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This note studies local integral gradient bounds for distributional solutions of a large
class of partial differential inequalities with diffusion in divergence form and
power-like first-order terms. The applications of these estimates are two-fold. First,
we show the (sharp) global Holder regularity of distributional semi-solutions to this
class of diffusive PDEs with first-order terms having supernatural growth and
right-hand side in a suitable Morrey class posed on a bounded and regular open set
Q. Second, we provide a new proof of entire Liouville properties for inequalities with
superlinear first-order terms without assuming any one-side bound on the solution
for the corresponding homogeneous partial differential inequalities. We also discuss
some extensions of the previous properties to problems arising in sub-Riemannian
geometry and also to partial differential inequalities posed on noncompact complete
Riemannian manifolds under appropriate area-growth conditions of the geodesic
spheres, providing new results in both these directions. The methods rely on integral
arguments and do not exploit maximum and comparison principles.
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1. Introduction

In this note we analyse some quantitative and qualitative results for the following
partial differential inequalities (PDI in the sequel)

—div(A(z,u, Vu)) + Bi(z,u, Vu) < 0 in €, (1.1)
— div(A(z,u, Vu)) = Ba(x,u, Vu) in Q, (1.2)

where Q will be either a bounded open set in RY or the whole space itself, N > 1,
A: QxR xRN — RV is a Carathéodory function (namely measurable in x and

© The Author(s), 2022. Published by Cambridge University Press on behalf of The Royal Society
of Edinburgh. This is an Open Access article, distributed under the terms of the Creative Commons
Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted

re-use, distribution, and reproduction in any medium, provided the original work is properly
cited.

https://doi.org/10.1017/prm.2022.72 Published online by Cambridge University Prel§33


https://orcid.org/0000-0002-3581-5838
mailto:alessandro.goffi@unipd.it
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/prm.2022.72&domain=pdf
https://doi.org/10.1017/prm.2022.72

1834 A. Goffi

continuous in the u, Vu entries) such that
(A, s, )| < vglP™, v >0, (A)
for every (s, £) € R x RY  a.e. x € Q, and

Bi(z,s,8) 2 cul€]” + As — f(2), (B1)
82(‘7’.78’5) > CH|£|’Y‘ (B2>

Here By : QxR xRN R By : O xRxRY =R, A>0, cyg >0and f is a mea-
surable source term belonging to ks (), the Morrey space of parameters (1, N/q),
qg=>1,v>p—1,p> 1. A prototype equation satisfying the previous assumptions
is the quasilinear Hamilton—Jacobi/Riccati equation driven by the p-Laplacian
(7,14, 16, 30, 31]

—div(|Vu[P"2Vu) + M+ |Vu|” = g(z) .

Our main results are the following. The first is a quantitative result for semi-
solutions to PDIs, that is summarized in the next

THEOREM 1.1. Let Q be an open bounded and connected subset of RN having Lip-
schitz boundary and satisfying the uniform interior sphere condition. Assume (A)

and (Bl),y>p, A= 0and f € El’%(Q) for some q > % Letu € VV&:(Q) be such
that \u™ € £1’%(Q) satisfying, in the sense of distributions, the inequality

—div(A(z,u, Vu)) + Bi(z,u, Vu) <0 in Q.

Then u is Hélder continuous up to the boundary (namely in the whole Q) and
satisfies

|u(33) - U(y)| < K|CC - y|a 7V$7y S ﬁv

where
. { N y—p }
a=minql - — ——— >,
@y y—(p—1)
and K depends on cm, p, q, v, N, v, Q, || f + )xu_||£1wﬂ(m. In particular, the esti-
aq
mate is satisfied when f, A\u= € L1(Q), g > %

The second is a Liouville/Bernstein-type result and states the nonexistence of
nontrivial solutions to (1.2) for the corresponding homogeneous PDE/PDI without
zero-th order terms on noncompact complete Riemannian manifolds M in terms of
the growth rate of the area of the geodesic spheres.
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THEOREM 1.2. Let (M, g) be a noncompact complete Riemannian manifold. If p >
1,y>p—1and

dt = +oo

+oo 1 L3
/ (area(aBt(o)))Lp(ffl) (13)

for some origin o € M, then any distributional solution of

—div(A(z,u, Vu)) = Ba(x,u, Vu) in M, (1.4)

where A satisfies (A), must be a.e. constant on M. In particular, if (1.3) holds, any
distributional solution to

—div(A(z,u, Vu)) + cg|Vu|” =0 in M (1.5)
with v > p — 1 must be a.e. constant on M.

The previous result leads to the following property when specialized to the
Euclidean space M = RN

COROLLARY 1.3. Assume (A) and (B2). Any distributional solution to the

1mequality
— div(A(z,u, Vu)) = Ba(z,u, Vu) in RY (1.6)
must be a.e. constant in RN provided that
p—l<’y§%,l<p<]\f. (1.7)
Similarly, any distributional solution to
— div(A(z,u, Vu)) 4 cg|Vul? = 0 in RN (1.8)

must be a.e. constant when vy, p vary in the range (1.7).

These results rely on interior integral gradient estimates of Morrey-type of the
form

/ [VulY dz < CR®

for some o € R, see lemma 2.3, remark 2.5 and lemma 4.4. Such bounds are obtained
either by simple integral arguments that exploit test function methods or combine
a weak version of the divergence theorem and the co-area formula.

Related properties to those in theorem 1.1 for problems with supernatural gra-
dient growth, i.e. v > p, have been already analysed in the literature. The paper
by I. Capuzzo-Dolcetta, F. Leoni and A. Porretta [11] treated a large class of
diffusion operators in non-divergence form (that also includes fully nonlinear uni-
formly elliptic operators and the p-Laplacian) with bounded right-hand side f (with
estimates depending on ||u]|) in the realm of viscosity solutions. This was revis-
ited with a shorter proof by G. Barles in [3], again in the framework of viscosity
(semi-)solutions. This regularity problem has been much less investigated for
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unbounded data, where mostly optimal regularity at the level of Lebesgue spaces
has been studied, see e.g. [24]. An analogue to our theorem 1.1 with unbounded
source terms f € LY was proved by A. Dall’Aglio and A. Porretta in the case p = 2,
and it has been the starting point of our work. At this stage, we stress that dis-
tributional solutions for these problems are not unique, cf § 3.2, and hence the
quantitative result in theorem 1.1 takes on a stronger meaning.

Recent advances on the Holder regularity for problems driven by the Laplacian
with coercive gradient terms and space-time L? right-hand side have been obtained
for parabolic equations in [14] through quite different integral/duality methods,
which, unfortunately, do not seem to extend to quasi-linear operators satisfying
(A). We further mention that the Holder regularity for solutions to these equations
when p = 2 has been also the focus of the recent work [17], but for solutions solving
the PDE in strong sense, looking thus beyond the range of the Hélder bound stated
in theorem 1.1 for source terms with better summability. Indeed, we also show that,
as far as the Holder regularity is concerned, the range found in theorem 1.1 is sharp
for our class of functions, cf § 3.2. It is well-known that these regularity properties
are the cornerstone for the analysis of many different problems ranging from those
arising in ergodic control and homogenization to problems with state constraints,
at least when p = 2, see [3, 9]. Nonetheless, the case of quasilinear equations with
terms having supernatural growth appears, to our knowledge, still an open line of
research, cf [9, 30, 34] for some recent contributions.

Instead, statements like theorem 1.2, and its byproduct corollary 1.3, have
been studied (almost) thoroughly and for many years through various different
approaches, see e.g. Remark 3.7, § 3.3.1 and the general reference [6]. Although the
latter is a widely studied problem, we decided to propose a new unifying proof of
the result, even in a more general context, due to its shortness, along with the treat-
ment of some new endpoint cases (e.g. the borderline case v = % in corollary
1.3). Here, our approach to tackle the Liouville property has been inspired by the
works [31, 36, 40]. At this point it is remarkable to emphasize that when p = 2
the threshold v = % is critical for the solvability and the regularity of solutions
of the so-called viscous Hamilton—Jacobi equation, see e.g. [16, 27].

Notably, the results in theorems 1.1, 1.2 and corollary 1.3 highlight a striking
effect of the superlinear gradient term. Indeed, a simple zoom of the equation sug-
gests that such a term is the dominating one at small scales in the supernatural
regime v > p (i.e. in the regime of theorem 1.1), and it turns out to be the sole
responsible of all the properties analysed throughout this manuscript, as one can
realise by a careful inspection of the proofs of theorems 1.1 and 1.2. The link between
the Liouville and the local regularity properties of nonlinear elliptic problems has
been sometimes pointed out throughout some works, see e.g. [4, 33] among others,
and our analysis underlines once more the bridge between nonexistence results and
the Holder regularity for semi-solutions of PDEs through the Morrey-type bounds
in lemma 2.3 and remark 2.5.

Some comments on the aforementioned results are now in order. On one hand,
theorem 1.1 holds for merely distributional semi-solutions to PDEs with supernat-
ural gradient growth and unbounded right-hand side. This is unusual for diffusive
problems (e.g. of second order) with first-order terms above the natural growth
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imposed by the diffusion v = p, since such estimates hold, in general, for solu-
tions of uniformly elliptic problems with subnatural gradient growth v < p and,
usually, bounded data [5, 29]. Moreover, the estimate in theorem 1.1 holds up to
the boundary of the domain and it is a universal estimate for positive solutions.

On the other hand, the approach leading to theorem 1.2 does not require any
one-side bound on the solution, being thus consistent with the companion results
for solutions to the same kind of equations obtained through the Bernstein gra-
dient estimates by L. Peletier-J. Serrin [35] and P.-L. Lions [31], and later in [7]
(see also [9, theorem 2.4] and [22, theorem 1.1] for recent refinements). Notably,
in the context of Riemannian manifolds theorem 1.2 does not require curvature
conditions on the background geometry. As a matter of fact, we emphasize that
curvature bounds have been frequently imposed to derive the Liouville property for
solutions to —A,u + |Vu|?” = 0 when the first-order term has ‘superlinear’ growth
with respect to the diffusion (i.e. ¥ > p — 1) and the equation is posed on a non-
compact manifold, see e.g. [7, corollary 4.3]. This is a consequence of the use of
Bernstein-type methods through the Bochner’s identity. In this paper we adopt a
different viewpoint, as in [37, 40]. Indeed, theorem 1.2 shows, in the case of dis-
tributional supersolutions to these homogeneous quasi-linear equations, that the
Liouville property can be obtained under some area-growth conditions, at least for
slowly increasing gradient terms, see § 4.2. It seems an open problem whether the
Liouville result in [7] holds for less regular solutions and with less restrictive bounds
on the geometry in the general superlinear range v > p — 1. We further remark that
the assumptions we impose in theorem 1.2 are closer to the ones used in [40, 43|
rather than in [7].

Our results apply to general diffusion operators in divergence form. For instance
—div(A(z, u, Vu)) can be one of the following:

e the (negative) Laplacian —Au = —div(Vu) or the mean-curvature operator
Cdiv( Y Y
dlv(\/m) when p = 2;

e the p-Laplacian —Ayu = —div(|Vu[P=2Vu) for p > 1;

e the generalized mean-curvature operator —div(|Vu[F=2—=L—) k > 2, for
1+ Vaulk ’

p=5.
Moreover, the properties in theorem 1.1 also extend to the subelliptic framework
when the standard derivatives in the aforementioned operators are replaced with
derivatives along vector fields satisfying the Hormander’s rank condition, i.e. for
the subelliptic inequality

—div(A(z,u, Vyu)) + |[Vrul” < f(x),

where V y stands for the horizontal gradient built over the frame X', see e.g. theorem
4.2 in § 4.1 for more details. This is the case, for instance, of problems structured
over the fields generating a Carnot group of step 2, the main prototype being the
Heisenberg group. The interior Holder regularity for such subelliptic problems with
power-like first-order terms on the horizontal gradient seems new to our knowledge.
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Moreover, the results in theorems 1.1 and 1.3 can be stated analogously for
distributional supersolutions and subsolutions respectively by reversing the signs in
the assumptions (B1) and (B2). For instance, the conclusions of theorem 1.1 hold
for distributional solutions to the model PDI

—div(A(z,u, Vu)) + du — [Vu|” > f(z) in Q , (1.9)

under essentially the same regularity assumptions on the data, while the Liouville
property in theorem 1.3 holds for the weak PDI

—div(A(z,u, Vu)) + cg|Vu” <0in RY

under the hypothesis (A). Indeed, the diffusion plays no role here, as in [11,
18], since the properties can be deduced from the sign of the gradient term in
the equation, see remark 2.5. To convince the reader that such properties can be
appropriately stated both for sub- and supersolutions to elliptic inequalities with
power-growth gradient terms and compare the results with most of the literature
on the subject, we decided to state theorem 1.1 for subsolutions and theorem 1.2
for supersolutions to elliptic inequalities.

We conclude by saying that our underlying aim here is also to lay the groundwork
to investigate the problem of the optimal gradient regularity in Lebesgue spaces for
equations with diffusion in divergence form as those modelled over the p-Laplacian,
as initiated in [14, 16] for the viscous Hamilton—Jacobi equation, through blow-up
arguments, see [4, 17].

Plan of the paper. Section 2 introduces some preliminary definitions and contains
the main integral bounds needed for the following sections. Section 3.1 studies the
interior and global Holder regularity for semi-solutions, while § 3.3 the Liouville
property for homogeneous PDIs in the Euclidean space, that is corollary 1.3. Section
4.1 and 4.2 conclude the paper with the local Holder regularity for solutions to quasi-
linear subelliptic inequalities and the Liouville properties for inequalities posed on
Riemannian manifolds.

2. Morrey-type inequalities

We begin with some preliminary definitions and notations. We set u™ = max{u, 0}
and v~ = max{—u, 0}. If r € (1, 00), we denote by 7" = -5 its Holder conjugate

exponent.

DEFINITION 2.1. Let Q be either a bounded open set or the whole FEuclidean space
RY. We say that u € Wﬁmp(Q) is a distributional solution of (1.1) if A(-, u, Vu) €
L (Q), with B(-, u, Vu) € Ll () and

loc
/ Az, u, Vu) - V<pdx+/ B(xz,u, Vu)pdz <0 ,¢ € C5(Q), ¢ > 0.
Q Q

REMARK 2.2. When v > p as in theorem 1.1, it will be enough to consider distribu-
tional subsolutions belonging to u € WI})J(Q) in view of the inclusions of Lebesgue
spaces.
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Recall that for s > 1 and 0 € (0, N], the Morrey space £3(2) comprises those
functions h € L*(2) such that

[ e <o
B, (2)NQ

forall z € Q, r € (0, diam(£2)] and C independent of z and r. This space is equipped
with the norm

7]

06— N
£o0(Q) 1= sup r—= |h]
z€Q;0<r<diam(Q)

Ls(B(2)NQ)-

Clearly, if s =1 and § = N/q, ¢ > 1, any function h € L9(2) satisfies the bound

/ Ih(z)] < V%
Br(2)NQ

by the Holder’s inequality. For the properties that will be stated in the Euclidean
setting, HV~! stands for the (N — 1)-Hausdorff measure, B,(x) is the Euclidean
ball with centre z and radius r, hence area(9B,(z)) = Nwyr™N =1 and Vol(B,(z)) =
wnrY, where wy stands for the measure of the unit Euclidean ball.

The main result of this section is the following Morrey estimate.

LEMMA 2.3. Lety>p—1, A >0, f € El’%(Q), q = 1. Assume that (A) and (B1)
hold. Let u be a distributional solution of (1.1) such that A\u™ € cha (Q). Then, for
every pair of concentric balls By C Br C ) we have

RN
/ VulYdz+ X [ w'de < K ——n
B, B, (R—1)
where s = max{%, %} and K is a constant depending on v, p, v, q, N, cgy

and on || f + Au ”El’%(BR)'

Proof. Let C be a generic constant depending on the data v, p, v, q, N, cy. Let
n be a C! cut-off function such that 0 <n <1, n=1 on By, n =0 outside Bp,

V| < %. Weuse p =17 =67 as a test function in the distributional formulation

of the inequality (1.1), together with (B1), to obtain

. . S
CH/ |Vu[ n7=6=D da:—&—A/ w7 do
Q )

v

<_7—(p—1)

S

/ (A(z, u, Vi) - Vi) 7= dg + / (f + Au")p7=0=D da.
Q Q

Observe that by (A) and the weighted Young’s inequality with exponents
(%, p“’j) we have

- #/(A(:v,u,w) V)T de < L/ VP~ Vyln oD dz
y—(-1) Jo Y-P-1) Jo

<% [ IVl T do ot Clenp) [ (90T da
JQ JQ
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We then get

Cﬁ/ |Vu|'777wf(z:—1) d;p+)\/ u""nwf(’zyz—l) dz
2 Q Q

< [+ 2= e+ Clenp) [ 199175 da
Q2 Q

< wn|lf+Au | RN=% + O ) RY <k 1
\w u — a c b b )V7w ~ b
o £ (Br) H PN (R—t)7 D (R—t)s

where s:max{%, ﬁ} and K depends on N, cy, v, v, p, ¢ and |f+

)\u7|| 1N . O
L7 (Br)

REMARK 2.4. The estimate in lemma 2.3 holds for any v > p — 1, p > 1, and hence

slightly improves the one obtained in [18] for the case p = 2, being new in the

regime 1 < v < 2. This will be important to derive the Liouville theorems for PDIs

with nonlinearities having subnatural growth in the gradient in the next section.

REMARK 2.5. As claimed in the introduction, the property in lemma 2.3 holds for
supersolutions to equations of the form (1.9) having opposite signs, but estimates
would now require Au™ € ik (BRr), while it holds for every pair of concentric balls
B; C Br C () the estimate

RN
Vul?dz + A v de < K——,
[, 1w . (-1

where s = max{ } and K is a constant with the same dependence of

N ol
q’ y—(p-1)
that in lemma 2.3.

An alternative proof of the previous Morrey estimate for supersolutions in the
simpler case f = A =0, i.e. for the inequality (1.2), can be performed using a dif-
ferent integral approach, inspired by [31, 40]. This will be crucial to derive the
Liouville results for supersolutions to homogeneous inequalities in the next section.

Suppose that u is a nonconstant distributional solution to (1.2). We proceed for-
mally integrating the PDI to highlight the main ingredients, although the argument
can be made rigorous reasoning as in remark 2.6. In this way, we get

- / div(A(z, u, Vu)) dz > CH/ [Vu|" dz, (2.1)
B, B,
to conclude after applying the Holder’s inequality
—/ div(A(z, u, Vu)) dz < V/ |Vu|P~tdHN ! (2.2)
. dB,.

p—1
y—(p—1)

<v ( / P dHNl) 7 (area(9B,)) 4
(2.3)
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We set o(r) = || 5. |Vu[7. Note that since u is non-constant, there exists R such
that for » > R it results o(r) > 0. Moreover, by the co-area formula it follows that

o' (r) = / IVl dHV
OB,

Combining (2.1) and (2.2) we conclude

u[a’(r)]p%l (area(aB,«))% > cyo(r)

and so

N—l) "r*p(f;l)
)

o'(r) = C(v, N,,p, cu)(o(r) 7=1r
We set

_ 1—(-1)
a.—(N—l)ﬁ

and integrate on [R, r], R > R. When a < 1, i.e. v < ( ) , we obtain that

-1 . 1 S P= 1 1 _ 1
D I e Bl G N e (0
(2.4)

‘s
>C(v,N,%p7cH)/ f(N=D) 2
R

(p—1)
Np—-1)— (N —-1)y

= C(Z/, N7’y:p7CH) [Tl_a —Rl_a].

which is essentially the same bound found in lemma 2.3 with f = A = 0. Remark-
(p 1)

ably, when a =1, i.e. vy = , we get the logarithmic bound

p—1 1 r
gt e (). o

This procedure will be further generalized in lemma 4.4 in the context of
Riemannian manifolds.

REMARK 2.6. The computations in remark 2.5 can be made rigorous arguing as in
[13, 37, 39, 40]. We first recall that u is a distributional solution of (1.2) if

A(z,u,Vu) - Vodr > Ba(x,u, Vu)p dr
RN RN

for all Lipschitz continuous functions ¢ > 0 with compact support. As already
outlined in remark 2.5, the idea is to apply the divergence theorem to the vector
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field A. To this aim, we define the Lipschitz function 1. = 1, .

1 if |z| < r,
YRre = Lim ifr <|z|<r+e,
0 if |z = r+e.

We then take a Lipschitz continuous function p > 0 with compact support to be
defined later and use p = pib. as a test function, together with (A), to find

A(z,u,Vu) - .Vpdr = / Az, u, Vu) - V(e p) dz
RN RN

— Az, u, Vu) - pV () dz

RN

1
> Ba(z, u, Vu)ptpe dz — — / |A(z, u, Vu)|pdz
RN € Bric/Br

> CH/ [Vu|”pipe da — Z/ |VulP~tpda.
RN € JByyo/By
We then choose p such that p =1 on B, . and find

Az, u, Vu) - p.Vpdz > CH/

[Vul” de — z/ |VuP~t da.
B, € JB.i./B,

RN

Therefore, the leftmost side integral of the above inequality vanishes, so that we
end up with the inequality

CH/ |Vul” dz < Z/ |VulP~t dz.
B

B, € JB,1./B,

Then, owing to the co-area formula [20] we get

€
. v — . v _ _
lim — |Vu|P~'de = lim — |VuP~tdHN L dr
e—0t € B7'+E/B7' e—0t € 0 9B,

= 1// |VuP~tdHN L
0B,
Letting ¢ — 0™ we finally obtain

CH/ [Vu|” dz < 1// |Vaul|P~t dHN L
OB,

T

We can then proceed through the Holder’s inequality on the boundary integral as
in remark 2.5 to conclude the statement.

REMARK 2.7. One can also prove a similar property when the diffusion operator has
the opposite sign, i.e. it is of the form +div(A(z, u, Vu)), and when |A(z, u, Vu)| <
h(x) + v|€]P~1 with h € L™(Q) (or in a suitable Morrey class) for some r > 1 with
a (possibly) different Holder exponent.
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REMARK 2.8. A similar condition to (2.4) regarding the existence of solutions has
been already pointed out in [27, 34].
3. Some applications of the Morrey-type inequalities

3.1. Local and global Hélder regularity for semi-solutions

We now apply lemma 2.3 to prove the local Holder continuity of semi-solutions
to non-homogeneous PDEs with power-growth nonlinearities and unbounded right-
hand side controlled in Morrey spaces. We will actually give a uniform estimate for
the Holder semi-norm on any ball B C .

THEOREM 3.1. Assume (A)—(B1), v > p, A > 0, with f € Cl’%(Q) for some q > %

Let u € VV&J(Q) such that Au~™ € El’%(ﬂ) which satisfies, in the sense of distri-
butions, the inequality (1.1). Then u is locally Hoélder continuous and satisfies for
every ball B C Q the interior bound

lu(z) —u(y)| < K|z —y|* ,Vz,y € B,

where

_ { N y-p }
a=minql — —, —— 5|
oy v—(—1)

and K depends on p, q, v, N, v, §, ||fHL1%(Q) and \u~ € El’%(ﬂ).

Proof. Step 1: Local Holder reqularity. Let xg € Q and B, = B,.(zo) be a ball such
that the twice bigger ball By, (z¢) C 2. We apply lemma 2.3 and obtain the estimate

/ |Vu|Y dz < KrV—3,

r

where s:max{%, %} and K depends on ~, p, N, v, q, cg and ||f+

Au~ ||£1_ﬁ(ﬂ). By the Holder’s inequality we can write
T q

/VUId”3<</ |Vu|”dx>w(V01(Br))1i7
B B,

T

and hence deduce that for a possibly different constant K we have
/ |Vu|dz < Kr¥ =5,
B

If Bg is any ball such that Bop C €2, the same property continues to hold for any
smaller ball B, C Br. We apply [23, theorem 7.19] and conclude that u is Holder
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continuous in By with the following explicit Holder exponent
a—1—8—min{1—N,1—1}—min{1—N,7_p}
gl @' v-(p-1) v’ v—(p-1)

u(z) —u(y)] < K|z —y|* ,Ve,y € Br .

and

In particular, the last estimate holds for any couple of points z, y belonging to some
ball Bgr such that Bop C Q.

Step 2: Uniform Hélder estimates. It is enough to argue through the same path
outlined in step 2 of [18, theorem 3.1]. O

The previous result proves that w is uniformly locally Holder continuous in
a domain  C RY. To prove the global Holder regularity one needs some extra
smoothness assumptions on the boundary of 2. More precisely, we say that an
open bounded subset Q C RY has Lipschitz boundary if in a neighbourhood of
each zo € 02 the domain Q can be represented as the subgraph of a Lipschitz
function of (N — 1)-variables.

Still, we need that ) satisfies the uniform interior sphere condition with radius
r >0, i.e. for every xg € 9 there exists a unit vector ((x¢) such that B, (z¢ +
r¢(x0)) C Q. Under these extra coupled conditions on the boundary of the domain,
one has the following result taken from [11, lemma 2.6], which is recalled here below
for reader’s convenience.

LEMMA 3.2. Let Q C RN be an open bounded domain with Lipschitz boundary and
satisfying the uniform interior sphere condition. Let now u :  — R be a continuous
function such that there exist K > 0 and o € (0, 1) such that

lu(z) —u(y)| < K|z —y|*, Vz,y€ B, BCQ.
Then, u extends up to 02 as a function verifying
u(@) = u(y)] < Mz —y|* ,Va,y € Q,
where M > K depends on o, K and on 0f).
We can then conclude the section with the proof of theorem 1.3.

Proof of theorem 1.3. The result now follows from theorem 3.1 via lemma 3.2. [

REMARK 3.3. Theorem 1.1 extends a result for semi-solutions to fully nonlinear
equations with bounded right-hand side in the viscosity framework obtained in [11,
theorem 2.11], together with the one for the case p = 2 obtained by A. Dall’Aglio
and A. Porretta in [18] for subsolutions to equations with coercive Hamiltonians
and L9 source terms. We emphasize that the Holder regularity we obtain here goes
beyond the (continuous) viscosity solutions’ framework, and in particular we recover
the same (optimal) exponent found in [11] for f € L*°.

REMARK 3.4. The level of Holder regularity obtained in theorem 1.1 is the starting
point to derive more general quantitative (local) Calderén—Zygmund estimates for
solutions to these classes of PDEs, as recently started in [17] for p = 2.
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3.2. Sharpness of the Holder regularity and further comments

We first observe that the exponents found in the Holder regularity proved
in theorem 1.1 are sharp. To do this, we first recall that if u is radial, i.e.
u(z) = V(|z|) = V(r) for some smooth function V, if z is such that V'(Jz|) # 0

we have
! -2 " N —1 /
= Bpu() = =[V(r)["7 | (p = V() + ——V(r)] . (3.1)
The result in theorem 1.1 shows that when ¢ > w the subsolutions to the

PDI
—Apu+ Au+ |Vu|” < f(z)
belong to C* with a = %. In this case, an example of the optimality con-

cerning the Holder exponent o = % can be obtained even in the class of
(distributional) solutions to the equation

—Ayu+|Vul? =0in Q ,u € Wy (Q),

i.e. for the equation with vanishing source term f=0. It is sufficient
to take Q= B1(0) and the function u(m)zc(|x|w1@51) —1) for ¢=2==1)

7—p
(—(Nf)j(;ivl(ffl))ﬁ, vy>pand 1< p<N.

We observe that, though the method does not require any restriction on the
order p > 1, the present analysis could have been restricted to the case 1 <p < N,
since the weak solutions belonging to W7 with v > p and p > N would have
been automatically (locally) Holder continuous by the Sobolev embeddings. This is
completely in line with the way of proving the local Holder regularity in the case of
p-harmonic functions (i.e. for weak solutions to —Apu = 0). Indeed, the case p > N
is in general simpler than the cases p = N and p < N, which in turn require finer
arguments based on the Widman filling-the-hole technique and the Moser iteration
respectively, cf [5]. We emphasize once more that in the case 1 < p < N, our result
covers the case of semi-solutions and not only of solutions to such quasi-linear
equations.

Moreover, even the order of the Holder class a =1 — % cannot be improved

when & < ¢ < ¥Yo=@=1) 55 shown in e.g. [18, remark 3.2] for the case p = 2.
Finally, we stress again that when v > p, the gradient term dominates the diffusion
at small scales, and hence the equation can be regarded as

[Vu]” < Apu—Au+ f

so that the diffusion plays no role in the derivation of the Holder regularity, as it
can be seen by inspection throughout the proof of lemma 2.3. This result is thus
consistent with the Lipschitz regularity for subsolutions of the first-order equation

IVU"Y < —Au + f7

as widely discussed in [3]. We conclude by recalling that the above example shows
also that the uniqueness does not hold for these weak solutions, and hence this
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latter property really depends on the formulation of the problem, cf [18, remark
3.2].

3.3. Liouville theorems for homogeneous problems

A byproduct of the Morrey-type bounds obtained in remark 2.5 are the Liouville-
type theorems for supersolutions to nonlinear homogeneous PDIs. Although the
ideas behind the proofs contained in this section are not completely new, one
remarkable observation is that the derivation of the Liouville property for PDIs
with gradient terms does not need any a priori one-side bound on the solution, and
it holds for merely distributional supersolutions to general PDI with measurable
ingredients. This last feature is in line with the corresponding Liouville properties
for solutions to the model equation —A,u + |Vu|” = 0 obtained via the Bernstein
method, cf [31, 35] for p =2 and [7] for p > 1.

In addition, we wish to emphasize that in the derivation of this kind of Liouville
properties one usually needs to use different methods to handle the subcritical
case for y (ile.p—1 <y < %) and the critical regime (v = %) Here, our
method of proof seems to unify the treatment of both regimes. To this aim, we
consider the (distributional) inequality

— div(A(z,u, Vu)) > By(z,u, Vu) in RY (3.2)

with By satisfying (B2). For ease of presentation we decided to reverse the order
of the proofs of theorem 1.2 and corollary 1.3. Thus, we first discuss how to derive
corollary 1.3 in the Euclidean setting, then state some comments on the result. This
will serve as a guideline to treat the more general case of Riemannian manifolds in
§ 4.2.

Proof of corollary 1.3. Suppose by contradiction that u were not constant on the
ball By for some R > 0. The required contradiction can be obtained exploiting
(2.4) in remark 2.5 sending r — oo or lemma 2.3 applied with f = A =0and ¢t =0,

after letting R — oo, using that v < %. The Liouville property in the critical
case vy = % readily follows through the same path using (2.5) after sending
r — 00. O

REMARK 3.5. Specializing corollary 1.3 to some well-known operators, we conclude
that any distributional supersolution to

~Apu > cg|Vu|’ in RY

or
\Y k
Cdiv [ Va2 ) > ey|Vu  m RY, k22, p=-
V14 [Vulk 2

must be constant provided that p—1< vy < lefp:ll), while any distributional

supersolution to

—Au > cg|Vu|? in RY
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or

\Y
V[ — — ) > cy|Vau|? in RY
V1+|Vul?

satisfies the Liouville property provided that 1 < v < %

REMARK 3.6. Throughout this section we restricted to consider the case 1 < p < N.
Indeed, if one considers the inequality —A,u > [Vu|? in RY, we have that u solves
also —Apu >0 in RY, and hence the Liouville property would have been trivial
when p > N through classical results, see e.g. [41] and the next § 3.3.1.

REMARK 3.7. The results in corollary 1.3 have been deeply studied in the literature.
When the PDI is driven by the Laplacian the result has been proved in e.g. [12]
for classical solutions, i.e. when u € C?(R™), satisfying the inequality pointwisely,
exploiting that the spherical mean preserves the PDI, reducing then the analysis to
an ODE. Alternative test functions methods have been extensively used in various
papers. For instance, R. Filippucci proved in [21, corollary 1] the Liouville prop-
erty for nonnegative distributional solutions to —A,u > «™|Vu|” in RY under the
following assumptions
N(p—-1) N -1

0<m< - , l<p<N, >p—1,
mSN T, N P m+y>p

and therefore the pure gradient nonlinearity case m = 0 is excluded from that result.
When p =2and (N — 1)y < N(p — 1), v > 0, the result was proved through a result
similar to lemma 2.3 in [19] for distributional supersolutions. Different (recent)
proofs have been obtained in [10, corollary 3] and [8, theorem 2.1]. We emphasize
once more that most of these proofs require to distinguish the treatment of the
subcritical case (e.g. when v < %) from the critical one (namely v = Njg,p:ll) ).
More recent analyses for PDIs on noncompact complete manifolds, without curva-
ture conditions and assuming suitable volume growths, have been carried out in
[42, 43]. We remark in passing that our method differs from the ones proposed in
the literature.

3.8.1. Further remarks and alternative approaches. We conclude the section by
observing that a different proof of the Liouville property given in e.g. [21, corollary
1], [10, corollary 3] when a one-side bound on the solution is in force can be derived
as follows. This method has been inspired by earlier results on the subject appeared
in the context of Riemannian manifolds in [13] and [36, 40] (see also the lecture
notes [39]), although here we propose a variation of those schemes in view of the
(superlinear) character of the gradient term. The basic idea relies on multiplying
the inequality by e~ ", use the chain rule and take the integration of the resulting
inequality through the divergence theorem.

To simplify the presentation, consider diffusions driven by the p-Laplacian. First,
assume by contradiction that w is not constant on the ball Br, for some Ry > 1.
We proceed by considering the vector field X = e~%(—|Vu[P~2Vu) and integrating
its divergence. As before, the argument can be made more rigorous arguing as in
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remark 2.6 or [37] through a test function argument. On one hand, expanding the
divergence, after plugging back the equation —A,u > cy|Vu|? we deduce

/ div(—efu\VuP”*QVu)dx:/ 67"|Vu|pdx—|—/ e “(—Apu)dz  (3.3)
B, B,

Br

2/ e_"(—Apu)dchCH/ e | Vul|" dz.
B

r r

Applying the divergence theorem we get

/div(X)dxg/ e VuP~t dHN !
B, OB,

so that we end up with the inequality
/ e YVuP~tdHN T > cH/ e | Vul|" dz.
dB, B,

We then use the Holder’s inequality with the conjugate pairs (p"’j, ﬁ),
together with u > 0, to conclude

cH/ e_“\VuPdacg/ e U VuP~tdHN !

r r

p—1 y=(p=1)

<(/ e_“|Vu|7dHN_1) ’ (/ e—"dHN—1>
oB, 9B,

p—1 y—(p—1)

< (/ e | Vu|? dHN_l) ! ( dHN L
9B, 9B,

‘We set

u(r):/ e | Vul|" dz.

T

Applying the co-area formula [20] we deduce
w(r) = / e~ VulT dHN T
OB,

therefore concluding

_a=(p=1)

O] > e ( B ) T
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We then integrate on [R, r] and get

p—1 1 1 " CH
_(p—l) == w(pl)‘| >/ = (p i) dt
v (n(R)) T (u(r))»=1 R (area(0By))
" 1
:CHNWNA mdt
cHNwN(pfl) [ Np-1)—(N—-1)~y N(P*I)*(Nfl)“f}
= r P— — =
N(p-1)—(N—-1)y
Therefore
p—1 1 cuNwn(p—1) N(p—D—(N-1)y Nip=1)=(N-1)y
—(p—1 o0 7 N(p-1) - (N-1 [ e }
7= (=1 (u(R)) (p=1) = (N=1)y

We then let 7 — oo and conclude p(R) =0, which then contradicts our initial
hypothesis, implying that u must be constant a.e. on RY.
When ~ = (p 1) we instead get the inequality

p_1 1, - >CHNWN10g<£)7
=@ =1) (u(Rr) T R
which leads again to a contradiction. Note that such an approach involving a vector
field weighted with an exponential term allows to recover most of the well-known
properties for linear and nonlinear problems without perturbative eikonal terms.
For instance, one can deduce that every nonnegative superharmonic function in
R? must be constant, or the Liouville property for nonnegative classical solutions
to —div(Vu/+/1+ |[Vul?) = 0 in R2, or even that any solution to the inequality
—Apu >0 in RY is constant provided p > N. This can be done using inequality
(3. 3) and keeping the term [ e™"|Vul? dz instead of [ e *|Vu|7 dz. Actually,
this approach can be applied even to deduce the Liouville property for nonnegative
p-superharmonic functions on general noncompact Riemannian manifolds under the
area-growth condition

+oo 1
[T
(area(0B,))r—T

see [39] for further details. We recall that such results have been deduced through
other different methods: maximum principle methods have been exploited in [1, 2,
38], capacity methods have been used in [27], and, finally, probabilistic approaches,
through the recurrence properties of the Brownian motion, have been thoroughly
discussed in [25].

REMARK 3.8. The same integral argument can be repeated to show that any
distributional solution to

~Apu+cg|Vul) =0in RY y>p—1,

must be constant when p —1 < v < N(pil On the other hand, if v > N(p 1)

there exist global non-constant solutlons belongmg to Wi, ’V(RN ). Indeed, when
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N(p—1)
N_1

to W.h"(RN) for r < N[y — (p—1)] and solves the previous equation in distri-

loc

< 7y < p the function u(z) = —c|z| @D for an appropriate ¢ > 0 belongs

butional sense. When ~ > p it is sufficient to consider u(x) = c\x|% for a
suitable constant ¢ > 0. When v = p, one can construct a counterexample through
logarithmic-type functions. Hence, the results proved in [7, theorem A] entail that
such distributional solutions cannot be more regular (i.e. of class C!). Actually,
such a Liouville theorem has been proved for less regular solutions (continuous, in
the viscosity sense) in [9, theorem 3.1] for a wider class of fully nonlinear second
order equations avoiding any differentiation of the PDE as a consequence of gradi-
ent bounds via viscosity solutions methods initiated in [11]. Therefore, this integral
argument shows once more that such distributional solutions cannot be more reg-
ular (neither continuous). Therefore, as remarked in § 3.2 for the uniqueness of
solutions, the formulation of the problem is really important even for the range of
the validity of the Liouville theorem.

REMARK 3.9. The Liouville results of the previous sections transfer to some non-
divergent and fully nonlinear elliptic equations. For instance, if the leading operator
in divergence form in (1.2) is replaced with the so-called minimal Pucci’s operator
defined as

Pia(M) = inf{~Tr(AM) : My < A < Aly,0 < A< A\ A € R},
then
P;A(D2u) > cg|Vul" in RY — —AAu > cy|Vu|” in RY,

and hence the Liouville property follows from theorem 1.3 under the same range
for v. We expect a similar property would hold for supersolutions to equations
driven by linear non-divergent operators assuming suitable asymptotic conditions
at infinity on the diffusion coefficients. Still, one expects the Liouville property to
hold even for the maximal operator P;\r A (which is defined replacing the inf with
the sup over the same class of matrices7) and thus to second order fully nonlinear
uniformly elliptic operators, as partly analysed in [15]. These properties in the
non-divergence setting will be the matter of a future research, since these integral
methods do not apply to such class of PDIs.

REMARK 3.10. The results related to the Liouville property in theorem 1.3 are
N(p=1)

pr1_7
[19, 21]. Indeed, the function u(z) = V(|z|) = ¢(1 + |z|?) " 2G-G-1) for a suitable

¢ > 0 is a bounded non-constant solution to the inequality

sharp with respect to the parameter range p — 1 < v < as shown in e.g.

—Apu > cg|Vul” in RN

https://doi.org/10.1017/prm.2022.72 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2022.72

Holder reqularity and Liouville properties for nonlinear elliptic inequalities 1851

when v > N=1) To see this, set § := %. One can use (3.1) to show that

N-—1
y—p |72 s
- Apu = =[P | ———— 1+ |z]?) (2T E=2) | p—2
y--1)
y—p 2\—($42) ||
cel(p—1)——————1 + |z|*) " 2 <7—1
{ y—(-1) y—(@-1)
SV =) e (L faf?) TG Y
vy—((-1)
>|c|p72c p—7 ‘ Y =P p—2 (N—l_ L) (1+‘x|2)—(%+1)(p—1)|$‘p72
>
y=-Dlv=-rm-1) y—=(-1)
- - p=2 -1 s
> P22 7 ' 1P (N—1—7p ) 1+ |z]2)~ (G|
>l y—(p-1ly—(-1) T—(p—1) A+l =

The last inequality can be made greater than or equal to

Y—p
y—=(p-1)
N(p—1)
Npl)

provided that ¢ > 0 is a suitable small constant and v > —3—

(1 + Jz[2) G|

)
x|Vl = ca| TV ()] = calel” ]

4. Generalizations to problems arising in sub-Riemannian and
Riemannian geometry

4.1. Problems modelled on Hormander’s vector fields

In this section we briefly discuss some possible generalizations to problems mod-
elled on a frame of vector fields of R"V. Consider a family of smooth, say C>, vector
fields X = {X1, ..., X;»}, m < N, generating a Carnot groups, and thus satisfy-
ing the Hormander’s rank condition. We define the horizontal gradient as V yu =
(Xyu, ..., Xpu) and the symmetrized horizontal Hessian (D%u);; = w,
while the horizontal divergence is defined as divy (®(z)) = > X/ ®;, X; being
the formal adjoints of the X;’s. We also denote by B:*(z) ={y € RY :p < R},
where p stands for a given homogeneous norm. In this case, it holds

Vol(BX) = cr®, r>0,¢>0, (4.1)

Q being the corresponding homogeneous dimension. We denote by W}Yqoc(Q) =
{ue L], . () : X;ue L] (Q),i=1, .., m} the standard (local) horizontal Sobolev

loc loc
space.

Let © be a bounded open set in RV, N > 1. We consider the following degenerate
PDI

—divy (A(z,u, Vau)) + Bs(x, Vyu) < 0in Q, (4.2)
where A : Q x R x RN — RY is a Carathéodory function such that (A) holds and
Bs(x,€) = culg]” — f(a). (B3)

We first give the horizontal counterpart of lemma 2.3 (a similar result holds for
inequalities with zero-th order terms of the form Au).

https://doi.org/10.1017/prm.2022.72 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2022.72

1852 A. Goffi

LEMMA 4.1. Let v >p—1, f € El’%(Q), q = 1. Assume that (A) and (B3) hold.
Let u be a distributional solution of (4.2). Then, for every pair of concentric balls
B C B} C Q we have

RS

Vyul"de < K ———
JeT ®— 0

t

%, %} and K is a constant depending on v, v, q, Q, cy and

. In particular, the result holds when f € L9, q > %

where s = max{

on Hf”Ll%(Bfg

Proof. The proof is the same as that in lemma 2.3, the only difference being the
choice of a C! cut-off function 7 such that 0 <n < 1, =1 on B;¥, n = 0 outside
BY, [Van| < 2. O

As in the Euclidean case, this leads to the corresponding local Holder continuity
for distributional subsolutions combining lemma 4.1 and applying [32, theorem 1.2],
as stated in the next.

THEOREM 4.2. Assume (A) and (B3), v > p, and let f € Ll’%(ﬂ) for some q > %
Let u € Wli’g(Q) which satisfies, in the sense of distributions, the inequality

—divy (A(z,u, Vau)) + [Vau|? < f(x) in Q.
Then w is locally Hélder continuous with exponent
_ .{ Q y-p }
a=minql - — ———— %,
@' v—(p—1)

d K depend N, v, Q -
and K depends onp, ¢, N, v, @, |Ifl ..e

REMARK 4.3. Similarly to what obtained in corollary 1.3, lemma 4.1 leads to a
Liouville property for distributional supersolutions (or solutions) when B(V yu) =
|V xul? and
Qp—1)

Q-1
These properties have been studied in detail in e.g. [19].

p—1<y<

4.2. Problems posed on Riemannian manifolds

We end this section with some extensions of the Liouville property for supersolu-
tions in the context of noncompact geodesically complete Riemannian manifolds. In
what follows, M will be a smooth connected, noncompact, complete N-dimensional
Riemannian manifold, while for a fixed origin o € M, we denote by r(z) the dis-
tance function from o and, as above, with B,., dB,. the geodesic ball and the sphere
of radius r > 0 centred at o. We will assume that 9B, is smooth for any r > 0.
As discussed in the introduction of [40] (see also [37, theorem 1.1]) this is not
much restrictive. Moreover, Vol(B,) stands for the Riemannian measure of B,,
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while area(dB,) the induced measure of dB,. The volume growth of the man-
ifold stands for the growth rate of the function r — Vol(B,), whilst the area
growth of the manifold for the growth rate of r —— area(dB,). We will denote
by dvoly the canonical Riemannian measure, and by dvoly_; the corresponding
(N — 1)-Hausdorff measure.

We will consider inequalities like

—div(A(z,u, Vu)) = Ba(z,u, Vu) in M,

where the divergence and the gradient are taken with respect to the Rieman-
nian structure under the same growth assumptions of the previous sections. More
precisely, A: TM xq (M x R) — T'M satisfies (A), where T'M is the tangent bun-
dle of M and TM xq (M x R) stands for the fibred product bundle of TM
and M xR with A(z, s, §) € T,M for all € M, seR and £ € T,M. Simi-
larly, By : TM xgq (M x R) — R satisfies (B2). As in the Euclidean case, points of
TM xq (M x R) are denoted with (z, s, §), with (z, ) € TM and (z, s) € M x R.

It is well-known that the Liouville property for subharmonic functions bounded
from above, namely the parabolicity of the manifold, is strictly related with its
volume growth, and it holds under the condition

+oo 1
[ oy == 0

see [25, theorem 7.5]. Moreover, these properties are tied up with the recurrence
properties of the corresponding Brownian motion on M and the existence of Green
functions, cf [25, theorem 5.1]. This in particular implies that M = R? is parabolic,
i.e. the one-side Liouville property for subharmonic functions bounded from above
holds in the plane.

Still, it is known, as discussed in [25], that the condition

+oo t
/ Vol(B, (o)) =+ 44

is sufficient to derive the one-side property, but it is not necessary. Finally, we
emphasize that (4.3) always follows from (4.4) by [40, proposition 1.3], but the
converse does not hold in general. Therefore, in the study of the next properties we
focus on conditions involving area(dB,) rather than those in terms of Vol(B,) or
on the optimal parameters for the exponents 7, p appearing in the equation (which
is the case when M = RY).

The next result provides a nonlinear version of (4.3) for quasi-linear equations
with power-growth nonlinearities of Hamilton—Jacobi type. To prove theorem 1.2
we state the following useful result, which generalises remark 2.5.

LEMMA 4.4. Let u be a nonconstant distributional solution to the inequality

—div(A(z,u, Vu)) = cg|Vu|” in M. (4.5)
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Then, there existsE > 0 and a constant C' depending on v, p, v, N, cg such that
for every r > R > R we have

_a—=(p—1) 1—(p—1)

p—1 r 1 p—1
R > _ . .
(/BR IVl dvolN) > O/R (area(aBt)) a. (46)

Proof. Let X be the vector field X := A(x, u, Vu). The proof follows the same
steps of remark 2.5 integrating div(X) and using the (weak) divergence theorem
together with the co-area formula, cf remark 2.6, but we omit this step for brevity.
We thus have

_ /B (A, u, V) dvoly < v ( /

OB,

p—1
1—(p—1)

[Vul dV01N1> ’ (area(0B,)) 7

We set o(r) = [ |Vu|” dz. Hence, by the co-area formula it follows that

a'(r)= / |Vu|" dvoly_;.
OB,

We then get

_a—(p—1)

a'(r) = C(v,v,p, CH)(U(T))P%(area(aBT)) T

which reads equivalently as

_ay—(»-1)
1

o' (1) (o ()" 71 = C(v,7,p, cr)(area(dB,)) " -

We now integrate on [R, ] and obtain that

p—1 1 N 1 1 - 1
10D o) T () T (o)

y=(p=1)

/ (! BT O
2 C s I s o an .
(v 7.2 cn) r \area(0By)

Proof of theorem 1.2. 1f u were not constant on the ball B, one can apply lemma
4.4 and find the desired contradiction using (1.3). O

REMARK 4.5. The previous result is slightly different from the one in corollary 1.3
and must be understood in the following sense: for «y, p fixed, (1.3) highlights how
the area of the geodesic sphere can grow to ensure the validity of the Liouville
property on a generic manifold without assuming any curvature restriction. This
is in line with the recent analyses carried out in [26, 43] and the earlier works
[37, 40], where the Liouville properties have been studied in terms of the volume
(and not the area) growth of the geodesic balls. We emphasize that in view of [40,
proposition 1.3] one has for any § > 0

[ Gat) =+ = | (oman) =+

but the converse is not true in general, unless some curvature conditions are imposed
on the manifold, see [40].
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REMARK 4.6. The same area-growth condition could have been obtained through
the scheme outlined in § 3.3.1 for nonnegative solutions.

REMARK 4.7. Although this result has been widely analysed in the literature in
various different settings, we emphasize that the Liouville property under these
area-growth conditions seem new. Moreover, though the approach to derive the
Liouville property is mainly inspired by [31, 40], the results of theorem 1.2 cannot
be inferred from these works.

REMARK 4.8. The previous result gives a critical condition in terms of the area of
the geodesic spheres for the solvability of the equation in M, and can be seen as a
generalization of the condition found in [27] in the context of Riemannian manfiolds.
It is worth noting that when M = R condition (4.3) leads to the restriction p — 1 <

v < N]S,pfll) found in § 3.3.

REMARK 4.9. It is worth remarking that corollary 1.3 leads to the Liouville prop-
erty for nonnegative solutions to an inequality involving powers of the unknown
functions and its gradient of the form

—Apu = u™|Vul? in RY
when
(N—pm+(N-1)y<N@p-1), m=0, y>1,

cf [22, remark 1.1] for the case p = 2. This can be done through the transformation
v =u’ for a suitable b > 0, which reduces the previous inequality to an inequal-
ity like —Apv > cg|Vo]? for v < % for some suitable ¢y > 0 depending on
p, v, m, and thus allows to exploit corollary 1.3, see e.g. [8, 15].

REMARK 4.10. As remarked in [40, p.489] or in [28, theorem 4.6 and remark 4.8],
using the same techniques of the present paper one can obtain similar results for
supersolutions to elliptic problems equipped with Neumann boundary conditions
posed on manifolds with boundary.
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