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ABSTRACT. We study reaction-diffusion equations in cylinders with possibly
nonlinear diffusion and possibly nonlinear Neumann boundary conditions. We
provide a geometric Poincaré-type inequality and classification results for sta-
ble solutions, and we apply them to the study of an associated nonlocal prob-
lem. We also establish a counterexample in the corresponding framework for
the fractional Laplacian.
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1. INTRODUCTION

1.1. Boundary reactions and stable solutions. In this paper we study reaction-
diffusion equations, i.e. mathematical models in which the diffusion process is in
1



balance with a nonlinear reaction. The diffusion is modeled by a (possibly nonlin-
ear) operator of elliptic type, and the reaction may occur on the domain as well as
on the boundary, via a Neumann condition. A typical example of reaction-diffusion
model is given by the Peierls-Nabarro model for atom dislocations in crystals, in
which the elastic force acting on the dislocation function is balanced through a
potential acting on the slip plane and thus producing a boundary reaction (see
e.g. [17] or Section 2 of [8] for a physical derivation of such model).

Other models which naturally produce reaction-diffusion equations concern the
distribution of chemical substances, such as in the case of the so called Fisher-KPP
equation (see [13] and [18]).

The domain that we will consider in this paper is a cylinder that is infinite in
one direction, namely the Cartesian product of a smooth domain  and (0, +00).
Homogeneous Neumann conditions are prescribed along the lateral boundary 0€) x
{y}, for any y > 0, and possibly nonhomogeneous and weighted Neumann data
are given on the bottom of the domain Q x {0}. The interest for this Neumann
type conditions in cylinder is also related to the representation of the powers of the
Laplacian in the spectral sense, see [19, 28, 29].

The main problem we address here is the classification of stable solutions, i.e.
solutions of the equation which correspond to a nonnegative second variation of
the associated energy functional (notice that, in particular, minimal solutions fall
into this category). The classification of stable solutions of elliptic equations with
homogeneous Neumann data goes back at least to the celebrated results in [7],
which show that the only stable solutions of semilinear equations in a domain
with homogeneous Neumann conditions are the constants, under suitable convexity
assumptions either on the domain or on the nonlinearity.

Our main results concern the extension of these type of classifications for reaction-
diffusion equations on cylindrical domains with reactive boundary conditions (in
this circumstances, as we will see, the stable solutions are not necessarily constant,
but will depend only on the “vertical” variable).

Related, but rather different in spirit, classification results for reaction-diffusions
in low-dimensional halfspaces have been obtained in [6, 24, 25, 5, 3, 22, 4] (in this
case, the stable solutions only depend on one “horizontal” variable).

Also, we will provide a geometric Poincaré-type formula, which can be seen as
the counterpart of an inequality obtained in [27] for elliptic equations.

Since the results obtained are related to fractional equations, we will firstly apply
our main results to a Neumann boundary value problem for the spectral Neumann
Laplacian. Afterwards, we provide a counterexample that prevents classification in
a related, but different, nonlocal setting.

Now we introduce the model under consideration in further details and give
precise statements of the results obtained.

1.2. The mathematical setting. The problem under investigation in this paper
is the following:

div(a(y, |Vu|)Vu) = g(y,u) in £ x (0,400) =: C,
(1.1) Ou=0 on 09 x (0,4+00) =: 91.C,

—a(y, |Vu|)o0yu = f(u) on Q x {0} =: 9pC.
Here and in the rest of the paper, the set & C R" is a bounded and sufficiently
regular (say of class C*®) domain. As for the forcing terms g and f, we suppose
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that ¢ is continuous with respect to the first variable and locally Lipschitz with
respect to the second variable, and that f € C%%(R), for some a € (0,1) (we
remark that f locally Lipschitz would be sufficient for most of the result in the
paper, with the exception of Theorems 1.6 and 1.7).

The variables in the cylinder € are denoted by x € Q@ C R™, and y € (0, +00).
In some cases, we will use the notation X := (x,y) € C.

Moreover, in the whole of the paper we will assume the following structural
conditions on the function a: we assume that

a € C((0,400) x [0, +00)) N CL((0, +00) x (0,+00)),

that

(1.2) a(y,t) >0 and a(y,t)+ ta(y,t) >0
for any y > 0 and ¢ > 0, that there exists C' > 0 such that
(1.3) tas(y, )] < Caly.?)

for any y > 0 and ¢ > 0, and that

(1.4) %iir(l)tat(y,t) =0

for any y > 0.

Here and in what follows the subscript ¢ stays for the derivative of a with respect
to the second variable. From the analytical point of view, condition (1.2) may be
seen as a rather general form of ellipticity (this will be detailed in Lemma 2.3).
Some examples of a(y,t) that we take into account are

a(y,t) =y’, with ¥ € (=1,1),

a(y,t) =y’ (1 +t2)P/2, with ¥ € (—=1,1) and p > 1,

yﬁ

aly,t) = e

In particular, our assumptions comprise the quasilinear equations of p-Laplace type
and mean curvature type, possibly weighted by Muckenhoupt weights. The case
a(y,t) = yY naturally arises in some extension problems for the spectral fractional
Laplacian with Neumann boundary condition, see [19, 28].

We now clarify the type of solutions that we are going to consider. We always
suppose that
(1.5)

u € C(C)NC*(Q x (0,+00)),

Veu, Diue L*(92 x {0}),

Oyu(z,y) =0 forall (z,y) € 0Q x [0,+00), and for all R >0

aly, [Vul) (|96 + [D2ul® + Vo, 2 + |D3ul® + [D2u, ) € L@ x (0, ),

, with 9 € (=1,1) and [Vu| € L>=(0).

where v = (7,0) € R x R and # denotes the outer unit vector field on 9.

Here and in the rest of the paper, the notation V, stands for the gradient only
in the x variable (in particular, V,u is an n-dimensional vector field). The second
condition in (1.5) is intended in the sense that V,u and D2u have a L? trace on
Q x {0}. Notice also that the second and the third conditions in (1.5) do not require
u to be of class C! near 992 x {0}, since only the derivatives of u with respect to



x are taken into account. We shall see that the previous assumptions are naturally
satisfied when (1.1) is seen as extension of a nonlocal boundary value problem.
Moreover, they can be directly checked in many concrete cases using the classical
regularity theory for elliptic equation (up to the boundary), for which we refer to
1, 2].

Concerning the last equation in (1.1), under reasonable assumptions on a, g and
f it can be interpreted in the classical case as

(1.6) 7}1_)1110 f(u(z,y) + aly, |Vu(z,y)|) dyu(z,y) =0 for any z € Q.

In general we will not need such a regularity. On the contrary, we call solution of
(1.1) any function u satisfying (1.5) and such that (1.1) holds in the following weak
sense:
(17) [t vu)vu- e+ [gwuro= [ sy

e e Bt

for any ¢ € A, where
(1.8)

a={oemite

¢ has bounded support in y, a(y, |Vul|) |[Vp|* € L(€) }
and p|ox 0y € L*(Q) '

It is clear that any classical solution is also a weak one, in the sense specified above.
Let us consider now the symmetric matrix

a , ..
(1.9) $@WM+—M%Wﬁw+t%$”mm forallij=1,....n+1,

where 7 = (11, ...,Mn+1), and we mean that the latter term is zero if 7 is zero.
The matrix B plays a role in the linearized equation (in a sense that will be
clarified in Lemma 2.7).
We write that u is a stable solution of (1.1) if it is a solution (in the sense of (1.7))
and if

110) 1) = B0V Yo + [amue - [ Fwezo
e e ope
for any ¢ € A.

Having introduced the main definitions and notation, we are in position to
present our main results, which are: a geometric Poincaré-type formula, the clas-
sification of stable solutions when 2 is convex, the classification of bounded stable
solutions in case of convex/concave boundary reaction f, and the application of
these results to nonlocal problems in €2 related to the spectral Neumann Lapla-
cian. Finally, we also present a counterexample for the fractional Laplacian with
point-wise Neumann boundary condition.

1.3. A Poincaré-type formula. The first result that we present is a weighted
Poincaré-type inequality. A weighted L?(C)-norm of any test function will be
bounded by a weighted L?(€)-norm of its gradient. The weights are non-negative
and possess a neat geometric interpretation. This type of Poincaré-type formulas
are indeed an extension of a celebrated result obtained in [27] for classical elliptic
equations. The precise statement in our framework is the following:
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Theorem 1.1. Let u be a stable solution of (1.1). Then, for any ¢ € C*(€) with
bounded support in y and such that ., € A for any j =1,...,n, we have

23090 Vs, V) = (B V) VIVl VIVl | 02
(1.11) i=1

— [ ol 9 (Vu 0,(5)) 02 < [ (B V0V, V) Vol
aLe e

We remark that the weights in (1.11) have a simple, concrete interpretation
in terms of the level sets of the solution u. As a matter of fact, fixed y > 0,
if (z,y) € {u=c}N{V,u # 0}, then the c-level set of u(-,y) in the vicinity of (z,y)
is a smooth (n—1)-dimensional manifold 8, in Qx{y}, and we can therefore consider
the tangential gradient Vg along 8, and the principal curvatures x1,...,5,—1. In
this way, one can consider the norm of the second fundamental form, i.e.

and bound the weight on the left hand side of (1.11) in terms of these quantities.
More explicitly (see formula (1.20) in [25]), one has that on €N {V,u # 0} it
results

> By, Vu) Vg, Vug,) — (B(y, Vu)V|Vaul, V|V,ul)
j=1
ay(y, |Vul)

X,
where
Ko =Y 2, — (8yVaul)® + K2 |Vul® + | Vs, [Vaul |
j=1

n
and Ky = Z(Vu Vug,)? = (Vu- V|Vul)?.
j=1
Since Vu,, = 0 = V|V,u| for almost every point in {V,u = 0}, this type of
inequalities has also a deep relevance for rigidity and symmetry results, as pointed
out by [11], see also [12, 24, 25].

1.4. Classification of stable solutions in convex domains. One of the main
goal of this paper is to classify stable solutions of (1.1) under suitable assumptions
either on the domain or on the nonlinearities. In this spirit, the first result that we
present concerns classification in convex domains.

Theorem 1.2. Let @ C R™ be convex, and let u be a stable solution of (1.1)
satisfying the energy bound

(1.12) / a(y, |Vu]) [Vaul? < OR2,
Qx(0,R)

for some constant C > 0 independent of R.



Then there exist w : (0, +00) — SVt and up : R x [0, +00) — R such that

U(.T, y) = Uo(W(y) : $7y)

for any (x,y) € C. In particular, the level sets of the function u(-,y) are parallel
(n — 1)-dimensional planes in R™ x {y} for any fized y > 0.

In addition, if {V,u =0} = & then the function w(-) is constant.

Moreover, if n > 2 and the principal curvatures along 0S) are strictly positive,
then u depends only on y.

We remark that assumption (1.12) is satisfied, for instance, if a grows in y
at infinity as y” (with ¢ € (—1,1)) and |V, u| has growth bounded by y = in
particular, unbounded solutions may be also taken into account.

We also stress that, in general (and differently from the setting in [7]), it is not
possible to deduce, in the setting of Theorem 1.2, that the solution u is constant
(as a counterexample, one may consider the case in which v :=y, a:=1, f := —1,

g := 0; clearly, u is stable being a harmonic function).

Notice that Theorem 1.2 yields 1-dimensional symmetry of possibly unbounded
stable solutions to (1.1) provided that €2 is convex and 9 has strictly positive
principal curvature. It is possible to obtain the same result removing this last
assumption, but adding an integrability condition, as stated in the following result:

Theorem 1.3. Let Q@ C R™ be convez, and let u be a stable solution of (1.1),
satisfying the integrability assumption

(113)  aly, [Vul) (IVul? + |D2uf® + [Vauy[?) + |gu(y,w)| IVaul? € L1(©).
Then u depends only on y.

It is worth to observe that (1.13) can be considerably weakened when a(y,t) is
independent of ¢ and g = 0. This case is particularly interesting, as we will discuss
in the forthcoming Section 1.6. To this goal, we have the following result:

Proposition 1.4. Let Q C R™ be convex. If a is independent of t and g =0, then
(1.13) s satisfied provided that

(1.14) a(y) |Vul|* € LY(@).

Notice that condition (1.14) is naturally satisfied when searching for solutions
to (1.1) by means of global variational arguments.

In the case of classical elliptic equations, a classification of stable solutions in
convex domains with homogeneous Neumann boundary data was given in [7]. In-
deed, our Theorems 1.2 and 1.3 may be seen as the extension of Theorem 2 of [7]
to the case of boundary reaction-diffusion equations.

In many concrete cases, once one knows that the solution only depends on y (as
given for instance by Theorem 1.3), then (1.1) simplifies and can be often explicitly
integrated. For instance, if u = u(y) and a = a(y) only depend on y, and g vanishes
identically, then (1.1) reduces to an ordinary differential equation which provides
the family of solutions

(1.15) u(y) = e~ f(¢) / &

a(¢)’
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for ¢ € R. We also remark that in the model case in which a(y) = y?, with 9 €
(=1,1), the functions u of the form (1.15) that satisfy au; € L'(C) are the con-
stants (see also Lemma 4.10 in [12] for classification results of ordinary differential

equations).
Moreover, we stress that, in general, stable solutions of (1.1) are not necessarily
constant. As an example, one can consider u(z,y) := e Y, a(y,t) :==e¥, f =1

and g := 0 (notice that in this case (1.1), (1.5) and (1.13) are all satisfied; moreover,
since g = 0 and f’ < 0, and recalling Lemma 2.3, then we see that u is stable, in
the sense of (1.10)). In this sense, Theorems 1.2 and 1.3 are optimal.

Though the statements of Theorems 1.2 and 1.3 are somehow similar, we prove
them by different methods. Indeed, the proof of Theorem 1.2 relies on the Poincaré-
type geometric inequality stated in Theorem 1.1 (by the choice of an appropriate
test function), while the proof of Theorem 1.3 is based on the relation between
maximum principles and stability conditions in view of a suitable spectral analysis.

1.5. Classification of bounded stable solutions for convex/concave non-
linearities. Now we address the problem of classifying stable solutions if the non-
linearity f is either convex or concave. To this aim, we shall make the assumption
that ¢ = 0. The precise result obtained is the following;:

Theorem 1.5. Assume that
(1.16) ai(y,t) <0 and g(y,t) =0 for any t, y > 0.
Let u be a bounded and stable solution of (1.1), such that

a(y, [Vul)[Vul* € L*(C),

1
1.17 lim — a(y, |Vul) =0
(1.17) R—too R? [y (R 2R) @[Vl

and a(y,|Vul) 9yu € C(Q x [0,400)).
If either f is strictly convex, or f is strictly concave, then u is constant in C.

We remark that Theorem 1.5 is proved here under the additional assumption
in (1.16), stating that a is nonincreasing with respect to the variable ¢. This as-
sumption is of course satisfied in all the cases in which a is independent of ¢, that is,
if one is considering semilinear reaction-diffusion equation. Nevertheless, we remark
that condition (1.16) is satisfied also in the case of important quasilinear reaction-
diffusion equations, such as the one driven by mean curvature-type operators, in

which

y19

a(y,t) = Nk

with ¢ € (—1,1). We think that it is an interesting open problem to decide for
which type of quasilinear reaction-diffusion equations similar statements hold true.

In the case of elliptic equations with inner reaction, the classification of stable
solutions with Neumann data under suitable convexity or concavity assumptions
on the nonlinear term was obtained in [7]. In this sense, our Theorems 1.5 is the
extension of Theorem 3 of [7] to the boundary reaction-diffusion equation in (1.1).



8

1.6. Application to nonlocal Neumann problems. Now we discuss the classi-
fication of stable solutions in a problem driven by the square root of the Laplacian
in the spectral sense. For this scope, let {¢) : k € NU{0}} and {\; : k e NU{0}}
be the eigenfunctions and the eigenvalues of —A in €2 with homogeneous Neumann
conditions on 9€2. We normalize the sequence of eigenfunctions in such a way that
they form an orthonormal basis of L?((2).

The Neumann Laplacian —A y is the operator acting on an L?(Q)-function

w(z) =Y wi pi(x),
k=0

where
wn = [ wla) o) do
Q

as
7ANU/(I) = Z >\k W gok($)
k=0

Then, for s € (0, 1), the s-Neumann Laplacian is given by

(1.18) (AN w(z) =Y N wi or(2).
k=0
With the language of the semigroups introduced in [28], it is possible to show that
(—=Ap)?® is a nonlocal operator.
From now on we focus on the case s = 1/2 and, given f € C*%(R), we consider
the semilinear equation

—AN)Y20 = in
(1.19) (ZAn) v =f(v) in
d,v=0 on 0f2.
The problem can be considered in weak sense, namely we consider the space
+o0 too
H1/2(Q) = {w = Zwk%@k € L*(Q) s.t. Z)\}c/z\wﬂz < —I—oo} )
k=0 k=0

Then we say that v is a solution of (1.19) if
+oo

v = vapk e HY/2(Q)
k=0
and
+oo +oo
SN ut= [ fo@)c@)ds forany (=Y G € HY@)
k=0 @ k=0

We observe that the latter integral makes sense under some assumption on f or
on v. Since f is continuous and v will always be bounded in the sequel, it is weel
defined. Also, thanks to the results in [28, 29] (see also [19]), the previous nonlocal
problem is related to the following local one, with boundary reaction:

Au=0 in C
(1.20) Ou=0 on 01,C

—0yu = f(u) on dgC.
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More precisely, let us define H(€) as the completion of H!(€) with respect to the
scalar product

(u17u2)g{(e) = / Vui - Vug +/ ULU2,
e Q

where u;|q has to be understood in the sense of traces (notice that this is possible,
see Section 2 in [29]). It results that H(C) D H(€) (notice in particular that
constant functions are in H(€) but not in H*(C); for this reason, H(€) is a more
suitable space than H!(C) to set (1.20) in weak sense). Then a weak solution v to
(1.19) can be defined as the trace over €2 of a function u € H(C) such that

(1.21) / Vu- -V — / flu)p=0 for all ¢ € H(C),
e Qx{0}

see again [29]. Notice that this setting falls exactly under the general setting con-
sidered in (1.1), with @ = 1 and g = 0 (compare (1.21) with (1.7)).

In this framework, we say that a solution v € H'/2(Q) to (1.19) is stable if its
extension u € H(C) in (1.20) is stable according to (1.10) (with B the identity
matrix and g = 0), i.e.

(1.22) / Vol / F(u)g? >0
e Qx{0}
for any ¢ € A.

With this definition, we can prove the following classification theorems for stable
solutions to (1.19).

Theorem 1.6. Let Q C R" be conver, and let v € H'Y/2(Q) N L>(Q) be a stable
solution to (1.19). Then v is constant.

Theorem 1.6 establishes that equation (1.19) in convex domains does not admit
noncostant stable solutions. The same conclusion holds, if, instead of the convexity
of Q, we assume the convexity (or the concavity) of the nonlinearity f, according
to the following result.

Theorem 1.7. Let f be either strictly convex, or strictly concave, and let v €
HY2(Q) N L>®(Q) be a stable solution to (1.19). Then v is constant.

The previous results can be considered as the counterpart of those in [7] for
(1.19). Clearly, a natural question consist in finding easy and natural assumptions
on f or on v allowing to show that v is stable in the sense of (1.22). A very simple
condition consists in f’ < 0.

We also point out that, in our framework, Theorems 1.6 and 1.7 will be obtained
by using Theorems 1.3 and 1.5, respectively.

As a further remark, we observe that if v € H'Y/2(Q) N L>(f), then, by [29,
Theorem 3.5], we have that v € €*(Q). Therefore the boundary condition d,v = 0
on 0f) can be understood in classical sense.

We also mention that our focus on the case s = 1/2 is due to the fact that
we recalled and used some results contained in [29]. Once that similar results are
established for the case s # 1/2 (this is announced in [29]), our results would also
hold for the general case s € (0,1). Indeed, for s € (0,1), the extension problem
associated to the s-Neumann Laplacian will be of type (1.1) with a(y,t) = y”,
with ¥ € (—1,1), and g = 0.
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1.7. A counterexample in a different nonlocal setting. In Section 1.6, we
have considered classification results for stable solutions of spectral versions of frac-
tional Laplacians (in the sense given by (1.18)).

In the literature, other nonlocal elliptic operators of fractional type have been
widely studied. Of particular interest is the integral version of the fractional Lapla-
cian, defined (up to normalizing constants), for any s € (0,1), as

v(z) —v(y)
(1.23) (=A)°v(z) :=pv /Rn [P dy.
As usual, pv stays for the principal value. We stress that the operators in (1.18)
and (1.23) are indeed different (see e.g. [23]).

In this setting, a natural fractional normal derivative at the boundary (see e.g.
[20]) is given by

e (e () — ()

O0vte) = g S
where 7(z) denotes the outer unit normal to 9Q at x € 9.
With this, one may wonder whether “nice” and “stable” solutions to the equation

(=A)*v=f(v) inQ
(O)*v=0 on 99

)

(1.24)

in convex domains or with convex nonlinearities are necessarily constant, or, at
least, if they enjoy some rigid geometric properties.

While a suitable notion of stability should be introduced in this setting, the
further assumption that f = 0 would imply stability in any reasonable definition,

thus the basic question boils down to determine any rigidity properties of solutions
of

(1.25) {(A)Sv =0 inQ

(0,)*v =0  on 09,
possibly in convex domains.

Quite surprisingly, we now show that no classification (and even no rigidity)
results hold true for equation (1.25). This phenomenon shows that the “right”
choice of fractional operator, endowed with the appropriate boundary conditions,
plays a crucial role in nonlocal problems.

In concrete, the result that we show is the following:

Example 1.8. Let s € (0,1), h € C*(R) and € € (0,1). Then, there exist 1,2 €
[0,£] and v € C?((—1 —¢,1 +€)) N C(R) such that

)2

v =hllcz(-1,1)) <6
(—02)® /‘ ‘1+25 dy =0 for any x € (—1 — 1,1+ &2),

v(z) —v(y)
0y)° = lim =0 for a e{-1-961,1+4 05},
(9,)"v(@) ye(—fjgwéz) |z — y|® vany @ € { ! 2}

’U/(—l - 51) = 1}/(1 + (52) =
v has bounded support.
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We remark that the operator (—92)° is simply (—A)?®, as defined in (1.23), when
the domain is one-dimensional. Also, the “fractional” boundary derivative (9,)°
has nice regularity properties and natural applications in Pohozaev-type identities
and in rigidity results for overdetermined problems (see e.g. [15, 20, 21, 10, 26]);
nevertheless it cannot characterize solutions v of the fractional equation (1.24) in
convex domains, which, as stated in Example 1.8, at least for f = 0, can have
essentially the same local qualitative properties of any prescribed function h.

1.8. Organization of the paper. The rest of the paper is organized as follows.
In Section 2, we collect some preliminary computations that are needed in the
proofs of the main results. In Section 3, we prove the Poincaré-type geometric
inequality stated in Theorem 1.1. The classification of solutions to (1.1) when {2 is
convex, together with the proofs of Theorems 1.2 and 1.3, is contained in Sections 4
and 5. The proof of Theorems 1.5, with the classification of stable solutions in case
of convex/concave nonlinearities, is contained in Section 6. Section 7 is devoted
to the study of classification results involving the spectral s-Neumann Laplacian
(—AnN)®. Section 8 contains the discussion related to Example 1.8.

2. TooLBOX

In this section we collect several intermediate statements which will be used in
the proof of our main results.

2.1. Some inequalities coming from the Neumann condition. Next result
deals with the geometric analysis related to functions satisfying a Neumann condi-
tion.

Lemma 2.1. Let Q@ C R" be an open set with boundary of class C?. Letu €
C?(Q x (0,+00)), with d,u =0 on I x (0, +00).

Assume that T = (T',Z,) € 0Q and that in a neighborhood of T the domain €
can be written in normal coordinates as the epigraph of a function v € C?(R"~1),
i.e.

QN B.(z) ={z = (z/,2,) € B:(T) s.t. &, >~y(2")},
for some r > 0, with v(Z') = T, and Vy(Z') = 0. Then, for any y > 0,
V’U,(.’f, y) : au (Vu(ffy y)) = VIU(SE, y) : al/ (ku(‘f> y))

(21) - i Vaiz; (i'/) Ug;, (i.’ y) Ug (j’ y)

i,5=1
In particular, if Q) is convex, then
(2.2) Vu(z,y) - 0, (Vu(Z,y)) = Vou(z,y) - 0y (Vau(z,y)) < 0.

Proof. Up to a translation, we can assume that £ = 0. Thus, in the vicinity of the
origin we can write the unit normal vector as

1

) = P r L

Therefore, the condition d,u(z,y) = 0, for x € 92 N B,., reads as

(VW(JJ/)’ -1, O) :

n—1
> e, (¢, 9(@),y) Yo, (7)) = e, (2, 7(2), ) = 0.
=1
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So, taking the derivative with respect to x; with j =1,...,n — 1, we obtain

Zum a:] 7’7 ) y)’yibz (xl)

n—1 n—1

+ Z Ug;z, (1‘/, 7(33/)3 y) '7% ’ow + Z ull ' ’Y ’Yw@z]( )

- uijn ($ a’Y(ﬂ? )) — Uz, (.13 77(1‘ )7 y) ’Y‘Tj (Z‘ ) =0.
Hence, recalling that V~(0') = 0, we infer that

n—1

Z g, (0, y)%ﬁim]‘ 0,y) — Ugjz, (0,y) =0,
i=1
which proves that, for any y >0 and any j=1,...,n — 1,

n—1
(2.3) Uaya, (T,4) = Y e, (T, ) Var, (T, 1)
i=1
Now we observe that
(2.4) v(0,y) = —e,, and so ug, (0,y) = —d,u(0,y) = 0.
By differentiating this identity in y, we deduce that
(2.5) Uy (0,) = 0.
Moreover,
(2.6) ty (0, y) - Oy (0,y) = —uy(0,y) ue,y(0,y) = 0.

Therefore, using again (2.4), we see that

VU(O, y) -0y (VU(Ov y)) = 7vxu(03 y) : 8957,, (vru(oa y))

n—1
(27) = _Zuwl O y)uwiwn (O y Zum 0 y)uwiwn (0 y)
i=1 i=1
Now we plug (2.3) into (2.7), and we deduce that
n—1
Vu(0,y) - 0, (Vu(0,y)) = — Z Vaiz; (O/> Uz, (0,y) Uz, 0,y).
ij=1
From this and (2.6), we obtain (2.1). Formula (2.2) follows from (2.1) and the
convexity of Q (which boils down to the convexity of ). O

For completeness, we also recall the following result:
Lemma 2.2. Letn > 2. If Q is converx, then OS2 is pathwise connected.

Proof. Fix Z € Q. Given two points A, B € 02 we will construct a path join-
ing A to B and lying on 0f). For this, we consider the segment S that joins A
and B. Notice that S C Q, by convexity. Given any X € S, we can consider the
halfline r(X') that emanates from Z and passes through X. We remark that r(X)
must intersect €2, since ) is bounded. This intersection point must be unique:
indeed, if there are two points Y7, Y2 € 0QNr(X), since B,(Z) C Q for some p > 0,
we have that the convex hull of Y7, Y2 and B,(Z) lies in ©Q, and this contradicts
that both Y7 and Y5 are boundary point.
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Therefore, for any X € S, we can define a continuous function 7 : S — 912, as
the intersection of r(X) with 9Q. Then, the image of S via 7 provides the desired
path lying on 92 and joining A to B. O

2.2. Positive definiteness of B.

Lemma 2.3. For any y > 0 and n € R*""1\ {0}, the matriz B(y,n) is positive
definite.

More precisely, the matriz B(y,n) has eigenvalues a(y, |n|) + |m| ai(y,|n|) (with
multiplicity 1) and a(y,|n|) (with multiplicity n).
Proof. The second statement implies the first one, thanks to (1.2). So we focus on
the proof of the second statement. For this, we fix an orthonormal basis of R?+!,
say {E1,...,FEnq1}, such that By := n/|n|. We will use this basis to diagonalize
the matrix B(y,n). Indeed, for any k = 2,...,n 4+ 1, we have that E; - E; = 0.
Thus, forany i =1,...,n+1

n+1

(B(y,n) Ev), ZByn y,ll Z |y’277| ning

= (a(y7 Inl) + Inl at(y, n)) (£ 1)i,
while for any k =2,...,n+1
n+1

(B(y,n) Ex), = aly, [n))(Ex): +Z y"m nin; (Ek);

= a(y, [n))(Ek)i + at(y, \77|) niEr - By = aly, [n])(Ek)i- O

2.3. Some results available in the literature. Here we recall some known aux-
iliary statements, which will be needed in the proof of our main results (these
statements have been included for the facility of the reader, to make the paper
more self-contained).

The following is a variant of Lemma 10 in [24]. The proof can be easily obtained
modifying the argument therein, and thus is omitted.

Lemma 2.4. Let R > 0 and h : Q x (0,R) — R be a nonnegative measurable
function. For any p € (0, R), let

n(p) = / h.
Qx(0,R)

R
/ @ dX < 2/ tn(t) dt + 77(1;”).
Qx(VR,R) Y VR R

Lemma 2.5 (Lemma 4.2 in [25]). In CN{Vu # 0}, it results

(28) D (B(y,Vu) Vg, Vug,) — (B(y, Vu) V|V,ul, V|V,ul) >0

j=1
Corollary 2.6 (Corollary 4.3 and Theorem 4.4 in [25], and Lemma 2.11 in [12]).
Let U Cc €N {V,u # 0} be an open set. Suppose that

> By, Vu) Vg, Vug,) — (B(y, Vu)V|Vaul, V|Vul) =0

Jj=1

Then
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almost everywhere in U. Then there exist w : (0,+00) — SV~ and ug : R x
(0,+00) — R such that
u(@,y) = uo(w(y) - =, y)-
In particular ug(-,y) is 1-dimensional for every y > 0 fized.
In addition, if {V,u =0} = & then the function w(-) is constant.

2.4. The linearized equation. Now we consider the so-called linearized equation,
that is the equation satisfied by the derivatives of the solution in the variables x
(this equation is clearly related with the stability condition in (1.10)). The result
needed for our purposes is the following;:

Lemma 2.7. Assume that u is a solution of (1.1). Then, for any j =1,...,n, we
have that u,; satisfies

/e [(B(y, Vu) Vg, , Vo) + gu(y, u) us, w}
- / [a(% [Vul) (V- V) vj + gy, u) ¢ u]}
aLe

= f(w) ug; b — fu) v,

opC 80 x {0}
for any ¢ € A and and such that ¢, € A for any j=1,...,n.

Proof. First, we observe that, for any j =1,...,n,
n+1
ux, (T, y) ux,a,; (%,Y)
0, (ol 1Vl ) ) = 3 el [Vutary)]) gl
=1 Y
As a consequence, for any fixed j=1,...,nand m=1,...,n+1,

(a(y7 \Vul) Vug, + 9z, (aly, [Vul)) Vu)m

= a(yv |V’LL|) UX + amj (a(yv |vu|)) UX
n+1 n+1

Ux, Ux,, UX,x;
= > a(y,|Vul) Semux,e, + Y ar(y, |VU|)]‘|T‘WJ
k=1 k=1
n+1
= Z 'Bkm(ya VU) UX )
k=1
where we have used (1.9). Therefore, for any j =1,...,n,
(2.9) 0z, (aly, |Vul) Vu) = B(y, Vu) Vug,.

Using (2.9), we have the equality (in L' sense)
a(y, |Vul) Vu - Vb, = 0, (a(y, [Vu|) Vu - Vw) — (B(y, Vu) Vug,;, V).

We wish now to use (1.7) with ¢ = 9, (notice that this is possible since we are
supposing that v, € A). To this aim, we use the Divergence Theorem to obtain

[ . 9u) V-,
(2.10)

= / a(y, |Vul) (Vu - Vi) v; — /(B(y7 Vu) Vug,;, Vi),
oL C

e
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for any j = 1,...,n. In a similar way

(2.11) /eg(y,uwxj =/8Leg(y,uwvj—/egu(y,u)uzj .

Finally, using again the Divergence Theorem,
(212) s, = [ f@ov- [ fwu, e
836 GQX{O} 83@

Notice that v; denotes the j component of v = (7,0) and © is the outer unit normal
vector of € in R"™.

We can now insert (2.10), (2.11) and (2.12) into (1.7) and obtain the desired
conclusion. O

As a consequence of Lemma 2.7, we can test the linearized equation against ¢; :=
ugz;p, where ¢ is a “nice” function with bounded support in y: in this case, the
particular choice of the test function and the Neumann condition provide some
additional simplifications, as stated in the following result:

Corollary 2.8. Assume that u is a solution of (1.1). Then

Zn: /e [(3(3/,Vu) Vg, Vug,) ¢ + (B(y, Vu) Vg, , V) uw}

(2.13) 4 /e Guly ) [V ouf?

- / a(y, |Vul) (Vu - 8,(Vu)) o + / F(0) |V oul?o
oL C o€

for any o € CY(C) with bounded support in y and such that e, €A, for any j =
1,....,n.

Proof. We use 1; := uy,; ¢ as test function in Lemma 2.7, observing that this is
possible by (1.5) and the assumptions on ¢, and then we sum over j = 1,...,n.
First of all, for any z € 92 and y > 0, if ¢; := u,, ¢ then on 9.,C

Z%-ijvxu-ugp:Vu-wp:O,
j=1

where we used the fact that the last component of v is 0 on 9;,€C. Since the normal
along 91,C coincides with the one along 99 by projection, we deduce from (1.5)

that
Z 1/}]‘1/]‘ = 0
j=1

also on 9 x {0}. These considerations imply that

(2.14) Z/d eg(y7u) ¢jv; =0 and Z/ f(u)ibjv; = 0.

o0 x{0}
‘We also observe that
aly, [Vul) (V- V45;) v,
=a(y, |Vul|) (Vu - Vug,) pvj + aly,|Vul) (Vu - Vo) ug; v;

j=1
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on 01,C, so that, using again the homogeneous Neumann condition,

(2.15) Z/ a(y, |Vul) (Vu - Vi) v Z/ a(y, |Vul) (Vu - Vug,) pv;.

Plugging (2.14) and (2.15) into the formula in Lemma 2.7, the thesis follows. O

A refinement of Corollary 2.8, under additional integrability assumptions, goes
as follows:

Corollary 2.9. Let §2 be a conver domain, and let u be a solution of (1.1), satis-
fying the integrability assumption (1.13). Then

Z/(B(y,Vu) Vg, , Vg, ) +/gu(yau)|viﬂu‘2
j=17¢ ¢

- / aly, [Val) (Vu- 0, (V) + [ F'(u) [Vl
oL@

o€

Proof. We take ¢ := ¢r(y) to be a smooth nonnegative function such that ¢r(y) =
lify € [0, R], ¢r(y) =0if y € [2R, +00) and |¢;| < 10/R. We apply Corollary 2.8
and we send R — +o00, using assumption (1.13). More precisely, by (1.9) and (1.3),
we can bound |B(y, Vu)| by a(y, |Vu|), up to multiplicative constants; therefore

By, V)l (IVoul® + [D7ul* + [Vauy,[*) € L1(€)

thanks to (1.13), and this allows us to pass to the limit as R — +oo in the first
term on the left hand side in (2.13). As far as the second term, we use the fact that
9u(y,u)|Vul|? € L1(C) and argue in a similar way. Finally, for the first term on the
right hand side of (2.13) we apply the Monotone Convergence Theorem, observing
that, thanks to the convexity of 2, Lemma 2.1 implies that

a(y, |Vu|) (Vu-90,(Vu)) <0 on 9.C. O

3. A POINCARE-TYPE GEOMETRIC INEQUALITY: PROOF OF THEOREM 1.1
In this section we prove the geometric inequality of Poincaré type stated in
Theorem 1.1.

Completion of the proof of Theorem 1.1. We use Corollary 2.8 with ¢ := % and
¥ € C1(€) with bounded support in y and such that e, € Aforany j=1,...,n
In this way, we have that

Z / By, V) Vuy,, Vg, ) 0 + 2(B(y, Vu) Vu,, Vi) u, 1

(3'1) +/egu(yau)|vazcu|21/)2

:/6 ea(y,|vu|)(vu.a,,(vu)) V2 + f'(w) |V u?¢2.

oBC

Now we use the fact that w is stable, and we choose |V, u|¢ as test function in
the definition of stability (1.10) (we observe that this choice is admissible, thanks
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o (1.5)): in this way, we conclude that
/(B(y7Vu)V|V$u|, V|Vzu|>w2+/<3(y,Vu)V1/}, Vib) |V pul?
e e

(3.2) + [ 2B, Vu)VIVaal, 96) [Vl 0

e

+ [ o) VP o~ [ ) 9o e? 20,

e o5e

It is convenient to observe that

Vo] V| Vau| = SV Vaul* = o 21Vumj = Zu%vu%,

and so we can rewrite (3.2) as

/e (Bly, Vo) V|V, V|V ua]) 42 + /e (Bly, V) Vo, Vi) [Vaul?
+ Z/ (y, Vu)Vug,, Vo) ug ;1)

+ /e Guly, ) [Voul2 9? — /8 T Va2 0

This expression and (3.1) have three terms in common, which can be simplified
appropriately, thus establishing (1.11). O
4. CLASSIFICATION IN CONVEX DOMAINS [: PROOF OF THEOREM 1.2

We claim that there exist w : (0,+00) — S"7! and ug : R x [0, +00) — R such
that

(4.1) u(z,y) = uo(w(y) - z,y)
and that
(4.2) Vu-0,(Vu) =0 on 9.C.

Since (4.1) and (4.2) are valid if n = 1, we can suppose that n > 2.

Let R > 10 (to be taken arbitrarily large in the sequel). We consider a smooth
function 7 : [0, +00) — [0,1] supported in [V'R, R], such that 7z = 1 in [VR +
1, R —1] and |V7g| < 10. For any y > 0, we define

R
brly) == / TRC(O d.

Since Tx vanishes in [0, v/R] we have that ¢ is smooth, continuous in [0, +-00) and

R R—-1
onl) = [ Pacs [ g

(4.3) \/1;14 VE+1 G
/ dC = log r-1 >10g@
VR ¢ VR+1~ 2’

for any y € [0,+/R], as long as R is sufficiently large. In addition, since 75 vanishes
also in [R,+00), we have that ¥g(y) = 0 for any y > R, hence ¥r is compactly
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supported in [0, +00). Finally, g € C%(€) by the choice of 7z. As a consequence,
we can use ¥g as a test function in (1.11): this yields

(4.4)

V3

/e [Z(B(y,Vu) Vita,, Vi, ) — (B(y, V)V |Voul, VIV,ul)

Jj=1

- / aly, [Vu]) (V- 9, (V) 3 < / (Bly, Va)Vibr, Voor) [Voul.
oL, C C

Now we use (2.2), (2.8), (4.3), and the fact that V,u is constant almost everywhere
on {V,u = 0}, by Stampacchia’s Theorem, to see that

(4.5)

Vg >

/e [Z(B(y,VU) Vita,, Vg, ) — (B(y, Va)V|Vaul, VIVul)

2
VR /
log —
2 Qx(0,VR)

and

> (B(y, Vu) Vua,, Vug,) — (B(y, Vu)V|Vaul, V|V,ul)

j=1

- / a(y, |Vul) (V- 8, (Va)) 3

(4.6) 2
VR
Z - <10g 2) /aLen{ye(o,\/E)} a(y, |Vul) (Vu - 0,(Vu)).

In this way we can estimate the left hand side in (4.4). As far as the right hand
side is concerned, by (1.3) we obtain

/@ (B(y, V) Vibr, Vibre) [Vul < O /e a(y, |Vul) [Vl [Vl

T, 2 va:u2 z ’
<o [t ivuy OO ay, (vul) V2
Qx(VR,R) Y Qx(VR,R) Y

for some C1, Cy > 0. So, by using Lemma 2.4 with h := a(y, |Vu|) |V,u|? and
recalling (1.12), we conclude that

/e (Bly, Vo) Vepr, Vebr) |Vaal?

R dt  Cs

T T [Vl

(4.7) <Cs /

/ a(y, |Vul) |V uf?
VR |JQx(0,t)

s

Rt
<Cy | —=+Cy< Cslog VR,
\/ﬁt
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provided that R is large enough, for some constants C5, Cy, C5 > 0. Thus we
2
insert (4.5), (4.6) and (4.7) into (4.4), we divide by (1og @) and we deduce

n

/ S (B(y, Vi) Vs, Vi, ) — (B(y, Vi) V|V,ul, VI V,u])
Qx(0,vR) '

Jj=1

Cslog R
—/ a(y, |Vul) (Vu - 0,(Vu)) < —028=2
aren{ye(0,vR)} (log \/QE)

Since the latter term is infinitesimal as R — 400, the previous estimate implies

n

|30 90 Vi, Vur) = (Blo. V) VIV, 91V,

[ alw19u) (Vu- 0,(Vw) <o,
orC

and as a consequence
(4.8) Z(B(y,VU) Vg, Vug,) — (B(y, Vu)V|Vul, V|Vul) | =0in €
j=1
and
a(y,|Vul) (Vu - 9,(Vu)) =0 on 9.€,

thanks to (2.2) and (2.8). This establishes (4.2) (recall also (1.2)).

Also, by (4.8) and Corollary 2.6, we obtain that (4.1) holds.

In addition Corollary 2.6 gives that, if {V,u =0} = & then the function w(-) is
constant, as desired.

Now we suppose that 92 has positive principal curvatures and n > 2. We claim
that

(4.9) w is constant along 9Q x {7},

for any fixed § > 0. To prove it assume by contradiction that u(p,y) # u(q,7)
for some p, ¢ € 092. By Lemma 2.2, we know that we can connect p to ¢ with a
continuous path o : [0,1] — 9Q. Let ((¢) := u(o(t), g). Then ¢(0) # ¢(1), and
therefore there exists ¢ € (0,1) such that ¢(£) # 0. That is

(4.10) 0 # ¢(t) = Vau(o(®), §) - (D).

We let Z := o(f). Up to a change of coordinates, we may suppose that the exterior
normal of 0) at T coincides with —e,,, hence, near Z the domain € can be written
in normal coordinates as the epigraph of a function v € C?(R"~1). The fact that
the principal curvatures of 02 are positive implies that

(4.11) the Hessian of v is positive definite.
On the other hand, by (4.2) and (2.1), we have that

1,5=1
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This and (4.11) give that u,, (Z,§) = 0 for any ¢ = 1,...,n — 1. By the Neumann

condition and the choice of the coordinate system, we also know that u,, = —0,u =

0 in (Z,9). Hence V,u(Zz,g) = 0, in contradiction with (4.10); this proves (4.9).
Now we show that

(4.12) u is constant in Q x {7},

for any fixed § > 0. For this, we let ¢(7) be the value attained by u along 9Q x {§},
as given by (4.9). We also let w(g) as in (4.9) and we take a vector w (%) orthogonal

to w(y).
Then we take a point xzg € 2. We consider the straight line

{zo + @ (y)t, t € R}.

Since the domain € is bounded, such a line must intersect somewhere the boundary
of Q, i.e. there exists to such that zo + w(y) to € Q. Therefore, by (4.9),

(4.13) u(wo + @ (y) to, ) = ().
On the other hand, by (4.1),

u(zo + @ (y) to,J) = uo (W(ﬂ) (w0 + =(¥) to),ﬂ) = ug (w(y) - T0, ) = u(zo, 7).
This and (4.13) give that
u(zo,y) = c(y).

Since this holds for any point zy € 2, we have established (4.12), and thus com-
pleted the proof of Theorem 1.2.

5. CLASSIFICATION IN CONVEX DOMAINS II: PROOF OF THEOREM 1.3

Now we address the proof of Theorem 1.3. For this goal, we need a detailed
study of functions which attain the minimum of the stability functional I introduced
in (1.10). After this, we will use the geometric observations exposed in Section 2
and suitable test functions to complete the proof of Theorem 1.3.

5.1. Rigidity of minimal solutions. In this part, we study the rigidity properties

of the minimizers of the stability functional I, as defined in (1.10). To this aim, we
introduce

(5.1) A= {soevvltﬁ(e)

aly, [Vul) (¢ + [Vol2) + gu(y, wle? € L}(€) } |
and ¢lox (0} € L*(Q)

With respect to the space A defined in (1.8), we replace the requirement that ¢ has
bounded support in y with an integrability condition. From now on, we assume
that u is a stable solution of (1.1), according to (1.10).

Lemma 5.1. Let I be defined by (1.10). Then I(¢) = 0 for every ¢ € A*.

Proof. We proceed by approximation in the following way: let 7z be a smooth

function such that
® 1,if0<t<R,
’7— pr—
n 0, if t > 2R,
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and |7p| < C/R for some C' > 0. Given ¢ € A*, the function ¢pgr(z,y) =
o(z,y) Tr(y) belongs to A, and hence can be used as a test function in the sta-
bility assumption (1.10). Therefore

(5.2) I(pr) > 0.

In order to obtain the desired result, we aim at passing to the limit as R — +oo.
The details go as follows. First of all, we recall (1.9) and (1.3), to point out that

By, m)| < C1(aly, Inl) + sy, Inl) ] ) < Caaly, In),

for some Cy, C5 > 0. As a consequence
1 2

C
5.3 lim — By, V 2 < lim == \V/ 2=-90
(5:3) plim % /Q i [PW VOIS <l /e aly, [Vul) ¢* =0,

where we used the integrability conditions in (5.1).
Now, from (5.2) we infer that

0< /<B(y,vu)w,w> T§+/<93(y,vu)vm,vm> 2
(5.4) ¢ ¢

+2/e<73(y7W)V<p, VTR) @ TR + gu(y, u)p°Th — ) eJ”(u)<p2-

Let € > 0 (to be taken arbitrarily small in the sequel); we use a weighted Holder
inequality to observe that

/ (B(y, Vu)Vp,VTR) ¢ TR
e

< 6/<3(ya V’U/)VQD, V(P> 7-12% + Ce / <3(ya VU)VTR7 VTR> 902
c c

for some C, > 0. Plugging this into (5.4), we obtain

1+C.
0 < (1+6)/<B(y,Vu)VsD,VsD>T§+7/ |B(y, Vu)| ¢
e Qx(R,2R)

+/gu(y7u)<ﬁ2ﬁzz— f(u)e?.
(& o

Recalling (5.3) and the definition of A*, we can pass to the limit as R — o0,
concluding that

0<(1+e)/

(B(y, Vu)V, V<p>+/gu(y7u)s02 - J(u)e?.
c C

oOBC
Since € > 0 has been arbitrarily chosen, the thesis follows. ([

In light of the previous result, we write that ¢ € A* is a minimizer for I if
I(p) < 0 (equivalently, by Lemma 5.1, if I(y) = 0). First, we show that minimizers
satisfy a suitable reaction-diffusion equation, both in the weak and in the strong
sense:

Lemma 5.2. Assume that I(p) < 0, for some ¢ € A*. Then

/e (B(y, Vu)Vip, V) + /e gy, 00 — /a Swec=0,

for any ¢ € A*.
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Proof. For any € € R and any test function ¢, we have that I(¢ +€{) > 0 > I(p),
and therefore, dividing by € and sending ¢ — 0, we obtain the desired result. 0

Lemma 5.3. Assume also that I(p) < 0, for some ¢ € A*NC%(C)NCH QA% [a, 3]),
for any B> a >0 Then, ¢ is a solution of
n+1
(5.5) Z Bi;j (y, Vu)0%, x, ¢ + 0x,Bij(y, Vu)Ox, ¢ — gu(y,u)p = 0 in C,
ij=1
(5.6) with 0,0 =0 on JLC,
where we recall that X = (z,y) € R**1.

Proof. We use Lemma 5.2. Indeed, by taking ¢ supported inside €, we obtain (5.5).
By taking ¢ supported near any given point of 9;,C, we conclude that also (5.6)
holds. (I

With this, we are in the position of obtaining a strict sign for nonnegative mini-
mizers, up to the boundary, in the spirit of a strict comparison principle, according
to the following result:

Corollary 5.4. Assume that I(¢) < 0 for p € A* N C%C)NCHQ x [, B]), for
any B> a > 0. Assume in addition that o(x,y) > 0 for any (x,y) € C.

Then either p(x,y) > 0 for any x € Q and y > 0, or p(x,y) = 0 for any = €
and any y > 0.

Proof. Suppose that o(z,,y,) = 0 for some z, € 9Q and y, > 0. Then, we
look at the equation satisfied by ¢ in Q, g, where €, g is a smooth domain that
contains Q X («, ) and is contained in  x (a/2,8) with 0 < o < y, < . Indeed,
we define

M:= sup |gu(y,u(z,y))| < +oo,
(I,y)EQa,g
aij(z,y) == Bi;(y, Vu(z,y)),

n+1
bj (1'7 y) = Z aXiBij (y7 VU(CU, y))

i=1

c(x,y) == =M — gu(y, u(z,y)).
Notice that ¢ < 0 and a;; defines an elliptic matrix on Q x (¢, 8), for fixed o and S,
thanks to Lemma 2.3. Moreover, by (5.5)

n+1 n+1
Z ai;0%,x,% + Z bjOx,p +cp = —Myp <0.
ij=1 P

Notice that a;j, bj, ¢ € C(Q4,3), thanks to (1.5). Also, we have that ¢ attains
its minimum in Q.5 at (,,9,). As a consequence, by the Hopf Lemma (see e.g.
Corollary 1.6 in Chapter 2 of [16]), either ¢ vanishes identically in Q, g or 0 #
Ov(Z0,Yo). The latter possibility cannot hold, in light of (5.6), and therefore ¢
must, in this case, vanish identically in the domain €2, g. Since « can be taken as
close to 0 as we wish and 3 can be taken arbitrarily large, this implies that ¢ must
vanish everywhere in Q x (0, +00). O

As a matter of fact, we can strengthen Corollary 5.4 by removing the sign as-
sumption on . Namely, we have that:
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Proposition 5.5. Assume that I(p) < 0 for ¢ € A* N C%(C)NCHQ x [, B]), for
any B>« > 0. Then, one and only one of these three possibilities holds true:

o o(x,y) >0 for anyx € Q and y > 0,

o o(x,y) <0 for anyx € Q and y > 0,

o o(z,y) =0 for any x € Q and any y > 0.

Proof. We claim that
(5.7) either ¢ > 0 or ¢ < 0in C.

To prove this, we consider p+ := max{p,0} and ¢~ := max{—¢p,0}. We observe
that ¢* € A*. Thus, by Lemma 5.2,

I(p*) = /@ (B(y, V) Vo*, Vi) + /e ) (27 = [ ) (6

= /(B(y,VU) Ve, Ve*) +/gu(y,U)swi | fweet=0.
e e RN
Hence, using again Lemma 5.2, we have that, for any ¢ € C§°(C),

/<B(y,vu) Vsoia V<> + / gu(yau) SOiC =0.
c c

Therefore, the function ¢* is a weak solution to
div(B(y, Vu)Ve™) = gu(y,u)p™  inC,

according to the notation of Chapter 8 in [14] (in particular, formula (8.5) there is
a consequence of Lemma 2.3 here and formula (8.6) applies here with b’ := ¢! := 0
and d := g,(-,u)). Consequently, by Theorem 8.20 in [14], for any point X, € C
and any R > 0 such that B4r(X,) C €,
+ . +
sup < Cg inf ,
Br(X,) 7 Br(Xo 7
for some Cr > 0. This implies that if p* vanishes somewhere in €, then it must
vanish identically in €, thus completing the proof of (5.7).
Thanks to (5.7) we can now exploit Corollary 5.4 (applying this to ¢ if ¢ > 0 or
to —p if ¢ < 0). From this, we obtain the desired result. (]

With this preparatory work, we are now in the position of finishing the proof of
Theorem 1.3:

Completion of the proof of Theorem 1.3. By (1.5) and the integrability assumption
(1.13), we have that u,, € A* for every j =1,...,n. Thus, by Lemma 5.1, we have
that I(u,;) > 0. On the other hand, using Corollary 2.9 and Lemma 2.1,

Zuu%):/{) aly.[Vul) (Vu-2,(Vu)) <0,

so that necessarily I(u,,) = 0 for any j = 1,...,n. Therefore, by Proposition 5.5,
we deduce that either u;; never vanishes in Qx(0,+0), or ug; vanishes identically
in €. But the first possibility cannot occur: to see this, let us slide a hyperplane
normal to e; till it touches 92 at some point 7.

By construction, the normal of 92 at z7 is e;, hence the homogeneous Neumann
condition d,u = 0 on JC implies that 0 = J,u(x},1) = uy,(27,1). This shows
that the first above-mentioned possibility cannot occur, and as a consequence u,
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vanishes identically in C. Since this is valid for any 7 = 1, ..., n, this implies that u
does not depend on . (I

We conclude this section by proving Proposition 1.4.

Proof of Proposition 1.4. Recall that a does not depend on ¢t and g = 0. We fix R >
3, to be taken as large as we wish at the end of this proof. We take ¢ € C*°(€) such
that ¢(z,y) =1if y € [3,R], ¢(z,y) =0if y € [0,2] U[R + 1,+00) and |V¢| < 2.
We test (1.7) against

Y= ¢2A:Eu = ¢2 (uxlxl + -+ u:pnm”)a
we have that

(5.8) /GZa(y)(;SAl.uVu-quﬁ—&—/ea(y)qﬁQ Vu-VA,u=0.

By the Divergence Theorem,

/ a(y) ¢* Vu - VAu
e

n+1 n+1

= ;/@divx (a(y) o ux, Vmu&,) - ; /@ a(y) Va <¢2 uxi) Vaux,

n+1
= Z / a(y) ¢2 Ux; 8VuXi
o

i=179LC
n+1 n+1

_ ; /(E 2a(y) pux, Vo - Vyux, — ; /e a(y) &% |Vaux, .

Also, using the convexity of 2 and (2.2), we have that

(5.9)

n+1
Z a(y) ¢* ux, dyux, = a(y) $*Vu - 9, (Vu) < 0.

i=1

Combining this with (5.9), we obtain that

/ a(y) ¢* Vu - VA u
e
(5.10) n+1 n+1

Notice that

a
a(9) 0] x| V20l [V, < 2262V ux. 2+ C aly) fux, V617

for some C' > 0. By plugging this into (5.10), we deduce that

/ a(y) #* Vu - VAu < C / a(y) |Vul?| Vol — 2 / a(y) 6 | D% ,ul?
C C 4 C

This and (5.8) imply

G:11) [ 2000) 6 AuTu-Vo+C [ o) [VuPIVoP -] [ als) 61Dk, >0
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Furthermore

a(w) 161 1820] (V] [90] < W2 | D3 uf? + C aty) [Vul? |V,

for some C' > 0, and so (5.11) becomes

1
C [ o) 1VuP19oR =5 [ atw) 6?1050 > 0

up to renaming C. By our assumptions on ¢, we thus obtain that
[ aw) Dkl < [ )@ 1Dk P <€ [ alw)Val
Qx[3,R] e e

up to renaming C'. We stress that C' is independent of R, thus, taking R as large
as we wish, we conclude that

(512) [ awIDk P < [ a)|vuP <+,
Qx[3,4+00) e
where the latter step follows from (1.14).
Also, the integrability condition in (1.5) gives that

/ a(y) | D% zul* < +oo.
Qx(0,3]
By combining this information with (5.12), we obtain that

/ ay) D% yul? < +oo,
C

as desired. O

6. CLASSIFICATION OF STABLE SOLUTIONS FOR CONVEX/CONCAVE
NONLINEARITIES: PROOF OF THEOREMS 1.5

We now address the case in which f satisfies suitable convexity or concavity
assumption. In this setting, we need some preliminary work in order to detect the
sign of the nonlinearity at the maximum or at the minimum. We stress that, in
this section, we always suppose that u is a bounded stable solution to (1.1), and
that assumptions (1.16) and (1.17) are in force.

6.1. Detecting the sign of the nonlinearity. A classical tool in partial differ-
ential equations is the use of various forms of maximum and comparison principles
in order to check the sign of the nonlinearities at the points in which solutions of
elliptic equations attain their extremal values. In our setting, we adapt these type
of strategies, with the aim of detecting the sign of f at the extremal values for
solutions of the reaction-diffusion equation (1.1). This goal will be accomplished
in Corollary 6.2. For this, we need an auxiliary result, which locates the extremal
values at the bottom boundary of the domain.

Lemma 6.1. Let v(z) := u(x,0). Then

minv(z) = inf wu(z,y).
z€Q (z,y)ec
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Proof. We argue by contradiction and we suppose that

by :=minv(x) > inf wu(zr,y)=>b_.
z€Q (z,y)€cC

As a consequence, there exists
(6.1) Le (b, by).
We define w(z, y) := (¢ — u(x, y))+, and we observe that

0<w<l— inf wu(z,y) <by—b_,
(zy)ee

so that w € L*°(C). We claim that
(6.2) {u</t} C Qx(0,+0) = w=0ondzC.

To prove this, suppose by contradiction, that there exists a sequence (xg,yx) €
{u < £} with y, — 0 as k — +oo. Then, up to subsequence, we have that z — z,,
for some z, € Q, and by the continuity of u (recall (1.5))

> (T, yx) = u(0,0) = v(wo) = minw(z) = by.

lim u
k—+o0 €N
This is in contradiction with (6.1), and hence it proves (6.2).

Now we take a smooth function 7g : [0, +00) — [0, 1] such that 7z = 1 in [0, R],
Tr = 0 in [2R, +o0) and |7| < 10/R. We use (1.7) with ¢ := w7gr (notice that
such function lies in A, thanks to (1.5)): in this way, and recalling (1.16) and (6.2),
we obtain that

0 :/a(y,|Vu|)Vu-VwTR+/a(y7|Vu\)Vu-VTRw

(6.3) ¢ ¢

:—/a(y7\Vu\)|Vw|ZTR+/a(y,|Vu|)Vu-VTRw.
e e

Now we use the positivity of ¢ and the boundedness of w to see that

/ a(y,|Vu|) Vu - Vg w’
e

< ol \/ [ aton¥ul) v \/ [ ol V) |97l
, | C
< Hw”L‘x’(C) ea(y7|vu|)|vu| R2 Ox(R.2R) a(yv‘qu,
x (R,

and this quantity is infinitesimal as R — +oo, thanks to (1.17). Using this and
the Dominated Convergence Theorem, we can pass to the limit into formula (6.3),
obtaining

0< - / aly, IVul) [Vl
C

This implies that Vw vanishes identically, and so w is constant. Thus, recall-
ing (6.2), we conclude that w vanishes identically, and therefore u(z,y) > ¢ for
any (z,y) € C. Accordingly, we have that b_ > ¢, in contradiction with (6.1). O
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Corollary 6.2. Under the previous notation, let

c:=minv(z) = inf wu(z,y).
z€Q (z,y)ec

Then f(c) < 0.

Proof. Let z, € Q be a minimum point for v, and let us assume by contradiction
that f(c) > 0. By continuity (see (1.17)), there exists y, > 0 such that

fle)
2

a(ya |Vu(z,, y)|) Oyu(Ts,y) < — for all y € (0, y.].

Since a(y,t) > 0 for any y > 0 and ¢ > 0, for every y € (0, y4]

f(e) 1
2 a(y [Vule.y)l)

Oyu(z,,y) < —
Hence, for any y, € (0, %]

Yx
u(,, y*) - u(m*7 yo) = / ayu(x*v y) dy

Yo

_fle) [ dy _fle) [ dy _.
ST /y a(y,IW(w*,y)l)g 2 /y*/za(yalw(fc*,y)) S

and b, > 0. Taking the limit as y, — 0, we infer that

inf w(z,y) —minv(x) < u(@y, ys) — v(2y) = @y, yx) — w4, 0) < —by,
(z,y)ee z€Q

in contradiction with Lemma 6.1. O

6.2. Classification of stable solutions in the case of convex/concave non-
linearities and end of the proof of Theorem 1.5. With the previous prelim-
inary work, we are now in the position of completing the proof of Theorem 1.5.
The proof will borrow an idea of [7], that is to test the equation against a vertical
translation of the solution (in this way, comparing the equation with the linearized
equation, the nonlinearity is compared with its derivative, hence convexity comes
naturally into play).

Completion of the proof of Theorem 1.5. We suppose that f is convex.
For any ¢ € A, we define

J(p) = _/e at(y,v|uVu|) (Vu- V@)Q.

By (1.9),

(64) (B T0)T0. V) = aly.[Val) [Vel? + “Ue I (7 7)°

Accordingly, and being g = 0, the stability of u implies that
(65) Lt vV -0 - [ et =160 >0

for any ¢ € A. Let ¢ := infe u, and let us consider a smooth function 75 : [0, +00) —
[0,1] such that 7g = 1in [0, R], 7r = 0 in [2R,+00) and |73| < 10/R. We exploit
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first (6.5) with ¢(z,y) := (u(z,y) — ¢) Tr(y), and we obtain that
(6.6)

0< [ al1Vu) Va7 + [ (V) [Vl (= o
+ 2/ a(y, |Vul) (u—¢) 7gVu - Vg — J((u — ¢) Tr) — f'(u)(u — c)?.
e
Now we use' (1.7) with ¢ := (u(z,y) — ¢) TA(y):

0= [ a(y,|Vu|) |Vul®> 73 +2 [ aly,|Vu|) (u —c)TrVu- Vg
o o Lo
[t -

ape
Subtracting (6.7) from (6.6), we obtain

0 / a(y, |Vul) [V7r|? (u —¢)? — J((U —0) TR)

(6.8) e

_/ (f/(u)(c—U)—i—f(u)) (c—u).
opC

Now we use the convexity of f to see that

fu) + f'(u) (¢ —u) < f(e).

Since f is strictly convex, the inequality is strict provided {u # ¢} # &. Moreover,
by Corollary 6.2, we know that u > ¢, therefore

(6.9) (f(u) + f'(w) (e —u)) (e —u) > f(c) (c —u),
with strict inequality if {u # ¢} # @.

We also observe that, by (1.16), —J((u —¢)7r) < 0. Plugging this and (6.9) into
(6.8), we conclude that

(6.10) 0< / a(y,|Vul) [V7r|? (u —c)* — (c) (c —u),

e pC
with strict inequality if dpC N {u # ¢} # &. The previous inequality is satisfied for
every R > 0. Passing to the limit as R — +o0, we have

(6.11)
C
0< lim / a(y, [Vul) V7R (u— ¢ < lim — aly, |Vul) = 0,
R—+00 Je R—+o0 R? Qx(R,2R)
thanks to (1.17), the boundedness of u, and our choice of 7z. Coming back to
(6.10), this gives
o< [ F@w-0
BN
with strict inequality if {u # ¢} # @. But recalling that f(c) < 0 and u > ¢ in C,
thanks to Corollary 6.2, we have that the right hand side is nonpositive, so that the
previous inequality cannot be strict; hence {u # ¢} N9pC = @, i.e. u is constant
on 0gC.

las a curiosity, we stress that the choice of the test function exploited to obtain (6.6) is not
the same as the one exploited to obtain (6.7).



29

To complete the proof, we come back to (6.7). Using the fact that u = ¢ on 9C,
the last integral there vanishes, so that

©12) 0= [ aly,[Vul) [VuP 7+ 2 | aly. [Vul) (u = o) 7T Vg
(¢ (¢

for every R > 0. Moreover

‘/ a(y, |Vul)(u — ¢)TrVu - V1r
e

[ e V= omvu- v
Qx(R,2R)

1

1
<1 / a(y, |Vul) | Vul® + / a(y, [Vul) (u — €| Vrg]? — 0
2 Jax(r2R) 2 Jax(r2R)

as R — 400, where we used the first integrability assumption in (1.17) and (6.11).
Therefore, passing to the limit as R — 400 into (6.12), we deduce by the Monotone
Convergence Theorem that

[ atw1vul) 9 =
e
i.e. u 1s constant in the whole C. O

7. APPLICATION TO NONLOCAL PROBLEMS WITH NEUMANN BOUNDARY
CONDITIONS

Proof of Theorems 1.6 and 1.7. Let v € HY/?(Q) N L>(Q) be a solution to (1.19).
Then, by [29], v is the trace on  x {0} of a weak solution u € H(€) to (1.20):

Au=0 in C
Ou=0 on 0r,C
—0yu = f(u) on 0gC.
By Proposition 1.4, any such solution is such that
|DZul* + [Vau, [ € L1(©),
so that assumption (1.13) is satisfied. Moreover, arguing as in Theorem 3.5-part 4
in [29] (recalling that f € C%%(R) and  is of class C*“ and using higher order
Schauder estimates), one sees that u € C>%(€). In particular, we obtain that u is
a classical, stable solution of (1.20), and satisfies all the assumptions in (1.5).
As a consequence, if §) is convex we are in position to apply Theorem 1.3, de-
ducing that v depends only on y. Therefore, v = u(-,0) has to be constant.
On the other hand, if f is either strictly convex, or strictly concave, Theorem
1.5 implies in the same way that v is constant. O

8. A COUNTEREXAMPLE
Now we prove the statement given in Example 1.8

Proof of Example 1.8. We let € € (0,1) and h, € C%(R) be such that h.(z) = h(z)
for any z € [-1,1], ho(z) = 2z if |z| € [1 4 5,1+ 2], and h.(z) = —2z if |z| €
[1+ 314 2],

Then, by Theorem 1.1 in [9], there exists v € C?((—2,2)) N C(R) which is
compactly supported, such that (—=A)%v =0 in (—2,2) and [[v — h|lc2((—2,2)) < €.
In particular,

o= hllcz(-1,1) = lv = hulle2((-1,1)) < e
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11°

Moreover, if x € [1 + 5,1+ f—i], we have that

V(@) = R (x) = [Jv = haller((—2,2)) = 2 = [[v = hulle2((—2,2)) = 1.

Similarly, if z € [1 + 314+ %], we have that v'(z) < —1.

11°

As a consequence, there exist 61, 62 € [+, 45 such that v/ (—1—6;) = v/(1462) =

11011

0. In particular, for any z € {—1 — &1, 1 + d2},

v(z) —v(y)

=0.
ye(—1—61,1465) |z —y|*
y—T

Then, v satisfies the desired result. [l
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