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Maximum principles and symmetry results
for a class of fully nonlinear elliptic PDEs
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Abstract. This paper is concerned with a class of boundary value prob-
lems for fully nonlinear elliptic PDEs involving the p-Hessian operator.
We first derive a maximum principle for a suitable function involving the
solution u (x) and its gradient. This maximum principle is then applied
to obtain some sharp estimates for the solution and the magnitude of
its gradient. We also investigate some symmetry properties of Q or u (x)
under specific boundary condition or geometry of €.
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1. Introduction

Let Q ¢ RY,N > 2, be a bounded domain containing the origin and let
p € {1,...,N}. This paper is devoted to the study of the following type of
boundary value problems

{SP(DQU) =g(u) h(|Vul) in Q, (1.1)
u=0 on 01},

where g and h are positive C! functions assumed to satisfy the following con-
dition
p1ed + 2(N)_1/pgl/ph—l >0 (1.2)
g 7 h =7
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D?u is the Hessian matrix of u and Sp (D2u) is the pth elementary symmetric
function of the eigenvalues Aj,..., Ay of D%, i.e.

Sp (D*u) = 8 (M1, .., An) = S Ay i - (1.3)

1<ip < <ip<N

We note that the p-Hessian operator S, (DQu) is homogeneous of degree p
and, for p > 1, it is elliptic only if it is restricted to the class of p-convex
functions

r, Q)= {u €C?(Q):5S; (D2u) >0inQ,i=1,... ,p}. (1.4)
Therefore, Eq. (1.1) is called elliptic for a particular solution u(x) if the matrix
A* = (S;j), with S;j = 05,/0u;;, (1.5)

is positive definite.

Our results will apply only on the classical solutions of Eq. (1.1) for which
the ellipticity condition is satisfied. We refer to such solutions as admissible
solutions of Eq. (1.1). The existence of negative admissible solutions for the
boundary value problems of type (1.1) is known and has been well studied
by Trudinger in [13]. Particular cases of our work have been considered and
investigated in some previous works, such as, e.g. Ma [4] (when p = N = 2 and
gh = const.) and Philippin and Safoui [8,9] (when p = N and gh = const.)
for maximum principles or Payne and Schaefer [7] and Brandolini and co. [2]
(when gh = const.) for symmetry results. In order to handle our more general
problems, we make use of the techniques developed in these papers. The main
tools of our investigations will be Hopf’s first and second maximum principles
[10] and some geometric arguments involving the curvatures of the level sets
of u.

The outline of the paper is as follows. In Sect. 2 we prove a maximum
principle for an appropriate functional combination of the solution and its
gradient, which generalizes the maximum principles obtained by Ma [4] and
Philippin and Safoui [8,9]. Some possible applications of our maximum prin-
ciple will be given in Sect. 3, where we derive various sharp bounds for u(x)
and |Vu|27 i.e. bounds that cannot be improved without using additional in-
formations. Finally, in Sect. 4 we investigate some symmetry properties of {2
and u under specific boundary conditions or geometry of €2.

For convenience, notice that throughout the paper the comma is used
to indicate differentiation and the summation from 1 to N is understood on
repeated indices. Moreover, when appropriate we use the notations upyi, =
mingu (x) and ¢ := maxapq |Vul.

2. A maximum principle

For convenience, we first introduce some notations. Let u (x) be a C? func-
tion and let k1 (t),...,kn—1 () be the principal curvatures of the level set
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L; := {u =1}, where ¢ is a regular value of w. For ¢ € {1,...,N — 1}, we
define the g-curvature of L; by
Hy (L) :=8,(k1(t),....kn_1(2)), (2.1)

where S, denotes again the gth elementary symmetric function (of N —1 vari-
ables in this case!). We also set Hy = 1, Hy = 0 and we note that H; =
(N —1)K and Hy_1 = G, where K denotes the mean curvature of L; and G
denotes the Gaussian curvature of L;. Moreover, we recall that any level set
of a p-convex function has to be a (p— 1)-convex set (see Trudinger [13]), that
is a set whose principal curvatures ky, ..., ky_1 satisfy

Hi:Si(kla-'-7kN71)207 fOFizl,...7p—1. (22)
We now state the following maximum principle:
Theorem 2.1. Assume that u(x) € C? () N C? (Q) is an admissible solution
of Eq. (1.1), with convex level sets. Let ® (x) be an auxiliary function defined
by
| Vul? Y u
B (x) = / BVe(s)ds - 2(Y) ”/ /7 (s)ds. (2.3)
0

0
Then the function ® (x) takes its mazimum value on the boundary OSQ.

Proof. Differentiating (2.3), we obtain successively
- Ny~1/p
CI)’]C =2h Upu,kjud - 2(;0) gl/pu,k, (24)
4 _ _
S;fl(I)Jd = 71;h (l/p) lh’SgluvkjuJu,Mu,,;

+ 2h*1/p[S£lu7klju7j + Sglwkju,jl]
2 —-1/p - —1/p
=26 TP S e = 2(5) e S e, (25)
where (S§') is the positive definite matrix defined in (1.5).
We will compute separately each term of (2.5). First, we note that Euler

identity for homogenous functions and (1.1) give

S]’.flu,kz = PpSp (DQU) = pyg (u) h(|Vu|2) (2.6)
Next, we will make use of the fact that on every level set L; = {u =t} the
following identity holds (see Brandolini and co. [2]):

Sugu g = Sp \Vul® — H, |[Vul"T. (2.7)

Therefore, making use of (2.4) and (2.7), we can write other two terms of (2.5)
in the following form

Sk, 1i U, = (]Z)_l/phl/pgl/p [Sp Vul” - H, \VU|p+1] +eo, 0 (28)
Sktupug = (V)RG5 [Val? — Hy [VulP T e (29)

in O\ {K}, where the dots stand for terms containing ® ;, and K € Q is the
unique critical point of u (since u has convex level sets).
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In order to compute S;flmkljuJ, we combine the definition of S;fl, (1.1)
and (2.4) to obtain

Sk = [o'h [Val® +2(0) " gD U 4 (210)

where the dots have the same meaning as above.
Finally, in order to compute S{;luykju,jl, we first notice that

Sk i = SpS1— (p+1) Spa1, (2.11)

and then we make use of the classical Newton inequality for means of p-convex
functions (see Hardy, Littlewood and Pdlya [3]):

1/r 1/s
(5\,3) z(ﬁj)) ifl<r<s<p+l, (2.12)

with equality if and only if A\; = --- = Ay. In particular, (2.12) gives
1/ 1+1/
SP ' N S;D ! 2.13
S1>2N | xv 7Sp+1§(p+1) ViGN . (2.13)
(5) (5)

Replacing (2.13) into (2.11), we obtain
~1
Shhuggu g > p(Y) TGP (w) YRVl (2.14)
Inserting now (2.6), (2.8), (2.9), (2.10) and (2.14) in (2.5) we obtain

1\ 1 _
SHD y + Wid i > 2|Vul® {gh (1 - p) + EH,, |Vu|? 1]

-1/p
. [2 (N) gl/p]l/ + h—l/pi/

) - in O\ {K}, (2.15)

where Wy is the kth component of a vector field regular throughout 2. Since
u has convex level sets, the principal curvatures are defined in all points of the
level sets of u and they are nonnegative. Consequently, H,, is nonnegative in
(2.15). Tt then follows from (1.2) and Hopf’s first maximum principle [10] that
® (x) takes its maximum value either on 9 or at K € Q (which is excluded
if we evaluate (2.5) at K, too) and the proof is achieved. O

We remark that the auxiliary function ® (x) defined in (2.3) becomes
constant when g and h are constant functions. Therefore, for g # const. or
h # const., the maximum principle obtained in Theorem 2.1 is not the best
possible. We also notice that, if for p =1 and p = N it is known that (1.1) has
solutions with convex level sets when  is convex, for p € {2,..., N — 1} this
property remains unknown (such a convexity result was recently obtained by
Ma and Xu [5] only for the case N =3,p =2, f = g = 1). However, in Sect. 4
it will be shown that the level sets of u(x) are balls when {2 is a ball.
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3. A priori bounds

In this section we apply the maximum principle of the previous section to two
fully nonlinear boundary value problems of type (1.1). We would expect the
maximum principle to yield inequalities for the solution and its gradient.

Problem 3.1. Assume that u(x) € C*(Q) N C? (Q) is an admissible solution,
with convex level sets, of the following boundary value problem:

(= s, o

where g is a positive C! function, with g’ > 0. Since the cases p =1 and p = N
have already been treated by Payne and Philippin [6], respectively Philippin
and Safoui [8], we consider here only the case p € {2,..., N —1}.

With & = 11in (1.1), the auxiliary function ®(x) defined in (2.3) becomes

w0) = [Tl = 2() 7 [ ) as. (3:2)

Theorem 2.1 implies that ®(x) takes its maximum value at some point P € 92,
or

_ 2(1;7)—1/p/ gl/p (s)ds < qg . |Vu|2 Q. (3.3)
0
Evaluating (3.3) at the critical point of u, we obtain the following inequality:

C1gp [Hmin
iz -2() " [ g s as (3.4)
0

Next, we construct an upper bound for ¢ in terms of the geometry of €.
First, we notice that ® (x) and \Vu|2 take their maximum value at the same
point P € 9. It then follows that, in normal coordinates with respect to the
boundary, the hessian matrix of u takes the following form at P (see Lemma
8 from [9]):

D?u (P) = diag (k1tn, - - -, EN— 1, U ), (3.5)
where ki,...,kn_1 are the principal curvatures of 9Q and u ,,u n, are the

first and second outward normal derivatives of u at P € 9f).
Now, the differential equation (3.1) evaluated on 99 € C? gives

Sp ()\1, ceey >\N) = Sp ()\1, ceey )\Nfl) + )\NSp,1 ()\1, RN )\Nfl) =g (0) (36)
Making use of (3.5), we may rewrite (3.6) at the point P as
\Vul’ Hy (ky, .. kn—1) + | Vul" g Hyy (B, kv—1) = g (0). (3.7)

On the other hand, since ® (x) takes its maximum value at the point P, we
have 0®/0n(P) > 0, or
wan > (3) 7917 (0) at P, (3:5)

The insertion of (3.8) into (3.7) leads us to
_ —1
g(0) > [Vul” Hy + [Vul’~ (N) 7 g"/7 (0) Hy 1. (3.9)
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Moreover, if we make use of the arithmetic—geometric inequality in (3.9), we
obtain

1 L nieg®P0) 1 1/ o _
2p-1 2 (N\/PS Y~ (N 2—(1/p) H! 1
ot 1O D < ) 0 (o)

where H := mingq {HpH,_1}. For an appropriate form of g, combining (3.10)
and (3.4) a lower bound may be obtained for ;.

Problem 3.2. Assume that u(x) € C*(Q) N C? (Q) is an admissible solution,
with convex level sets, of the following boundary value problem:

S,(D%u) = h(|Vul?) in Q,
{u =0 on 092, (3.11)

where h is a positive C! function, with A’ > 0. We consider again only the case
p €{2,...,N —1}, since the cases p = 1 and p = N were already treated in
[6] and [8].

With g = 1 in (1.1), the auxiliary function ®(x) defined in (2.3) becomes
Vul® —1/p
d(x) :/ hHP(s)yds —2(%) Pu (3.12)
0

Then, Theorem 2.1 implies that ®(x) takes its maximum value at some point
Q €09, or

N —1/p o Vul®
—a(Y) ug/ h /p(s)ds—/ WU (syds.  (3.13)
0 0
Evaluating (3.13) at the critical point of u, we obtain

2

_ 9o
-2(%) VP e < / h=YP (s)ds. (3.14)

0

Next, we will construct an upper bound for ¢o. First, since ® (x) and
|Vu|2 take their maximum value at the same point Q € 052, the differential
equation (3.11) evaluated at Q gives

\Vul’ Hy + [Vul" " upnHy 1 = h (45)- (3.15)
On the other hand, 0®/0n (Q) > 0, so
o (Q) 2 (V)R (qo). (3.16)

Inserting (3.16) into (3.15), we have
) p—1 (N\—1/p
h(gg) = |Vul” Hy + [V’ (5) "l (g3) Hyr. (3.17)
Moreover, using the arithmetic-geometric inequality in (3.17), we obtain

Vufr < E(N)l/phﬂ—(l/P) (4) 1
P HH, . 4

!
For an appropriate form of h, combining (3.18) and (3.14), a lower bound for
Umin May be obtained.

(N)l/PhQ—(l/p) (g3) H™'. (3.18)

p
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4. Some symmetry results

In this section, we first investigate the case when € is a ball in (1.1) and show
that, under some specific conditions on the data, the solution must be radial.
In the second part of this section, we consider two classes of nonstandard over-
determined problems for some fully nonlinear equations of type (1.1). In each
case it will be shown that if a solution exists, then 2 must be the interior of a
ball.

Theorem 3.1. Assume that Q is an N-dimensional ball, i.e. @ = B (O, R). Let
u e C*(Q)NCH(Q) be an admissible solution of (1.1), where g and h are
positive C* functions, with ¢’ > 0. Then u (x) is radially symmetric, i.e. we
have u (x) = u (|x]).

Proof. For the proof, we take up an idea of Aviles [1] (see also Philippin and
Safoui [8]) and adapt it to our context. Basically, the idea of the proof consists
of showing that

zpu; —xuy = 01in Q, for all k # 1. (4.1)
To this end, let us consider the function w*! (x) defined by
wh (%) = xpu,; — 21Uk (4.2)
We compute successively
wf“il = i, + TpU i — 04U — LU ik, (4.3)
wkzlj = ik, + Ot i + Tr i — Ot jk — Ol ik — TIW jjk, (4.4)

where dg; is the Kronecker symbol (dx; = 1 if & =1 and 0y = 0 if k& # ).
Multiplying (4.4) by S;j, we obtain

S;,]wfjlj = S;fjuyjl — Szl,ju,jk + S,’,fiu,il — Sf,luyik + ka;ju,ijl — xlS;ju,ijk (4.5)
Next, since A := (Dzu) and A* := (S]igj ) are symmetric matrices which com-
mute, i.e. A*A = AA*, then A*A is a symmetric matrix, too. Therefore, (4.5)
leads us to

. h
S;Jwﬁ-lj . Qg%u’iwﬁl — @hwkl =0. (4.6)
(| Vul7)

ou
Now, since the matrix A* := (S5}7) is positive definite, Eq. (4.6) is uniformly
elliptic in ©. Moreover, from the hypothesis of the theorem we have w* = 0

on 9N. Therefore, with ¢’,h > 0 in (4.6), the classical uniqueness result (see
Protter and Weinberger [10]) implies that

wr' =01in Q, for all k # 1,
and the thesis follows. O

Let h(x) be the so-called support function or Minkowski function on 02,
ie.
U

[V

for all x € 99, (4.8)

h(x):=x-n=u;
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where x is the radius vector from the origin inside 2 and n is the normal vector
directed outward 0f).

In a seminal paper in 1971, Serrin [12] showed that the only bounded
domain Q C RN(N > 2), with 9Q € C?, on which the solution to the N-
dimensional torsion problem (Au = 1 in Q, v = 0 on 99) has a constant
outward normal derivative on 0, is the N-dimensional ball. In 1994, Payne
and Schaefer [7] showed that if the solution of the N-dimensional torsion prob-
lem has its outward normal derivative equal to the support function on OS2,
then € must be the interior of a ball. In what follows, we extend these results
to the case of p-Hessian equations:

Theorem 3.2. Assume that Q0 is strictly convex. Let u(x) € C*(Q) be an
admissible solution of the following boundary value problem:
Sp(D%*u) = (N) in Q
P 2,...,N}. 4.
{50 e L pe{2. N} (1.9

If u also satisfies one of the following further boundary conditions
(i)
1 _

Hy, oy |[Vul"* = (7)) on 09, (4.10)

(ii)
|[Vu| = h on 09, (4.11)

then Q must be a ball.
Proof. (i) First, we notice that a direct computation shows that for all
j€{1,...,N}, the vector field (Sp7 (D?u),...,S)N7 (D?u)) is divergent free.

Therefore, (2.6) implies that S, (DQu) may be written in the following diver-
gence form:

1
S, (D*u) = -
(D) =
Next, we remind the following pointwise identity (see Reilly [11] or Trudinger

[14])

(S (D*u) uj)l . (4.12)

S (D*u) ugu; = Hy_y [Vul[P™ for all p e {1,...,N}. (4.13)
From Newton inequality (2.12) and (4.9), we have
Au < Sp (Dzu)
N M
N (»)
On the other hand, making use of Green formula, (4.12), (4.13) and (4.10), we

obtain
Au Sy (D?u) _

p

(4.14)

This implies that we have equality in (4.14). Consequently, the eigenvalues
of the hessian matrix D?u are all equal at every point of . This fact and
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Eq. (4.9) imply that D?u is the identity matrix and the result follows in this
case.

(ii) Using successively the Newton inequality, Green formula and the
overdetermined condition (4.11), we obtain

Sy (D?u) Au 1 1
Q:/”ig — = Vu:—/ h=1Q|. (4.16
= (];[) oo N N asz' | N Joq - )

This implies that Au = N, from which the result follows. O
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