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ABSTRACT: In this paper we are concerned with gradient estimates for viscosity
solutions of fully nonlinear second order elliptic equations of the form F(D*u) = f with
bounded right-hand side. We generalize to a nonlinear setting the results of Yan Yan Li
and Louis Nirenberg [12] about the so-called Glaeser estimate. We improve also some
qualitative results in this direction contained in [4].

1 — Introduction and results

The Glaeser’s inequality, see [7], states that for any non-negative function
u € C?([-R, R)) with [u”(t)] < M for all t € [—R, R], the following estimates

hold:
1/ (0)] < /2a(O)M it M > 2“]‘%(20)

[u'(0)] < (@ + EM) it M <

R 2

The issue of bounding the first derivative of u in terms of u and v is a classical
one since the works of Hadamard [9], Kolmogorov [10] and Landau [11]. For
more recents results in this direction see [5], [13] and [14].
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In the recent paper [12], Y.Y.Li and L.Nirenberg showed the validity of the
Glaeser inequality for smooth non-negative functions with bounded Laplacian in
an n—dimensional ball. More precisely, they proved that if 0 < u € C?(Bg) N
C°(BpR) is any solution of the Poisson equation

Au=f
in the ball B = {z € R" : |z| < R}, then

|Du(z)| < C\/u(0)M if 20z < (/49 <R

IDU(x)ISC($+MR) it 2l < R</uO

(1.1)

where M = sup, 5, |f(z)|. The constant C' in the above inequalities depends

only on the dimension n and C' = /2 is optimal for n = 1.
Extensions to non-negative strong solutions w of linear second-order uni-
formly elliptic equations of the form

Tr (A(z)D*u) = f

are also treated in the paper [12]. In this more general case, the constants ap-
pearing in the corresponding Glaeser type inequalities depend on the maximum
and minimum eigenvalue of the positive definite matrix A(z) and the moduli of
continuity of the matrix entries as well as on n.

Our aim here is to present some new results concerning the validity of
Glaeser type estimates for non-negative continuous functions u satisfying in the
viscosity sense the fully nonlinear uniformly elliptic equation

(1.2) F(D?*u)=f in Bg

for bounded and continuous right-hand side f. Here F' is a real-valued function
defined on &7, the space of real n x n symmetric matrices.

Our leading assumption on F' is uniform ellipticity, namely that for real
numbers A > A > 0 the following structural condition holds:

(13)  ATr(YH) —ATr(Y ) < F(X +Y) — F(X) < ATr(Y") — ATr(Y ")

for all X, Y € §". Here we have used the standard decomposition of a symmetric
matrix Y € S™ in the foom Y =Y+ — Y~ with Y*Y~ =0 and Y* > 0, in the
sense of the partial ordering induced by semidefinite positiveness.

Note that Y — ATr(Y+) — ATr(Y ™) and Y — ATr(Y ") — ATr(Y ™) are,
respectively, the minimal and maximal Pucci operators usually denoted by Py 4,
P;f A See [2].
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Condition (1.3) appears therefore as a nonlinear version of the standard
notion of uniform ellipticity for linear second order operators. Observe that for
A = X =1 the class of functions F fulfilling condition (1.3) reduces to the single
operator F' = A.

Relevant examples of operators satisfying condition (1.3) are, of course, the
Pucci operator themselves, the Bellman operators

F(X)= 115 Tr (A; X)
where A;, i € I, is a family of positive definite symmetric matrices such that
(1.4) NEP < AE-€<Alef forall ¢cR,
and the Isaacs operators

F(X) =supinf Tr(4;; X)
jeJgiel

where A;;,i € I, j € J, is a double-indexed family of symmetric matrices satis-
fying (1.4). We shall also assume for simplicity that

(1.5) F0)=0
Our main results are the following:

THEOREM 1.1. Assume that F satisfies (1.3) and (1.5). If u € C°(BR) is
a non-negative viscosity solution of F(D?*u) = f in Bg with f € C°(Bg), then
u is differentiable at any x € Br and the inequalities (1.1) hold true with M =
supg, |f| and some positive constant C' depending only on n and the ellipticity
constants X\, A.

This result is based on the Harnack inequality for non-negative viscosity
solutions and the C™“ regularity of continuous (not necessarily non-negative)
solutions of equation (1.2). Let us state below this result of independent interest.

THEOREM 1.2. Assume that F satisfies (1.3) and (1.5). If u € C°(BR) is
a wviscosity solution of F(D?*u) = f in Br with f € C°(Bg), then u € C1*(Bg)
for some o € (0,1) and
(1.6)
||UHL00(BR/2) + R ||DUHL00(BR/2) + Rl-‘ra [DU]Q,BR/2 S C (||UHLOO(BR) + R2 M)

where M = supg,, |f| and C > 0 depend only on n and the ellipticity constants
X and A. ‘
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Here [h]s,o denotes the Holder seminorm

[h]a,0 = sup M

sven |z —y|*
x#Y

Theorem 1.2 can be regarded as a consequence of Theorem 2 of Caffarelli [1] and
Corollary 5.7 of [2], where C1:®- estimates are established for solutions of the
homogeneous equation F(D?u) = 0.

Should we adopt the slightly stronger notion of L™-viscosity solutions which
require testing subsolutions and supersolutions on ¢ € VViC” rather than on
@ € C?, see [1], [3], then the assumption of continuity of f can be dropped and
it is enough to assume f € L in order that Theorems 1.1 and 1.2 remain true
for L™-viscosity solutions.

Rather precise information about the constant C in the statement of The-
orem 1.1 can be obtained under some symmetry assumption on F.

A mapping F' : 8™ — R is reflection-invariant with respect to the unit vector
v e R"if

(1.7) F(RXR)=F(X) forall Xe&"

where R is the reflection matrix with respect to the hyperplane of equation
v-x=0.
If, for instance, v = (0,...,0,1) then

— ]Infl O
= )
where I

., is the (n — 1)-dimensional identity matrix.
By suitably exploiting reflection-invariance properties of F' we obtain the
following form of the gradient estimate:

THEOREM 1.3. Assume that F satisfies (1.3) and (1.5). Assume also
that F is reflection-invariant with respect to n linearly independent unit vectors
Viy.eooylVUnp.

If u € C°(BR) is a viscosity solution of F(D?*u) = f with f € C°(Bgr), then

1 n 1 1
(1.8) (&)2[Du(0)] < & (1+5§)2 SEUP|U| g (1+5)72 s%lplfl
R R

where 1 is the least eigenvalue of the positive definite matriz S € 8™ with entries
Sij =V I/j.
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It is easy to check that if the directions v; in the statement of Theorem
(1.3) are mutually orthogonal then p = 1. Instead, if F'(X) depends only on the
eigenvalues of X, then we obtain the better estimate

1 _1
(1.9) |Du(0)] < 2 (1+4)z sup [ul + E(1+4)> sup ]
R R

In the special case A = A = 1, F(X) = TrX, the above reduces to a well-known
estimate for classical solutions of the Poisson equation Au = f, see [8].

2 — A few facts about viscosity solutions

Let us recall for the convenience of the reader the notion of viscosity solution
of equation (1.2) with f € C°(Bgr) and F as above.

A function u € C°(Bg) a viscosity subsolution of (1.2) if for all zo € Bpg
and ¢ € C?(Bg) such that u — ¢ has a local maximum at x

F(D*p(x0)) > f(xo)

On the other hand, w is a viscosity supersolution of (1.2) if for all g € Q and
¢ € C%(Bg) such that u — ¢ has a local minimum at

F(D*p(x0)) < f(x0)

A viscosity solution of F(D?u) = f is both a subsolution and a supersolution.

Let us point out that classical solutions u € C?(Bg) of equation (1.2) are
also viscosity solutions and, conversely, if u € C?(Bpg) is a viscosity solution of
(1.2) then u is a classical solution of the same equation.

For a general review of the theory of viscosity solutions of fully nonlinear
second order elliptic equations we refer to [6] and [2].

A fundamental tool in the regularity theory for viscosity solutions is the
Harnack inequality, see [1],[2]. Here we quote it in an appropriate version:

THEOREM 2.1. Assume that F' satisfies (1.3) and (1.5). Ifu € C°(B,) is a
non-negative viscosity solution of equation F(D?*u) = f with f € C°(B,), then

(2.1) supu < C (jignf u+ r2||fHLoo(B,,,))
3y

By,
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3 — Proofs

PROOF OF THEOREM 1.2. Take first r = 1 and let |zo| < r1 < 1 so that

B,y (20) C Bisr, for pg = 152, For any o € (0,1) we have of course
2

(3.1) sup  p~ " [[fllLn(B, (20)) < I fllLoe(mr) <400

0<p<po
for p € (0, pp). Note that here the finiteness of the Morrey norm on the left-hand
side follows from the continuity of f, which is the natural assumptions in our
viscosity framework. Considering instead L™-viscosity solutions we could bypass
both continuity and boundedness assumption on f. In this case, for instance,
SUD,eB, |f(z)||z|'~®" < 400 should be sufficient.

Furthermore, since F' satisfies (1.3) and (1.5), by an important regularity
result due to L. Caffarelli, see [2], Corollary 5.7, any continuous viscosity solution
w € C°B,) of the homogeneous equation F(D?*w) = 0 is C%(B,.) for some
@€ (0,1) and

(3.2) wl| Lo (B, ,5) + | Dwll (5, ;) + ' [Dwla,p, ,, < CllwllL=s,)

r/2

with C' > 0 depending only on n, A and A.
Thanks to (3.1), (3.2) we can apply Theorem 2 of [1] to deduce that u is
differentiable at xq, its gradient satisfies the inequality

(3.3) |Du(wo)| < C (lull Lo (y) + [ fllz=(s))) : = Car
and
(3.4)  |u(z) —u(zo) — Du(zo) - (v — 20)| < Co |z — xo\H‘o‘,, |z — 20| < po

for some o’ € (0,1).

Our aim now is to evaluate the oscillation of Du on a compact subset K of
B,,.

At this purpose, for € € (0,1) to be chosen in the sequel, take p; > 0 such

1

that p; ° = 1 po. Hence,

B ;(l‘l) CB%po(l‘o).

1T
3P

for any z; € K with |21 — x| < Z-. Consider then

1 =x0+ he, le|=1, 0<h<%

and set, if Du(x1) # Du(zo),
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Choose now x € By, (1) in such a way that
r=x0+h' v

By the choice above, x € B, (z9) N B,,(z1). Since 1 € K, inequality (3.4) still
holds if we replace xg with z1, leading to

|u(z1) — u(zo) + Du(zq) - (x — 21) — Du(zo) - (x — zo)|
<, (|x - x0|1+a/ +Cy |z — x1|1+°‘/>

and, consequently,
(3.5) |Du(xy) — Du(xo)| k' =5 < [Du(z1)| h+ |u(z1) — u(w)| +2C o hOF) 1=

Observe that inequalities (3.3) and (3.4) hold uniformly on K so that, dividing
(3.5) by h'~¢, we get

u(z1) = u(zo)|

he +2C . B> (172
|z1 — 20

|Du(a1) — Du(ay)| < Car h* +

<20 he +2C, (=9

, we obtain the desired oscillation estimate

Finally, choosing € = %/a,

(3.6) |Du(21) — Du(xo)| < 4Cq hTre” = 4C o |11 — 20| THe7

for zg, 21 € K.
This, with the uniformly boundedness of u and Du in K shows that u €
Cle(K) with a = ﬁ;,, and the estimate (1.6) follows in the present case r = 1.
If » # 1, let us consider the scaled function a(y) = u(ry), ly| < 1. Flt is
easy to check that @ is a continuous (up to the boundary) viscosity solution of

the equation
G(D*u(y)) = g(y) = r*f(ry)

in |y| < 1, where G(Y) = r2F(r~2Y) is uniformly elliptic with the same elliptic-
ity constants A and A as F'.

Therefore, the C*“-estimate (1.6) already proved for » = 1 applies to @
yielding (1.6) in its scaled form. 0

PROOF OF THEOREM 1.1. Let |z9| < 5, 0 <r < R. Applying Theorem 1.2
in the ball B, 5(x¢), we get in particular

rIDu(@) < C (Jull (s, ey + 7 11,0
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< C (lullzeqy )+ 72 1 l5y.))

for [z — 20| < §. Then,

1
(3.7 Du@) £ (Hlullcag) + 71 licay ) )

for |x| < L. Hence, by the Harnack inequality (2.1), we have

r
3

Do) £ (O +r1limay,)) o lel <
The assertion follows by optimizing with respect to r € (0, R) the right-hand
side of the above inequality. O
The proof of Theorem 1.3 is performed using a different technique, based
on the Maximum Principle and, more precisely, on comparison results between
viscosity sub and supersolutions. A major step in the proof is contained in the
next Lemma which can be seen as the extension to our nonlinear setting of a
well- known result for the Poisson equation, see [8], Theorem 3.9.

LeMMA 3.1. Assume that F' satisfies (1.3) and (1.5). Assume also that
F' is reflection invariant along some direction v, see (1.7). If u € C°(By) is a
viscosity solution of the equation F(D*u) = fwith f € C(Bg), then

1 —1
(3.8) D,u(0)] < % (1+4)% suplul + £ (1+4) 7% sup| f
Bd Bd

where D,u(0) is the directional derivative of w at x = 0 along the direction v.

PrROOF OF LEMMA 3.1. Let u € C°(B,) be a viscosity solution of the
equation
F(D?*u) = f

in By. By Theorem 1.2, u is differentiable at z = 0. Setting M = supg, |f], we
have

(3.9) ~M < F(D*u) < M

in By in the viscosity sense.
Up to a rotation, which does not change the ellipticity constants of F' and
the L*°-norm of f, we can suppose that the invariance direction is the z,,-axis.
Consider the open cylinder

K :={(z',2,) € R" | || < dVA, |z,| < dVA}
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so that K C By. Set x* := (2/, —x,,) and the reflected function
u*(z) :=u(z*) ze€ Ki=Kn{z, >0}
It turns out that u* € C°(K ;) and F(D?u*) = f* in the viscosity sense in K .
Indeed, if 79 € Ky and ¢ € C?(K,) touches u* from above at xq, then ©*
touches u from above at xj € By. Therefore,

F(D?*¢*(x3)) > f(xg) > —M

By reflection invariance F(D?¢(z)) = F(D?*¢*(z})) > —M. A similar argu-
ment for supersolutions yields the inequality

(3.10) F(D*u*) <M

in K in the viscosity sense. Setting

u— u”
3.11 0=
(3.11) i="
and using Theorem 5.3 in [2], we get
(3.12) Pia(D*a) > —M, P; (D*a) <M

in K in the viscosity sense. Note that the argument of the above mentioned
Theorem 5.3 of [2], concerning sub and supersolutions of the homogeneous equa-
tion F(D?u) = 0, still holds for a nonzero constant right-hand side.

Next, we construct a smooth barrier function:

where N = supy |u|. A simple computation shows that

PLAD®) =A% (- 1) A (25— + 5 ) = -u
’ Ad Ad A
By (3.12) we obtain then
(3.13) PYA(D*(@—®)) > 0> Py (D*(a+®)) in Ky

On the other hand, for x € 0K, we have

N|$/|2
= — >

O(x) = = A >0>u on z,=0

SH
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®(z) >N >|a| on |2/|=dVA and z, = dVA

This provides the boundary conditions
1—-—®<0<a+P ondK;

which, coupled with equations (3.13), by the Maximum Principle yield
1—-®<0<a+® in K,

Taking now z’ = 0 and dividing by z,, > 0, we get

) w08l X (122 M (3 )

Letting x,, — 07 we conclude that

n d
|tz (0)] < = sup |u] + —=sup|f]

d K 2V K

From this it is immediate to derive the validity of inequality (3.8). O

PrOOF OF THEOREM 1.3. This is matter of elementary vector calculus. In
fact, let vy = (Vg1,. .., Vkn), k= 1,...,n, then

n

S IDu(0) - w2 =Y (Dum) ~ va) Du(0) -y vije;
k=1 i=1 j=1

k=1

=3 ( ) i (0) i, (0) = 7 8151, (0) s, (0) 2 g | Du(0)
k=1

ij=1 ij=1

and the statement easily follows from (3.8). O
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