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Regularity for radial solutions of degenerate fully
nonlinear equations.

I. Birindelli
Universita di Roma la sapienza, instituto Guido Castelnuovo
F. Demengel

Université de Cergy-Pontoise, AGM UMR 8088

Abstract

In this paper we prove the C1'# regularity of radial solutions for fully
nonlinear degenerate elliptic equations.

1 Introduction

In this paper, for f a continuous radial function, we prove the regularity of radial

solutions of
F(z,Vu, D*u) = f,

when F' is a fully nonlinear degenerate elliptic operator, homogenous of degree 1
in the Hessian and homogenous of some degree o > —1 in the gradient, which is
elliptic when the gradient is not null.

Precise conditions on F' will be stated in the next section. For the moment
we list some operators that belong to the class of operators we consider for the
regularity results. Maybe the most typical is

F(Vu, D*u) = |Vu|* M, a(D*u)

where M, 4 is one of the Pucci operators (i.e. either M, 4 = M(J{’A or My a =
M, 4). So it is fully nonlinear in the Hessian, but ”quasilinear” in the gradient.
Another important example is the a + 2-Laplacian i.e.

F(Vu, D*u) = Aqiou = div(|Vu|*Vu)
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or, more in general,

Vu Vu

F(Vu, D*u) = |Vu|*(pitr(D*u) +p2<D2um, W»

with p; > 0 and p; + py > 0.

Before stating our main result let us mention the state of the art concerning
regularity results of fully nonlinear equations. Of course it would be too long to
state all that is known so we will just recall those closer to the scope of this paper.

We begin by recalling that when the operator £ is fully nonlinear but uniformly
elliptic and independent of the gradient, it is known (see e.g. Evans [11], Cabré,
Caffarelli [7], [5], [8]) that u is C** for some 3 € (0,1); when F is concave in the
Hessian the solutions are C%7.

In the radial case, N. Nadirashvili, S. Vladut in [15] have proved C? regularity
of radial solutions for a more general class of fully nonlinear operators uniformly
elliptic. In particular for N < 3 the solutions are C? even without requiring the
convexity assumption of the operator.

On the other hand in the quasi linear case, but when the operator is in diver-
gence form, for example when F is the (a + 2)-Laplacian, the C1# regularity of
weak solutions was proved by Evans [12] and Di Benedetto [10]. This regularity will
hold for radial viscosity solutions, since it is possible to prove that radial viscosity
solutions and weak solutions coincide. The proof given here provides an elementary
way to obtain the same result in the radial case.

Finally let us recall that in a previous paper [3] we proved that for F' such that
F(Vu, D*u) := |Vu|*EF(D?u) and for a € (—1, 0] all solutions of

\Vu\aF(D2u) = f(z), (1.1)

are CYP.

(if F'is concave we obtained that the solutions are C>#). In that case, differently
from here, the operator is "more elliptic”. Briefly speaking, the result is obtained
by proving that the solution of (1.1), are in fact solutions of

F(Du) = f(z)|Vu|™

in the LP viscosity sense. This uses the Lipschitz regularity of u and a fixed point
argument. Of course, this argument fails in the case a > 0.

So that the case o > 0 was completely open. Let us emphasize that regularity
results for degenerate elliptic operators that are not in divergence form are in



general very difficult. The difficulty comes from the fact that difference of solutions
are not sub or super solutions of some elliptic equation. As an example, let us recall
that for the infinity Laplacian A, the solutions are known to be in CY* for small
£ > 0 only in dimension 2, and only for f = 0, see [13].

We now state the main result of this paper, which holds under the hypothesis
described in section 2.

Theorem 1.1 If () is either a ball or an annulus, any radial viscosity solution of
F(x,Vu, D*u) = f(|z|) in Q

is CH(Q).
Furthermore, suppose that either N < 3 or, for any N > 3, suppose that

. . 1.1 .,
M — F(x,p, M) is convex or concave, then u is C"Tra everywhere and it is C* on
) ) )
points where the deriwative is different from zero.

Remark 1.2 Observe that where the radial derivative is zero the Holder continuity
at2

of the first derivative is optimal. Indeed it is easy to see that u(zx) = |x|ril is a

viscosity solution of

]Vu|aMIA( u) =c

a+1
fore=(282)" A(L + N —1).

Beside its intrinsic interest, the regularity question was raised naturally while prov-
ing the simplicity of the principal eigenfunctions : In recent years, the concept of
principal eigenvalue has been extended to fully nonlinear operators, by means of
the maximum principle (see [1]). The values

AH(Q) = sup{\,J¢ > 01in Q, F(x, Ve, D*¢) + A" ™ <0 in Q}

A (Q) = sup{\, I < 0 in Q, F(x, Vip, D*Y) + A[¢|* >0 in Q}
are generalized eigenvalues in the sense that there exists a non trivial solution to
the Dirichlet problem
F(V¢,D*¢) + X5 ()40 =0 in Q, ¢=0 on .

In [3], we proved that, for F satisfying (1.1), these eigenfunctions are simple as
long as 02 has only one connected component. This result extends to the situation
where 02 has at most two connected components when the dimension is 2, and



when F is convex or concave. In the first case, the proof uses the fact that the
eigenfunctions are C*?, in the second one, that they are C? .

Of course we use viscosity solutions, and then, as can easily be imagined, the
difficulties arise where the derivative is zero. So we will check that if ' # 0 in the
viscosity sense at some point, then this holds in a neighborhood, and furthermore, in
that neighborhood the solution is C!. Then we treat the points where v’ = 0 in the
viscosity sense. The proof relies only on the comparison principle, Hopf principle,
the regularity results of [9] and [6] , together with some classical analysis.

The Holder regularity of the derivative of the radial solution will require a more
involved argument which is somehow less viscous and the proof is in section 4.

In the appendix we prove the equivalence of the notion of viscosity solutions.

After submitting this paper, we received a nice preprint from Imbert and Sil-
vestre [14] where they prove interior Holder regularity of the derivatives for any
solution of (1.1) with o > 0. Their technics is very different from our and uses
an “improvement of flatness lemma” in order to estimate the oscillation of the
gradient.

2 Hypothesis and known results.

In all the paper we suppose that either €2 is a ball or an annulus. We shall consider
solutions of the following equation

F(z,Vu, D*u) = f(|z|). (2.2)

The function f is supposed to be continuous on [0, R] when Q = B(0, R), on [Ry, Rs]
when Q = B(0, Ry) \ B(0, Ry).
The operator F is supposed to be continuous on  x (IRV)* x S, where S is the

space of N x N symmetric matrices and to satisfy:

(H1) For some a > —1, for all x € €, for all p # 0 and N € S and for all t € IR
and p > 0, F(z,tp, uN) = [¢[*puF (z, p, N).

(H2) F is fully nonlinear elliptic, i.e there exist some positive constants a and A,
such that for any M € S and N > 0 in S, one has

alp|"tr(N) < F(a,p, M + N) = F(z,p, M) < Alpl*tr(N).



(H3) Fis an Hessian operator, i.e. forany M € S and O € O(n,R), F(Ox,! Op,! OMO) =
F(x,p, M).

(H4) There exists v > 0 and s €]1/2,1] such that for all [p| =1, ]¢/ <3, M €S
|F(2,p+q, M) = F(x,p, M)| < v|q|"| M|

which implies by homogeneity that for all p # 0 , |g| < %, MesS

|F(z,p+q, M) — F(z,p, M)| < v|q|"|p|*~"| M|

We need to precise what we mean by viscosity solutions :

Definition 2.1 Let Q2 be a domain in IRY, let g be a continuous function on Q x
IR, then v, continuous in  is called a viscosity super-solution (respectively sub-
solution) of F(x,Vu, D*u) = g(z,u) if for all xy € ,

- Fither there exists an open ball B(xg,d), 6 > 0 in  on which v equals to
a constant ¢ and 0 < g(x,c), for all v € B(xg,0) (respectively 0 > g(x,c) for all
x € B(xg,9)).

- Or ¥y € C*(RQ), such that v — ¢ has a local minimum (respectively local
mazimum) at xo and Vp(xg) # 0, one has F(zo, Vo(xo), D*0(10)) < g(x0,v(10)).
(respectively F(xo, Vip(xo), D*(20)) > (w0, v(20)))-

A wiscosity solution is a function which is both a super-solution and a sub-
solution.

Let us observe that in the case where a > 0, the operator is well defined everywhere,
and then it is a natural question to ask if the viscosity solutions in the sense above
are the same as the viscosity solutions in the usual sense. The answer is yes as
is proved in the appendix of this paper. However, the Definition 2.1 presents the
advantage not to test points where the gradient of the test function is zero.

From now on we suppose that @ > 0 and that the solutions are "radial ”. Let
us observe that the hypothesis (H3) that F' be a fully nonlinear elliptic hessian
operator, implies that there exists some operator H defined on IR* x IR?, such that
if u(z) = g(|z|) is radial and C?, then, for r = |z,

F(z,Vu,D*u) = H(r,q",q)

with

1" (4 () + = 0)) + a6+ )

r

5



IN

H(r,g",9)
91" (A ((9”)+ + (9’)*)
+o (0 +=0))).

N -1

IN

We now recall some known results concerning the operators considered :

Proposition 2.2 ([2]) Suppose that Q is a bounded open set. Suppose that f and
g are continuous on Q such that f > g and suppose that F satisfies hypothesis
(H1) and (H2). Assume that B is some continuous and non decreasing function
on IR, and that v and v are continuous respectively sub- and super-solutions of the
equation

F(x, Vu, D*u) — (u) > [ in 9,
Fla, Vv, D*) — B(v) < g in ©,
with u < v on 0N).
If f >qginQ, orif f> g but B is increasing, then u < v in €.
We shall also need the Lipschitz regularity of the solutions:

Proposition 2.3 ([2]) Suppose that € is an bounded regular domain of RN . Sup-

pose that F satisfies (H1), (H2) and (H}). Let u be a C(2) solution of

F(xz,Vu,D?*u)=f inQ,
u=20 on 0,

then u is Lipschitz continuous in 2.

Remark 2.4 We shall use this Proposition for radial solutions, so it is clear that
the result holds when w is constant on the boundary, even if the constant is not
zero.

3 (! regularity

In the sequel, since we only consider radial solution, we shall denote, for simplicity,

ul

F[u] (T) = H(Tv u”v ?)



where, with a classical abuse of notation, u(z) will be identify with u(r) for r = |z|.
We will study solutions of F/[u](r) = f(r) on either the interval [0, R) or the interval
(R17 R)

The following two definitions will be useful.

Definition 3.1 For any (p,q) € R? and any r € [0, R|, we define the paraboloid

— q
wlp, q,7](s) = u(r) + p(s —r) + 5(s —r)2
We also give the following

Definition 3.2 For a Lipschitz continuous function u, we define the following so
called derivative numbers of u :
u(r) —u(r)

Ag(r1) = liminf ————
g( l> r—r1,r<ri r—1r ’

Ay(ry) = Timsup AP =T,

r—ry,r<ry r—rT

ey = g, =20

Ag(r1) = limsup M
r—=r1,r>71 r—rT
(Here "g” stands for "gauche” and ”d” stands for “droite”). Clearly for ry = 0,
only the "right” derivatives are defined.
We shall say that u/'(7) > 0 in the viscosity sense (respectively u'(7) < 0) if
inf(\,(7), \a(7)) > 0 (respectively if sup(Aq(7), Ay(7)) < 0).

On the opposite we shall say that u'(F) = 0 in the viscosity sense if one has
Ag(P)Aa(T) <0 and Ag(T)Ay(7) > 0.

Remark 3.3 Let us note first that for u solution of (2.2) all the numbers defined
above exist and are finite since the solutions are Lipschitz; furthermore we proved
in [4] that since f is bounded, Ny > g, Ag > N;. Finally, if all these numbers
coincide on 7, u'(F) exists in the classical sense.

We begin with a lemma which legitimates the fact that radial viscosity solutions
satisfy u/(0) = 0.



Lemma 3.4 Suppose that u is a radial continuous viscosity solution of Flu] = f
on [0, R), then u'(0) exists and it is zero.

Remark 3.5 We want to point out that for radial function, i.e. for the continuous
functions u defined on some ball of RYN, such that there exists v continuous on
0, 7], with u(z) = v(|z|), in order to test on points x # 0, it is sufficient to use
test functions which are radial. A consequence of Lemma 3.4 and Definition 2.1
is that we do not need to test at the point zero. As a consequence u is a viscosity
supersolution of Flu] = f in B(0, R) if and only if u'(0) exists and is zero, and for
all v # 0 and for all ¢ which is C* around 7 # 0 which touches u by below on ¥

Flp)(r) < f(7).
Proof of Lemma 3.4. The scope is to prove that
A4(0) = Aa(0) = 0.

We suppose first that Az(0) > 0. Let m’ < A4(0) arbitrary close to it. Choose §
small enough in order that

N -1
)
For this choice of m/, there exists r €]0, 0] such that

u(r) — u(0)

r

Let w := w[m’, 0,0] so that w(0) = u(0), w(r) < u(r), and

a(m/)lJra

> | floo-

>m' ie. u(r) > u(0) +m'r.

N -1

Flw](s) > a(m')HO‘T > f(s) on (0,r].

Then, by Proposition 2.2, w(s) < u(s), in [0, r]. Hence

u(s) — u(0)

>m/, and then A\;(0) > m'.
s

This implies, by the arbitrariness of m/, that A4(0) = A\4(0).

We now suppose that Ag(0) < 0. If A;(0) = 0 then so does A4(0) and the thesis
is proved, so we suppose that \;(0) < 0. We proceed with a proof which is similar
to the one above.



Let 0 < m' < —)\g(0) arbitrarily close to it. Choose § as above, by hypothesis,
there exists r €]0, 6], such that

u) —u©)

Let w = w[—m/, 0, 0], then w(0) = «(0), w(r) > u(r) and

Flw](s) < —a(m’)HO‘NS_1 < f(s) on (0,4].

Then by Proposition 2.2, w(s) > u(s) and then for all s € [0, 7],

u(s) — u(0)

By the arbitrariness of —m’ we obtain that A4(0) = A4(0). And the existence of
the derivative at zero is proved.

We now prove that it is zero. Suppose by contradiction that it is not, one can
suppose that it is positive, the other case can be done with obvious changes. Let
0 be small enough that

< —m/ and Ay(0) < —m/.

a(ul(o))l—l-a

Soira f(r) for r < 6.

The function o "o

o(x) = u(0) + u; ):cl + ull((s)a:f
touches v from below at zero and can be used as a test function and by definition
of supersolution

a(u'(0))+e
521+a

a contradiction with the choice of . This ends the proof.

< F(0,Vg(0), D*p(0)) < £(0),

We now state the main result of this section i.e. the first part of Theorem 1.1.

Theorem 3.6 Suppose that u is a radial solution of Flu] = f in Q. Then u is
CH(Q).

The proof of Theorem 3.6 relies on Proposition 3.7, Corollary 3.8 which give that
the derivative exists for any r and that it is continuous when it is not zero. Finally
Proposition 3.9 proves that « is continuous even in points where it is not zero.
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Proposition 3.7 Suppose that u is a radial solution of Flu] = f such that in T
one of the derivative numbers is different from zero.

Then in a neighborhood of 7, u' exists in the classical sense and the function u’
18 continuous in T.

Corollary 3.8 If, at r1, one of the derivative numbers is zero , then u'(ry) exists
and it is zero.

Proof of Corollary 3.8. By Proposition 3.7 if one of the derivative number has a sign
then u/(r1) exists and it is different from zero, which contradicts our hypothesis,
so all four derivative numbers are zero and «'(r;) = 0 in the classical sense.

Proof of Proposition 3.7. There are, in theory, 8 cases to treat, because each of the
derivative numbers may be either positive or negative. But in fact considering the
function v = —u, that satisfies

Glo] = —Fl=v] = -,

it is enough to consider only half of the cases.
What we want to prove is that, for any 7 as in Proposition 3.7,

30 > 0, Aa(1) = A\g(r) = Ag(r) = Ay(r), Vr € (F — 6,7 +9). (3.3)

Claim 1: A,(7) = k < 0 implies the thesis (3.3).
We first prove that

Ag(7) < pp < 0= 36 >0, sup(Ag, Ay, Aa, Ag)(r) < p <0, Vr € (F=6,74+6). (3.4)

Let u' €]A4(7), p[, and let 67 > 0 be small enough in order that 1,% > A4(7). Let
09 < 01 be small enough in order that

a|lu|1+a
—(1 — \/5—2)\/5—2 > |f|oo (3'5)

Let 03 < L such that for § < inf(dy, 02, d3)

u(F 4+ 6) — u(r) W
T v/

By the continuity of u, for any fixed 9, there exists d4 such that for r €] —dy, 7+ 04]

u(r +9) —u(r) oI

d T 1-Vor
10

(3.6)




For any such r let
i
wi=w(p, ——————, T
( (1 —=Vo)V5 )
Then

w(r) =u(r), w(r—+40) > u(r+9),

and using (3.5) it is easy to check that w is a supersolution in [r, 7+ 4|. From this,
using Proposition 2.2, one gets that w(s) > u(s) on [r,r + d] and then

u(s) —u() _

which implies that Ay(r) < pu. Exchanging the roles of r and s one obtains also
Ay(r) < p. This proves (3.4 ).
To complete the proof of Claim 1 we prove that

0> Ag(r) > p =36 >0, inf(Ag, Ay, Ag, Ag)(r) > p, Vr € (T —0,7+9). (3.7)

Indeed (3.4) and (3.7) imply the thesis (3.3).

The proof of (3.7) proceeds in a fashion similar to the proof of(3.4), we give
the details of the computation for completeness sake. Let 0; < inf(, 1) be small
enough in order that -£7= < Ay(7), that

A N —1 14+«
8A( >< a and that | *a

r VoL 2(1 + V/o1) e/,

As above, there exists d4 such that for § < d; small enough and for r €]7—dy, 7+d4],

> | floo- (3.8)

u(r+9) —u(r) .k
§ L++/0;
We define, on [r,r + 4],
w = | |1
T M? 7T]

(1+V86)Vo

then w(r) = u(r), w(r +9) < u(r + J) and, using (3.8), w is a sub-solution in
[r,r + §]. Then
w(s) < wu(s) on [r,r+ 4.

Finally one gets that for r €|7 — 04,7 + 4], and s € [r, 7 + ]
u(s) > u(r) + p(s —r).

11



Hence
Aa(T)

2 [
Exchanging the roles of r and s, one gets A\,(r) > p. This proves (3.7) and it ends
the proof of Claim 1.

Claim 2: \,(7) = k > 0 implies the thesis (3.3).
Indeed for v = —u,

Aau(T) = —Ngo(T)

(here we have added in the index the function for which the derivative number is
computed) so it is enough to use Claim 1.

The proofs of the following claims are similar to the proof of (3.4) or (3.7) but,
of course, each case needs a different choice of parabola w, so we give the details
for completeness sake.

Claim 3: A,(7) = k > 0 implies the thesis (3.3).

1+aa

Suppose that 0 < p < Ay(7), and let 6; > 0 such that W > | floo- Let
J2 < 6y such that 2= < Ay4(F). As before, let 65 < inf(dy, d2) such that for § < ds,
L8 — (P
u(F+0) ()

1—/0y
Finally let d4 such that, for r € [T — 04,7 + d4],

u(r+6) — u(r) [
5 T1oo,

,7]. Then w(r) = u(r), w(r +0) < u(r+4§) and w is a

Define w = w|y, (1_\’/%)\/3

sub-solution.
Hence, by Proposition 2.2, w(s) < u(s) on [r,r + §], which implies that for
r €]F — 04, T + 04,
inf(Ag, Ag, Ags Ag)(r) > > 0.

We are back to the hypothesis of Claim 2, which implies the thesis .
Claim 4: Ay (7) = k < 0 implies the thesis (3.3).
Let p be such that 0 > p > Ay(7). Let 6; < %, +/0; < inf(1,

1_%, and such that

san)» M) <

™ "a

20— o Ml

12



As before there exists d; < d; such that for r €]F — 4,7 + 04 and for § < J, one

has
u(r—6) —ulr) _ g

—0 T 1-Ver

Then

=w 7‘/” ris
wls) = wlp, = e 1)

is a subsolution which satisfies w(r) = u(r), w(r — 0) < u(r — d). Then, by
Proposition 2.2, w(s) < u(s) in (r — d,7). This in turn implies that

sup(Aa, Ag, Aa, Ag) (1) < pn < 0.

We are once again in the hypothesis of Claim 1 and we are done.
Claim 5: Ay (7) = k > 0 implies the thesis (3.3).

Let p be so that Ay >y > 0. Let d; be such that ¢, < I, 17% < Ay,

ar ,LLl+aCl

Vo1 < it oy =) @ s vayve > M

As before for 0 fixed, § < 07, there exists some ¢, < d; such that for r € [F—dy, 7F+d4],
ur—8) —ulr) _  p
—0 R
We define w := w|u, %,r], then w(r) = u(r), w(r—9) > u(r —0) and by the

(1-
assumptions w is a supersolution on (r — d,7). Once more this implies that

inf(Ag, Ag, Ag, Ay)(r) > >0, Vr € (7 — 6,7 + ).

And we conclude with Claim 2.

Again, using v = —u, the Claims 3, 4 and 5 give that respectively A\y(7) =k <0
or A\g(7) =k < 0 or \y(7) = k > 0 imply the thesis (3.3).

Observe that in fact, (3.4) and (3.7) prove more than Claim 1 because they
imply that the derivative of u is continuous in points where the derivative is not
zero. And this ends the proof.

We finally give the last step of the proof of Theorem 3.6:

Proposition 3.9 ' is continuous on points ¥ where u'(7) = 0.

13



Proof. We treat separately the case 7 = 0 and 7 # 0. In the latter case, let

.. T aette w(r —08) —u(r) e
e >0and d; < 1nf(§, m), such that o) < 2

for § < 4;.
Fixing such §, let d, < 07 such that for r € [F — 02,7 + d3], by continuity,

u(r—o8)—u(r) €
W S 9- Then

u(r = 8) > u(r) + < (—9).

€
2
Let w := wle, 55,7]. Then w(r) = u(r), w(r —9) < u(r —4) and, by the hypothesis
on 0, w is a sub-solution on [r — §,r|. Then w(s) < u(s) for r € [r — 09,7 + 02], and
s € [r — §,r]. By passing to the limit when s goes to r it gives

<
<

u'(r) <e.

We now prove that for all € > 0, there exists a neighborhood of 7 where v’ > —e.

Let, as above,

a€1+a

51 < 1nf(2 W

),

such that for § < 51, << W_

Fixing such 6, let 52 < 07 such that for r € [F — d5, 7 + 5], by continuity,
u(r —0) — u(r) S ~€
(—9) T2

Let w := w(—e¢, 35,7). Then w(r —0) > u(r —6), w(r) = u(r) and w is a super-

solution on [r — 0,7]. Using again Proposition 2.2

w(s) > u(s),

and passing to the limit u/(r) > —e.

We now consider the case where 7 = 0. We want to prove the inequality |u/| < €
in a neighborhood of zero.
Take any € > 0, by Lemma 3.4 there exists 6. > 0 such that

u(9) — u(0)

<
5 =

V6 € (0,6.).

€
27

14



Let 6 < min(%, d¢), by the continuity of u, there exists d; < ¢ such that for
r € [0,0 4 &),
u(r) —u(r —0) S
5 >
Let us consider w := w[—e¢,0,7]. Then u(r) = w(r), w(r —J§) > u(r — §) and,
with our choice of §, w is a supersolution in [r — §,7]. By Proposition 2.2 we have
obtained that

—€.

u(s) <w(s) on [r —4,r]
and then
u'(r) > —e, Vr €[8,0 + 1]

aelT*(N—1) 5 )

In particular, u/(§) > —e for any § < min( Ml

In a similar fashion, for any ¢ < min(%, d.) and for all r € [0, + 1]

u'(r) <e.

This is the desired result and it ends both the proof of Proposition 3.9 and the
proof of Theorem 3.6.

4 CY regularity.

We now state the main result of this section which is also the second part of
Theorem 1.1.

Theorem 4.1 Suppose that N < 3 or for any N > 3 that M — F(x,p,.) is convex

or concave and that u is a radial solution of Fu] = f in . Then u is CI’H%(Q)
and it is C* where the derivative is different from zero.

The case where the derivative is different from zero is easy to treat:

Proposition 4.2 Suppose that forr, > 0, u'(r,) # 0 in the viscosity sense. Then,
on a neighborhood around r,, w is CYP for some B, and if N < 3 or for any
dimension when F is convex or concave, u is C>P.

Proof of Proposition 4.2. Observe that we now know that v’ is continuous, so we
can consider F(x, D*v) := F(xz, Vu, D*v) and clearly u is a solution of

F(z,D*v) = f(x).
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Observe that condition [(H4)] implies that we are in the hypothesis of [7] in
Br,+5 \ By, _s for some § > 0. Hence u is C1* on that annulus. Similarly if F is
concave or convex we are in the hypothesis of [11] and [7] and u is C*”.

Note that when N < 3, the C?# regularity holds without the convexity or
concavity assumption thanks to [15].

To prove the Clira regularity result on any point, including those with the
derivative equals to zero, we begin to establish a technical lemma.

Lemma 4.3 Suppose that u is a radial C* viscosity solution of (2.2), and that on
Ir,s[, 0 <r<s,u >0. Then

|4/ (5) < |/ (1) + (L + ) [ eaa(f(0)at (4.9)

where €, 4(x) = % — L furthermore, for v = 2(N —1)(1+ «)

etz (3 s (- ().

Ifu' <0 on]r s, 0 <r<s, then
/[0 (5) > |/ (1) + (L + ) [ eaa(f(0)at (4.11)

and

et (2) e s ()

Proof : We start by supposing that v’ > 0 in (r,s). Since u” is continuous then
(u”")"}(IRT) is an open set of IRT and there exists a union of numerable open
sets UneN|Tn, Tna1[, with |r, s[= Upen]|rn, rns1[ where w” is of constant sign on each
interval |r,,, ,11[. By redefining in an obvious fashion the end points of the intervals
one can suppose that |r, s[= Upez|r, rns1] with @’ > 0 on [rgp, 72p11] and v’ < 0

on [7“2p+1,7“2p+2]-
Then, n [Tgp, 7’2p+1],

(N

a(u” + 7«_1)U’>|u’|“‘ < f(r) S AW + )| (4.13)
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and, n [TQP-H? T2p+2],

(V-1

(A + a A(N

) < f(r) < (au” + r_l)u/)]u/|a. (4.14)

We begin to prove (4.9) using the inequality on the left of f. In each case one can
drop the term |v/|*u/, hence integrating and using 1]:1, f < €a.4(f), this imply (4.9)
a

on [rop, Tap+1] and on [ropi1, Topia).
Let now P arbitrary large negative and N arbitrary large positive, rp close to
r and ry close to s,

W rn) < )+ (L a) [ )t

TN-1

< W)+ () S [ aats @)

and one obtains (4.9) by passing to the limit when P and N go respectively to —oo
and +oo.

We now prove (4.10). In [rgpi1, ropso], since v’ < 0 we multiply the second
inequality of (4.14) by @rAi(Nig(Ha) — (+ae)

:= =17 and integrating one gets

rpt2 (1 4+ )

frde.

Papralt "0 (rapr2) 2 13y [0 (o) + | -
2p+1

Hence dividing by 73,4, using f > —|f|s one gets

Y Y
o T o 1+« T2p+2 t
0|0 (rapiz) = () el (o) — ) ( ) dt.
T2p+1

Top+2 a T'2p4+2

Similarly, if v > 0, multiplying (4.13) by (1 + a)r®=D0+a) .= (1 4+ a)r" one gets

i Y1
1 T t
( T2p ) |u/|aul(r) . ( +a)|f|oo/ 2p+1 ( ) 2
T2p+1 A T2p T2p+1
vy vy
1 T2p+1 t
( T2p > ]u’|au’(7’2p) N ( +Oé>|f|oo/ -+ < > dt
Top+1 Q T2p Top+1

We have used the fact that vy = (N — 1)(1 + ) < (N — 1)(1 + a)% := v and
AIN-1)(14+a)+A>AN-1)(1+a)+a.

Y]

|| (raps1)

Vv
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Using the same decomposition of |r, s[= Unez|rn, "nt1], with «” of constant sign
in each interval, for P large negative and N large positive , rp close to r and ry
close to s, one has

S B e N R e R Gk

N a N

v ¥
> () (B o)
N-1 Y
(Y e (Y,
(Y a rN—2 \T'N-1
TN vy
a rn—1 \TN
_ TN=2\""\ jia, s . [flo(+a) v (t>7
B (TN> e (=) a /TN2 TN dt
Y 1 TN il
> (TP> |u'|au'(rp)_‘f|°°(+a)/ <t) dt.
N a rp N

By passing to the limit when P and N go to —oo and 400 one obtains (4.10) .
The inequalities (4.11) and (4.12) can of course be proved either in the same

manner or considering v = —u as the solution of
Glo] = —f
and G[v] = —F[—v] which possesses the same properties as F.

End of the proof of Theorem 4.1. We are left to prove that u € ClTe in aa
neighborhood of 71 such that «/(r;) = 0.
Suppose first that 71 # 0 and take 5 <7 < r;. We shall prove that

271 )| floo(1
|ul|a+1(7“) S (7 + )Jlf’ ( + Oé) (Tl _ T). (415)
For that aim, suppose first that «/(r) > 0 and let s be the first point between 7,
and 7, so that u/(s) = 0. Then «’ > 0 between s and r and inequality (4.10), with

v = w, becomes

lu/|*u/ (s) = 0 > (Z)” [ (1) — A(]\;Jioigt;rog; — (1 - <Z>7+1>

18




and then

o V' U fle(l+ ) AN
| (r) < <T>1MN_¢X1+Q)+a<1_<S> )
st | floo(1 + )
(v+ )w—lA(N—l)(l—i—Oz)—i-a(S_r)
[floe(1+ ) (r1 — 7)
AN-D(1+a)+a ' 7

IN

< 27 (v +1)

From this one gets that
1
|/ (r)] < C(ry — )T

The case where u/(r) < 0 can be done similarly.
We now consider the right of r{. This proof still holds when r; = 0. Suppose
s > r1, we want to prove that

|u1’a+1(8) S

(At a)lfle )

For that aim suppose that u/(s) > 0. Let r be the last point in ]ry, s| such that
u'(r) = 0. Then v’ > 0 on |r, s| and by (4.13)

W (s) S0+ (1+a) [ eanlf).
This implies

A+ )lfle

1+ a)|floo
a a

i (s) < ¢ (s—1) <

(s —711).

5 Appendix : The equivalence of definitions of
viscosity solution in the case a > 0.

We have the following equivalence result

Proposition 5.1 If F' satisfies (H1) and (H2) with o > 0, the viscosity solutions
in the classical meaning are the same as the wviscosity solutions in the sense of
Definition 2.1.
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Proof of Proposition 5.1.

We assume that u is a supersolution in the sense of Definition 2.1 and we want
to prove that it is a supersolution in the classical sense. We suppose that for z, € ()
there exists M € S such that

1

(M (x —x,), (x — 1,)) + o]z — 2,|*) := ¢(). (5.16)

u(z) > u(z,) + 5

Let us observe first that one can suppose that M is invertible, since if it is not, it
can be replaced by M, = M — %] which satisfies (5.16) and tends to M. Without
loss of generality we will suppose that x, = 0.

Let £ > 2 and R > 0 such that

: 1 k
nt(ulw) = 5 (0a.2) +1al*) = u(0)
where the infimum is strict. We choose § < R such that (2§)*2 < w where

Ai(M) are the eigenvalues of M.
Let € be such that

inf (u(x) — ;(Ma:, z) + |x|k> =u(0)+e

|x|>6

and let d, < § and such that k(26)* 18y + | M|s (62 + 2620) <
that |z| < dg,

7- Then, for x such

inf {u(y) — 5 (M(y— o)y =)+ ly—al} < inf fuly) - 3 (My.) + Iyl + S

and on the opposite

it () = 50 =)y =)y =) > i {uly) = 50M0) + o'} = §
> u(O)—F:if'

Since the function u is supposed to be non locally constant, there exist x5 and ys
in B(0,d2) such that

1
u(zs) > u(ys) — §<M($5 —s), Ts — Ys5) + |z5 — ys|*
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and then the infimum inf,, |, <s{u(y) — (M (zs — y), x5 — y) + |z5 — y|*} is achieved

on some point zs different from xs. This implies that the function

1 1
o(z) = u(25)+§<M(x5—z),x5—z) — |x5—z|k—§<M(x5—z(;),:v5—z§>+ |25 — 25|F

touches u by below at the point z5. But
V(,O(Z(;) = M<25 - (E(;) — k|l‘5 — Z§|k72(25 — £C5),

cannot be zero since, if it was, zs — x5 would be an eigenvector for the eigenvalue
k|z5— zs|*~2 which is supposed to be strictly less than the modulus of any eigenvalue
of M.

We have obtained that V(z5) # 0 and then, since u is a supersolution in the
sense of Definition 2.1,

d2

F(Z(g, M(Z5 — CL‘(;) — k’|ZL‘5 — 2’5|k_2(25 — ZL’5),M — @

(Jzs — 21")(25)) < (25, u(z5))-
By passing to the limit we obtain
0 < g(0,u(0)),

which is the desired conclusion.
Of course we can do the same for sub-solutions.
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