem of the degenerate elliptic proper partial differential equation

(0.3) F(z,u(z), Vu(z), D*u(z)) =0 .
Under the structural conditions
(a) that there exists v > 0 such that
y(r—s) < F(x,8,¢,X)— F(x,7,q,X) forr>s, and (v,¢,X) € Q x R X Spxenr s
and

(b) that there exists a modulus of continuity w : [0, 00] — [0, oo] with w(04) =0
such that

F($7T,O((.I‘ 7y)vX) - F(y,r,a(w 7y)7Y) S W(Oé|1) 7y|2 + |.Z'7y|) )
where z, y € Q, r € R, X, Y € S,,x,, such that

I 0 X 0 I -I
*30{ § S 30{ )
0 I 0 -Y -1 1
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holds for all sufficiently large «,

they proved there exists at most one viscosity solution of the equation (0.3), which
is stated in the Theorem 3.3 in [13].

The study of infinity Laplacian was initiated in the works of Arronson [A1-3] in
conjunction with Lipschitz extension. Jensen proved in his work [15] the uniqueness
of a viscosity solution of the Dirichelt problem for the homogeneous infinity Laplace
equation

A u(z) = (D*u(x)Vu(z), Vu(z)) =0

in a bounded domain in R"™, using a truncation method according to the gradient
of the solution and a delicate transform of the viscosity solution. Barles and Busca
later gave a second proof of the uniqueness of an absolute minimizer, namely the
viscosity solution of the infinity Laplace equation, in [6]. Their proof of the unique-
ness theorem applies to many degenerate elliptic equations without zeroth-order
term. On the other hand, Crandall, Gunnarsson and Wang proved a uniqueness
theorem for a viscosity solution of the infinity Laplace equation in an unbounded
domain subject to sub-linear growth in their work [12].

A partial list of related work on the degenerate equations, especially on the
infinity Laplacian, can be found in the works [7], [9], [10], [11], [16], [17], [19] to
name just a few. We also refer to [4] for a systematic treatment of the subject.

Though much work has been done for homogeneous infinity Laplacian, not so
much has been investigated on inhomogeneous infinity Laplcian. In the manu-
script [20], the authors considered the well-posedness for the inhomogeneous infinity
Laplace equation Ao u(z) = (D?*u(z)Vu(z), Vu(z)) = f(x). Under the assump-
tion infg f > 0 (this assumption can be weakened to f > 0 as pointed out in
[21]), the uniqueness of a viscosity solution subject to continuous boundary data is
proved(Theorem 4, [20]). The normalized inhomogeneous infinity Laplace equation

AN u(z) = (D*u(z)Vu(x), Vu(z)) = f(z)

was studied by Peres, Schramm, Sheffield and Wilson in [22] using differential game
theory. Existence and uniqueness were established in [22] for such inhomogeneous
normalized infinity Laplacian (for related works, see also [18], and [8], [14], etc.).
In [21], we investigated the inhomogeneous normalized infinity Laplacian from the
perspective of PDE theory and thus reproved those results in [22] using a quite
different method. A comparison principle and hence the uniqueness theorem of
the similar type but done with more effort are also proved under the assumption
f >0or f <0 (Theorems 3.3 and 3.4, [21]). Furthermore, a stability result for
the Dirichlet problem was derived in [21] when the inhomogeneous term and the
boundary data were perturbed.

In this paper, we prove a strict comparison principle for the equations (0.1) and
(0.2) under the rather mild requirement that F' is locally uniformly continuous in
x. With an additional structural condition ((1.3) for equation (0.1) and (2.14) for
equation (0.2)), we can prove the comparison principle and hence the uniqueness of
a viscosity solution for either equation(Theorems 1.3, 1.4, 2.4 and 2.5). Our strict
comparison result holds for the typical degenerate elliptic equations such as the
p-Laplace equation, the infinity Laplace equation and its normalized counterpart,
their inhomogeneous versions, and with viscosity terms( and, of course, the linear
equations and many other nonlinear equations). The comparison principle and the
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uniqueness theorem of the inhomogeneous equation include the uniqueness theo-
rem for the inhomogeneous p-Laplace equation, the inhomogeneous infinity Laplace
equation, or its normalized version. This fact indicates possible further applications
of the results proved in the study of degenerate elliptic equations.

Throughout this paper, {2 denotes a bounded domain in R™. The notation
u <z, ¢ means that u(z) < ¢(x) for all x near z¢ and u(zo) = ¢(zo).

A continuous function u defined in  is called a wviscosity sub-solution,or simply
a sub-solution, of a degenerate elliptic partial differential equation

(0.4) F(z,u(z), Vu(z), D*u(z)) = f(z)
in Q, if
F(z0,¢(x0), Vep(wo), D*¢(0)) > f (o) ,
whenever u <, ¢ for any xg € 2 and any C? test function ¢. We sometimes write
F(z,u(w), Vu(z), D*u(x)) > f(z)
in the viscosity sense to indicate that w is a viscosity sub-solution of the equation
F(z,u(x), Vu(x), D*u(x)) = f(x) .

Similarly, u is called a wviscosity super-solution, or simply a super-solution, of the
partial differential equation

F(z,u(x), Vu(x), D?u(x)) = f(z)
in Q, if
F(z0, p(x0), Vep(w0), D*¢(0)) < f(w0) ,

whenever ¢ <., u for any zg € Q and any C? test function ¢.
A wiscosity solution, or simply a solution, of the partial differential equation

F(x,u(z), Vu(z), D*u(z)) = f()

in © is both a viscosity sub-solution and super-solution of the equation.
The definition of a viscosity solution of the normalized equation

(0.5) F(z,u(z), Vu(z), D?u(z)) = f(z)

need to be made clear at the points where Vu(z) is 0.

For u € C(Q), 79 € Q, and r > 0 with B.(x9) C Q, we define g(r) =
MaX|;_go|=r w(x) and h(r) = minj,_, =, u(z). In addition, ;" denotes any point
with |x} — 20| = 7 such that u(z;") = g(r), while x, denotes any point with
|z~ — x| = r such that u(z.) = h(r).

If 2o € 2 and u € C(Q) such that u is twice differentiable at zq, we define the
set of maximum directions of u at xy to be the set

+ _
e

for some sequence 7y, | 0}
Tk

and the set of minimum directions of u at zy to be the set

T —x
E; (z9) = {e eSt:e= lilgn Zr 20 for some sequence 7, | 0} .
Tk

Here S! denotes the unit sphere of R". If u is twice differentiable at o and
Vu(xg) # 0, it can be shown that Et(zg) = {Vu(zo)} and E~(z9) = {—Vu(xo)}.
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A function u € Q is called a wiscosity sub-solution of the normalized partial
differential equation

F(z,u(z), Vu(z), D*u(z)) = f()
in Q, if
F(x0, 0(x0), Vo (w0), D*p(x0)) > f(xo), if Vo(zo) #0, or

F(z0,¢(x0), e, D*¢(x0)) > f(xo), for everye € E;L(SC()) , if Vo(xg)=0

whenever u <, ¢ for any zg € Q and any C? test function (.
Similarly, u is a viscosity super-solution of the partial differential equation

F(z,u(x), Vu(x), D?u(x)) = f(x)
in Q, if
F(z0, p(x0), Veo(ao), D2p(w0)) < f(wo) , if Vip(wo) #0, or

F(z0,¢(x0), e, D*0(x0)) > f(x0), for everye € E,(xo), if Vp(xg) =0

whenever ¢ <., u for any zg € Q and any C? test function ¢.
A wiscosity solution, or simply a solution, of the partial differential equation

F(z,u(w), Vu(z), D*u(z)) = f(z)

in © is both a viscosity sub-solution and super-solution of the equation.
We will need the concepts of superjets and subjets in our approach.

Definition 0.1. Suppose u € C(Q2). The second-order superjet of u at xq is defined
to be the set

TG u(we) = {(Dep(wo), D*p(wo)) : pis C and u <4 ¢}
whose closure is defined to be the set
7?2’+u(a:0) ={(¢,X) €ER" X Spxnn © I (Tn, G, Xn) € X X R™ X S, such that
(gn, Xn) € Jé’+u(xn) and (z,,, u(zy,), gn, X5) — (xo,u(xo),q,X)} .
The second-order subjet of u at zq is defined to be the set
Jé’_u(mo) = {(Dgp(:ro),DQ@(xo)) : pis C%and ¢ <0 u} ,
whose closure is defined to be the set

j?{_u(wo) ={(¢, X) €ER" X Spen + I (Tn, Gy Xn) € X X R™ X Sy, such that

(an> Xn) € J " u(wn) and (2, u(@n), G, Xn) = (20, u(x0), 4, X) } -
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1. A STRICT COMPARISON PRINCIPLE

We prove the uniqueness theorem of the equation (0.4) in this section. The key
result in this section is the following strict comparison principle.

Theorem 1.1. Suppose F : QxRXR"™" XS, «,, — R is degenerate elliptic and proper.
We further assume that F is locally uniformly continuous in x, i.e. for any Q' CC €,
there exists a modulus of continuity pqs such that |F(x,r,q,X) — F(y,r,q,X)| <
por(|Jx—yl|) for anyx, y € U, r e R, g € R, and X € Sy xn. Assume u, v € C(Q)
satisfy in the viscosity sense

F(r,u(x),Vu(x),DQU(a:)) > fi(x) > fa(z) > F(:r,v(x),Vv(x),DQU(a:))
in Q, where f; € C(Q) for j =1,2. Then

) < _
S;l)p (u—wv) < max (u—wv)

holds.

Proof. As Fo(z,r,q,X) := F(z,7—C, q, X) is also degenerate elliptic and proper
for any constant C' € R, we may without the loss of generality assume u < v on 052
and intend to prove u < v in €. Furthermore, for any small § > 0, let us = u — 4.
Then us < u on 0 and, as F' is proper,

F(z,us(z), Vus(z), D?us(x)) = F(z,u(z) — 6, Vu(z), D?u(z)) >

> F(x,u(x), Vu(z), D?u(z)) > fi(x)

holds in the viscosity sense. If we can show that us < v in Q for every small 6 > 0,
then it follows that u < v in €. So we may additionally assume u < v on 9 in the
following proof.

Suppose supg, (u — v) = maxg (v — v) > 0. For every small € > 0, we define

1 I
we(z,y) =u(z) —v(y) — % |z —yl? for all (z,y) € A x Q.

We also define My = maxg (v — v) and

bl

1
M. = max w. = u(z:) —v(y:) — ;- [z — y6|2
axa 2e
for some (z.,y.) € Q x Q.
By Lemma 3.1 of [13],

lim M. = My ,
€10

1
lim — |z. —y[*=0
lim o |ze — el

and

lim(u(ze) = v(ye)) = Mo .

The inequality

1
+ = e — yel?

\x57y5|< 2€|

€
=2
implies that limg|o |z, — yc| = 0.

As M. — My > maxyq (u — v), we know x,, y. € Q for all small enough ¢ and
some sub-domain Q Cc Q.
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Now we apply Theorem 3.2 of [13]. There exist X, Y € S;,x, such that ((z. —
—=2,4 2=
ye)/e, X) € Jo u(z:) and ((ze —ye)/e,Y) € Jq v(ye) and

3 (1 0 X 0 3 I -I
2 < <= :
e N0 I 0 -Y e\ -I I
In particular, X <Y.
The definition of the superjet j?fu(we) and of the subjet j?fv(ye) implies that

(1) F (et =22 X)) 2 )
and
(1.2) F (ys,v(ys% = - ya,Y) < fa(ye) -

Let § = infs(f1 — f2) > 0. As a result of the facts that X <Y, u(z.) > v(ye),
and the assumption that F' is proper, the above inequalities (1.1) and (1.2)) imply

fi(z) <F <xe,u<xe>, e ;yf,Y) < F <xe,v<ye>, e ;yg,y) <

Te — Y.
§F<y5,v(y5), 65 €7Y)+p§(|$5*ys|)§

< fa(e) + pglwe = vel) < fi(ye) = 0+ pa(lze — yel) <
< fi(ze), ifeis sufficiently small .

The last inequality holds as lim. ¢ |z. — y.| = 0 and ., y. € Q.
O

It is clear that either f; or fo can be absorbed in the function F' so that one
may assume either f; or fs is identically zero. Furthermore, a careful examination
of the preceding proof show that f may depend on the gradient of u as well as on
x. We leave the work to the reader and state only the theorem below.

Theorem 1.2. Suppose F : QxRXR" XS, «, — R is degenerate elliptic and proper.
We further assume that F is locally uniformly continuous in x, i.e. for any Q' CC Q,
there exists a modulus of continuity po: such that |F(x,r,q, X) — F(y,r,¢,X)| <
por(|lx—yl) foranyz,y e Q,reR, ¢ € R", and X € S;xn. Assume u, v € C(Q)
satisfy in the viscosity sense
F(x,u(z), Vu(z), D*u(z)) > fi(z, Vu(z)) > fo(z, Vo(z)) >
> F(e,v(2), Vo(a), Dv(x))
in Q, where f; € C(Q xR") for j =1,2. Then

<
sup (u — v) r%%x(u )
holds.

In order to prove the standard comparison principle, we need to impose one
more structural condition on F. We a ssume that there is a modulus of continuity
o :(0,00) — (0,00) such that

(1.3) Fl,(A+6)r,Q+t)q (1+)X) > (1+0()F(z,rq,X)
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holds for any ¢t > 0, x € Q, g € R”, and X € S,,x». Under this condition and the
assumption that F' is degenerate elliptic, proper, and locally uniformly continuous
in z, the following theorem is true.

Theorem 1.3. Suppose u, v € C(S2) satisfy

F(z,u(z), Vu(z), D*u(z)) > f(z)
and

F(z,v(x), Vo(x), D*v(z)) < f(x)

in the viscosity sense in the domain €2, where f is a continuous positive function
defined on 2. Then

(1.4) s1511p (u—v) < max (u—v).

Proof. Without the loss of generality, we may assume that v < v on 02 and
intend to prove u < v in ). For every small § > 0, we take
us(z) = (14 0)u(z) — 6 |lull L~ (a0 -
Then us < u < v on 99, and it is easy to see that
F(x,us(x), Vus(z), D?us(x)) = (1+ 0(6)F(z,u(z), Vu(z), D?u(x)) >
> (1+0(6)f(z) > f(z) =

> F(x,v(z), Vu(z), D?v(z))

in © in the viscosity sense.

The preceding strict comparison, Theorem 1.1, is readily applied to us and v.
We have thus shown that us < v in € for any small § > 0. Sending J to 0, we have
obtained u < v in 2 as desired.

O

It is obvious that the above theorem 1.3 is true if the condition f > 0 in Q is
replaced by the condition f < 0 in 2, as the function G: Q@ X R x R™ X S;,xn — R
defined by G(z,r,q, X) = —F(z, —r, —q, — X) is degenerate elliptic and proper, and
verifies the structural condition and the local uniform continuity in z.

The uniqueness theorem for equation (0.4) follows as a direct corollary of the
preceding comparison principle.

Theorem 1.4. Suppose F': @ x RXR" XSy, xn, — R is the same as in the preceding
theorem, and that u and v € C(2) are both viscosity solutions of the equation (0.4)

F(x,w(z),Vw(:L’),DQw(x)) = f(z)

in Q, where f is a continuous function defined on 2 such that either f >0 in Q or
f <0 in Q holds. If, in addition, uw = v on 09, then u=v in Q.

The condition that the right-hand-side f does not change sign in €2 is indispens-
able, as a counter-example for the infinity Laplacian

F(z,w(z), Vw(x), D?*w(z)) = (D*w(z)Vw(z), Vw(x))

provided in [20] shows the uniqueness of a viscosity solution subject to given bound-
ary data fails without such a condition.
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2. THE NORMALIZED VERSION OF UNIQUENESS

In this section, we consider the normalized equation (0.5)
F(z,u(z), Vu(x), D*u(x)) = f(z) .

We also assume that F(z,7,q,0,%x,) = 0, for any x € Q, » € R, and ¢ € S!, in
this section besides the degenerate ellipticity and properness, and that F' is locally
uniformly continuous in x and continuous in all other arguments. Here 0,,,, is the
n X n zero matrix.

We start with a maximum principle in the special case in which a sub-solution
u is semi-convex.

Lemma 2.1. Suppose u € C(Q) satisfies the normalized differential inequality
F(z,u(z), Vu(z), D*u(z)) > f(z) > 0
in the viscosity sense in (), where ie C(Q). In addition, u is semi-convex in R™.
Then w attains its mazimum over Q only on 0N2.
Proof. Assume u(zg) > maxgq u for some xy € Q. For § > 0, we define us(z) =
u(x) — 8|z — z0|?. As F is continuous, F(x,us(x), Vu(z), D?us(z)) > f(x) > 0 for
a new continuous function f if § is small enough. So we may without the loss of

generality assume that u(xo) > maxsq v in the first place. Then there exists ¢ > 0
such that

sup (u(w) + (p,2)) > e (u(z) + {p.)
for any p € R™ and [p| < e. For every p € R™ with |p| < e, the function z —

u(z) + (p, z) is semi-convex and thus is differentiable at every point in the set

Argmax (x — u(x) + (p,2)) ;== {2z € Q : u(z) + {p,2) = max (u(z) + (p,x))} .

According to a theorem of Alexandroff, a convex function is twice differentiable
almost everywhere. So is the semi-convex function u.
As wu is locally Lipschitz continuous, the set

U Argmax (z — u(z) + (p, x))
0<|p|<e

has positive measure. So there exists a point z; € Upc|p|<cArgmax ( — u(z) +
(p,x)) at which u is twice differentiable. At x1, Vu(z1) = p # 0 and D?u(x;) <0
for some p € R with |p| < e. Therefore, the following inequalities hold.

0 < F(zy,u(z1), Vu(zr), D2u(z)) <

< F(z1,u(x1),p,0nxn) =0, as F is degenerate elliptic .
We end up with a contradiction.
O
We now prove the following strict comparison principle for the normalized equa-
tion (0.5).

Theorem 2.2. We further assume that F is locally uniformly continuous in x, i.e.
for any Q' CC Q, there exists a modulus of continuity pqr : (0,00) — (0,00) with
pa(0+) = 0 such that

|F($,’f’,q,X) _F(y7r>Q7X)| < pQ'(‘l'—yD



216 Guozhen Lu and Peiyong Wang

foranyz,ye€ Y, reR, g€ S, and X € S, xn- Suppose
F(z,u(z), Vu(z), D*u(x)) > fi(z)
and
F(z,0(x), Vo(z), D*v(z)) < fa(x)

in §) in the viscosity sense explained in the beginning section even at the points
where the gradient of a test function is zero, where u, v € C(Q). In addition,
fi > fo, and f; € C(Q) for j =1,2. Then

3 — < —
bgp (u—w) max (u—wv)
holds.

Proof. Without the loss of generality, we assume u < v on 92 and prove that
u < v in Q. Furthermore, for any small § > 0, let us = u — 6. Then us < v on 9N
and the inequalities

F(z,us(x), %5(:0), D?us(z)) = F(z,u(x) — 6, ﬂ(m), D?u(x)) >

> F(z,u(z), Vu(z), D*u(z)) > fi(z)

hold in the viscosity sense. The first inequality is due to the fact F' is proper.

If it can be shown that us < v in 2 for every small d, then it follows that u < v
in Q. So we may assume u < v on 912 in the following proof.

If supg (v — v) > maxpq (u — v), then there exists a sub-domain ' CC Q such
that supg, (u — v) > maxgq (u — v).

Take any A > max {||u[| L (), [|v]| o (o) }. For any sufficiently small real number
€ >0, we take § = 3v/Ae and Qs = {x € Q : dist (z,00) > §}. We define, on R",

(2.) o) =sup (atn) - o o=l

yeQ

and
(22) we(o) = 1, (o) + o o =)

as the sup- and inf-convolutions of u and v respectively.
For any y € 2 such that |y — x| > 2v/Ae, u(y) — (1/2¢)|x — y|?> < u(x) holds.
So, in Qs,

(2.3) w(z)=  sup (u(y) o la- y\2> _

yEQ,|z—y|<2V Ae

1
= sup (u(x+z)72—5\z|2> ,

|z]<2VAe
as x + z € Q for any x € Q5 and |z| < 2V Ae. Similarly, for z € Qs,
1
2.4 ve(z) = inf v(y) + — |lx — 2):
2.4 =t (w5 kel

1
= inf <v(x—|—z) + —\z|2> .
|z|<2V Ae 2e
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Let
2.5 (x) = inf r+z)= inf T+ z
(2.5) fre(z) z+ze9,|z\gamf1( ) L fi( )
and
(2.6) f3(z) = sup fa(x+2)= sup fa(z+2),
z+2€9Q,|z|<2VAe |z|<2VAe

for x € Qs. Clearly, fi. is lower semi-continuous. It is continuous due to the
equicontinuity of the one parameter family of the functions x — fi(z + 2) in any
compact subset of ). f5 is continuous for a similar reason.

For every z with |z| < 2v/Ae and = € Q5, we define u,(z) = u(z +2) — (1/2¢) |2|?
and v,(x) = v(x + 2) + (1/2¢)|z|>. Then the following inequalities hold in the
viscosity sense.

F(,u.(2), Vus(2), D?u.(x)) =

— Pz, u(z + 2) — % 122, Su(z + 2), D2ulx + 2)) >

> F(z,u(z + 2), Vu(z + 2), D2u(z + 2)) > as F is proper ;
> filz+2) — (F(z + 2 u(z + 2), Vu(z + 2), D>u(z + 2))—
—F(z,u(z + 2), Vu(z + 2), D2u(z + 2))) >

> filz +2) = par(|2]) =

> fre(x) — por (2v/Ag) >

> fe(z) 4+ por (2 Ae) > inQs cCc Q, if e is small enough .
= f5(x) + por(|2]) =

> folz +2) + (F(x, v(x + 2), Vo(a + 2), D2v(w + 2)) —
—F(a+2,0(z + 2), Vo(z + 2), Du(z + 2)) ) >

> F(z,v(x + z), @(m +2), D%v(z +2)) >

1 _
>F (x,v(x +2z)+ % |2|%, Vo(z + 2), D*v(x + z)) = as F'is proper
e
= F(z,v.(x), Vo, (z), D*v.()) .
Therefore,
F(a,us,Vu', D) > fi(x) = fi. — por(2V/Ae) >

> fo(x) := f§ + por (2V/Ae) > F(x, vz, Voo, D?v,)

hold in € in the viscosity sense.
The rest properties of u® and v. are summarized in the following proposition,
the proof of which is well known (see, for example, [4] Proposition 6.4).
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Proposition 2.3. u® and —v. are semi-convez in R™. u® > u and v. < v in Q. uf
and ve converge locally uniformly to w and v respectively in 2, as e — 0. u® and v,
are both differentiable at the mazimum points of u® — ve.

As a result, if we take the value of € smaller if necessary, then v, > u® on 9y,
F(z,u(z), Vu' (z), D?u(z)) > fi.-(z) and F(z,ve(x), Voe(z), D*v.(2)) < f5(x)
in Qs, and fi . > f5 in Q5.

If we can prove u® < v, in Qs for any small ¢ > 0 and § = 3@, then u < v
in © holds. So we may without the loss of generality assume that v and —v are
semi-convex in R™. In particular, u and v are locally Lipschitz continuous in 2.

Suppose u(zg) > v(zo) for some zg € Q. Without the loss of generality, we may
assume that u(zo) — v(rg) = maxg (v — v). Then there exists § > 0 such that for
any h € R" with |h| < 0, we have v(zg) < u(zo + h), while u(- + h) < v(-) holds
in Q\Qs, an d fi(x + h) > fo(x), V z € Q5. For any small positive number ¢ and
h € R™ with |h| < 0, we define

1
(27) ws,h(xay) = U(SL’ =+ h‘) - U(y) - ?6 |$ - y|2 )
A (x,y) S ﬁ(; X ﬁ(g.
Let
(2.8) My = max (u —v) ,
Q
(2.9) My = max (u(- + h) — (")) ,
Qs
and
1

(2.10) M = max wep =u(Ten +h) —v(Yen) = 5= |Tep — yeul®

Qs xQs 2e

for some (zc p,yen) € Qs x Q5. Our assumption implies My, > 0 for all h € R®
with 0 < |h| < §, and clearly limy_.o M}, = M.

We notice that M is Lipschitz continuous in h € R™ with |h| < 4, if ¢ is
taken smaller, since both u and —v are semi-convex and whence locally Lipschitz
continuous.

By Lemma 3.1 of [13], we know that

(2.11) lim M, j, = My, ,
€10
(2.12) lim o | &
. 51?01 2% Le b Ye,n|™ >
and
(2.13) lalﬁ)l(u(%h +h) —v(yen)) =My, .

As a result of the second equality, lim. | |2e,n — Ye,n| = 0.
As My > 0 > maxpg, (u(- + h) — v(-)), we know z¢p, yep, € Qi for some
) CC Qs and all small € > 0.
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Theorem 3.2 of [13] implies that there exist X = X, p, Y =Y.}, € Spxn such
i27+ 727_
that ((xa,h - ys,h)/Ea X) S JQ u(ms,h + h)7 ((xs,h - ya,h)/57 Y) € JQ U(ya,h) and

3 < I 0 ) ( X 0 > < I -1 >
—= < < .
eENO0 I 0 -Y -1 I
In particular, X <Y.
Next, we solve the problem via a dichotomy.
Case 1. Suppose that there exists h € R™ with |h| < 4, and a sequence ¢, — 0
such that x., n # ye, n for each k.
In this case, the following inequalities hold.

filee, n+h) <

™| w

—

< F(epn - hyu(e ot h), =00 X ) <

< F(zey n 4+ hyv(Yey n), @,X%h) < as F'is proper .

< F(xepn + hyv(ye, n), @,thh) = as F'is degenerate elliptic .
= F(Yer,h V(Yer ) @7 Yo n)+

Tey,h — Yep,h
+ {F(-rsk,h, + hav(ysk,h)7 %7&;«,11)7

Ty ,h — Yep,h
_F(ysk,hyv(yak,h)7 m7ysk,h)} <

< fo(Yern) + 00, (|Tepn — Yern + B -

For a subsequence of {er}, ze, . n — p and ye, . — yn. Aslimejo |ze, n —Yep,n] =0,
we know that z, = yp, and oo, (|Te, n — Yer.n + h|) < (1/2) info, (f1 — f2) for h
small enough, which leads to a contradiction with the assumption fi(xp) > fo(zr).

Case 2. For every h € R" with |h| < d, z., = ye,n holds for every small € > 0
and one pair (Ze p, Ye,h) -

Then M. j, = u(zep + h) — v(ye,n) = Mp. We simply write 2. = yep, = Tp.

The semi-convexity of u(- + h) and —v(-) implies that the two functions are
differentiable at the maximum point xj of their sum. The definition of x; shows
that

1
u(@n +h) —vlzn) 2 uly +h) —v(zn) — 5 lon = yl*
which in turn implies
1
u(an +h) 2 uly +h) - o lzn —y[?,

for small € > 0. So Vu(xp, + h) = Vu(xp) = 0.
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For small h, k € R",
Mp =u(zp,+h) —v(zp) >

> u(zk +h) —v(z) =
= My, +u(zk +h) —u(z, + k) >

> My, —o(lh—k|), asVu(zp+k)=0.

So DMy, = 0 a.e.as My, is Lipschitz continuous, which implies M}, = My for all
small h € R™.

At xg, either f1(z9) > 0 or fa(z) < 0 holds due to the fact f1 > fo. Without
the loss of generality, we assume that fi(z¢) > 0. The proof for the case fa(xg) <0

is parallel. So F(x,u(x),ﬂ(x),D2u(x)) > fi(z) > 0 in the viscosity sense in a
neighborhood of xg.
For any h with |h| < 4,
u(zo + h) —v(zo) < ulzp, + h) —v(zp) = u(ze) — v(xo) -
So u(zp) is a local maximum of u, which is a contradiction to the preceding lemma

2.1.
g

In order to prove the standard comparison principle for the normalized equation
(0.5), we again impose one additional structural condition on F. We assume that
there is a modulus of continuity o : (0,00) — (0, 00) with ¢(0+) = 0 such that

(2.14) Fz, 1+ t)r,q, 1+ 1)X) = (1+0(t))F(z,7,q,X)
holds for any t > 0, z € Q, ¢ € S', and X € S,,x,,. Under this condition and the

assumption that F' is degenerate elliptic, proper, locally uniformly continuous in z
and continuous in all other arguments, the following theorem is true.

Theorem 2.4. Suppose u, v € C(Q) satisfy
F(z,u(w), Vu(w), D*u(x)) = f(z)
and
F(z,v(x), Vo(x), D*v(z)) < f(x)
in the viscosity sense in the domain €, where f is a continuous positive function

defined on 2. Then

—) < —v).
s%p(u v)_r%%x(u v)

Proof. Without the loss of generality, we may assume that « < v on 02 and
intend to prove u < v in €.
For every small § > 0, we take

us(z) = (14 0)u(w) — 6||ull L= (a0) -
Then us < u < v on 99, and it is easy to see that
F(z,us(x), Vus(x), D2us(x)) > (14 o(8)) F(z, u(z), Vu(z), D*u(z)) >
> (140(9)) f(z) > f(z) >

> F(xz,v(z), Vo(z), D2v(z))
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in © in the viscosity sense.

The preceding strict comparison theorem 2.2 is readily applied to us and v. We
have shown that us < v in € for any small § > 0. Sending d to 0, we have u < v in
) as desired.

O

The uniqueness theorem follows from the preceding comparison principle.

Theorem 2.5. Suppose F' : Q fo X S % Spxn is the same as in the preceding
theorem, and that u and v € C(Q) are both viscosity solutions of the normalized
equation (0.5)

F(z,w(z), Vw(z), D*w(z)) = f(z)

in 2, where f is a continuous function defined in () such that either f > 0 or f <0
in Q holds. If, in addition, w = v on OS2, then u = v in .

The condition that f does not change sign in {2 is necessary. A counter-example
for the normalized infinity Laplacian

F(z,w(z), Vw(z), D*w()) = (D*w(z)Vw(z), Vw(z))

is provided in [22] to show that a uniqueness theorem fails without such a condition.

REFERENCES

(1] G. Aronsson, Minimization problems for the functional sup, F(z, f(z), f'(z)), Ark. Mat.,
6(1965), 33-53.

(2] G. Aronsson, Minimization problems for the functional sup, F(z, f(z), f'(z)). II, Ark.
Mat., 6(1966), 409-431.

[3] G. Aronsson, Eztension of functions satisfying Lipschitz conditions, Ark. Mat., 6(1967),
551-561.

[4] G. Aronsson, M. Crandall & P. Juutinen, A tour of the theory of absolute minimizing
functions, Bull. Amer. Math. Soc., 41(4)(2004), 439-505.

(5] M. Bardi & F. Da Lio, On the strong mazimum principle for fully nonlinear degenerate
elliptic equations, Arch. Math., 73(4)(1999), 276-285.

[6] G. Barles & J. Busca, Existence and comparison results for fully nonlinear degener-
ate elliptic equations without zeroth-order term, Comm. Partial Differential Equations,
26(2001), 2323-2337.

[7] E.N. Barron, R.R. Jensen & C.Y.Wang, The Euler equation and absolute minimizers of
L funcitonals, Arch. Rational Mech. Anal., 157(4)(2001), 255-283.

[8] E.N. Barron, R.R. Jensen & L.C. Evans, The infinity Laplacian, Aronsson’s equation and
their generalizations, Trans. Amer. Math. Soc., 360(1)(2008), 77-101.

[9] M.G. Crandall, An efficient derivation of the Aronsson equation, Arch. Rational Mech.
Anal., 167(4)(2003), 271-279.

[10] M.G. Crandall & L.C. Evans, A remark on infinity harmonic functions, Proceeding of
the USA-Chile Workshop on Nonlinear Analysis (Via del Mar-Valparaiso, 2000), 123-129
(electronic), Electron. J. Differ. Equ. Conf., 6, Southwest Texas State Univ., San Marcos,
TX, 2001.

[11] M.G. Crandall, L.C. Evans & R.F. Gariepy, Optimal Lipschitz extensions and the infinity
Laplacian, Calc. Var. Partial Differential Equations, 13(2)(2001), 123-139.

[12] M.G. Crandall, G. Gunnarsson & P. Wang, Uniqueness of co-harmonic functions and the
eikonal equation, Comm. Partial Differential Equations, 32(2007), 1-29.

[13] M.G. Crandall, H. Ishii & P.L. Lions, User’s guide to viscosity solutions of second-order
partial differential equations, Bull. Amer. Math. Soc., 27(1992), 1-67.

[14] L.C. Evans, The 1-Laplacian, the infinity Laplacian and differential games, Perspectives
in nonlinear partial differential equations, 245-254, Contemp. Math., 446, Amer. Math.
Soc., Providence, RI, 2007.



222

[15]
[16]
17)
18]
[19]
[20]
[21]

(22]

Guozhen Lu and Peiyong Wang

R. Jensen, Uniqueness of Lipschitz extensions: minimizing the sup norm of the gradient,
Arch. Rational Mech. Anal., 123(1)(1993), 51-74.

P. Juutinen, Principal value of a very badly degenerate operator and applications, J.
Differential Equations, 236(2)(2007), 532-550.

P. Juutinen, Minimization problems for Lipschitz functions via viscosity solutions, Ann.
Acad. Sci. Fenn. Math. Diss., 115(1998).

R.V. Kohn & S. Serfaty, A deterministic-control-based approach to motion by curvature,
Comm. Pure Appl. Math., 59(2006), 344-407.

P. Lindqvist & J. Manfredi, The Harnack inequality for co-harmonic functions, Electron.
J. Differential Equations, 4(1995).

G. Lu & P. Wang, Inhomogeneous infinity Laplace equation, Adv. Math., 217(4)(2008),
1838-1868.

G. Lu & P. Wang, A PDE perspective of the normalized infinity Laplacian, Comm. Partial
Differential Equations, 33(2008), 1788-1817.

Y. Peres, O. Schramm, S. Sheffield & D. Wilson, Tug of war and the infinity Laplacian,
to appear in Journal of American Mathematical Society.



