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ABSTRACT. We study concavity properties of positive solutions to the Logarithmic
Schrodinger equation —Awu = u logu? in a general convex domain with Dirichlet con-
ditions. To this aim, we analyse the auxiliary problems —Awu = ¢ (u? — u) and build, for
any o > 0 and ¢ > 1, solutions u4 such that uél_q)m is convex. By choosing o, = 2/(1 —q)
and letting ¢ — 17 we eventually construct a solution u of the Logarithmic Schrédinger
equation such that logwu is concave. This seems one of the few attempts in studying
concavity properties for superlinear, sign changing sources. To get the result, we both
make inspections on the constant rank theorem and develop Liouville theorems on convex

epigraphs, which might be useful in other frameworks.
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1. Introduction

1.1. Overview

Main goal of this paper is to study the following nondispersive Logarithmic Schrédinger
equation

—Au =ulogu? in Q
(1.1) u>0 in Q
u=20 on 0f)

on some 2 C RY bounded, N > 1, together with the following Lane-Emden equation

—Au=o0(u! —u) in
(1.2) u>0 in Q2

u=0 on 0f)
when ¢ > 0 and ¢ € ]1,2* — 1], 2* := 2N/(N —2)if N > 3 or 2* := o0 if N < 2. In
particular, following the heuristic

2

lL—gq
as ¢ — 17, we aim to study the convergence of the solutions of (1.2) with 0 =2/(q¢ — 1) to
a solution of (1.1). When the domain € is convex, we investigate the concavity properties

of solutions to (1.2) and, as a byproduct of the aforementioned convergence, we obtain
log-concavity for a solution of (1.1), which is our main result.

(1.3) — Au = (u? —u) — —Au=ulogu?

The logarithmic equation (1.1), mainly introduced in [5], finds applicability in atomic
physics, high-energy cosmic rays, Cherenkov-type shock waves, quantum hydrodynamical
models and many other fields; we refer for instance to [16, 32, 35, 55, 63].

Equation (1.1) enjoys the tensorization property, which amounts to the following: if w; is
a solution of (1.1) on €, 7 = 1,2, then (u; @ us)(x,y) = ui(x) ug(y) solves (1.1) on €y x Qs.
We highlight that, being 2 bounded, the equation is well defined from a variational point
of view since H'(Q) C L'(Q). The term nondispersive actually refers to evolutive version
of (1.1), namely

1
i Ogu + §Au = A\u logu.

This wave equation is dispersive when A > 0, while it is nondispersive if A < 0, as shown
for the first time in [17]. While we will also consider the dispersive version of (1.1) (hence
with the reaction —u logu? on the right hand side), the most difficult and interesting case
turns out to be the nondispersive one.

On the other hand, the Lane-Emden equation (1.2) which, up to a rescaling, can be
rewritten as

—Au+Adu=u? in

for some A > 0, is more classical and has a long history as power type equation related to
the operator —A + A, see e.g. [19, 22].
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The aim of detecting concavity properties for solutions of the general Dirichlet problem

—Au= f(u) in Q
(1.4) w0 in 0
u=20 on 0N

goes back to [11, 53], who investigated respectively the 1/2-concavity of the solution to the
torsion problem (i.e.for f(u) = 1) and the log-concavity of the first eigenfunction (thus
for f(u) = A\ u). Here and in the following, by y-concavity of a function u we mean the
concavity of p(u), and whenever o € R by a-concavity we mean ¢-concavity for ¢(t) = at®,
with the limiting case of 0-concavity being synonym of log-concavity. The corresponding
quasi-concavity property (i.e. convexity of super-level sets) has been widely investigated
in the last decades: we refer to [2, 28] and references therein for an overview on the topic.
Lions [51] conjectured that any solution to (1.4) in a convex domain is quasi-concave, but
the counterexample in [34] shows that (1.4) may have solutions which are not quasi-concave,
even assuming f(u) > 1 for u > 0, f smooth and Q convex, smooth and symmetric. It thus
makes sense to weaken Lions’ conjecture, investigating if equation (1.4) in a convex €2 has
at least one quasi-concave solution.

Most of the known results in this direction deal with sub-homogeneous and positive
nonlinearities: for example, [46] studies the case of powers f(u) = u?, ¢ € |0, 1[, and similar
results have been extended to the p-Laplacian case in [59] for ¢ € ]0,p — 1[. Note that in
these instances, the required behaviour of the reaction f ensures that the solution of (1.4)
is unique, except at most in the limit case ¢ = 1 corresponding to the first eigenfunction of
the Dirichlet Laplacian.

The only instances known to the authors where quasi-concavity is obtained for super-
linear reactions are [48, 49] in the model case f(u) = u? g > 1 of (1.4). In particular, [49]
showed that in a convex Q C R2, for each ¢ > 1 there exists a unique ground state solution
of (1.4), which turns out to be (1 — ¢q)/2-concave (see also [28] for some partial result on the
p-Laplacian case). Note that, for this equation, uniqueness of the solution is not ensured for
general () and ¢ > 1, while for convex {2 uniqueness is widely conjectured to hold, but still
not known (see Remark 1.7 for some comments). For the same equation, the existence of a
(1 — q)/2-concave solution has been proved also in [48, Corollary 4.7] by means of parabolic
techniques.

The case of more general super-homogeneous nonlinearities seems to be nontrivial, as it
escapes the direct applicability of the classical concavity maximum principles in [43, 46];
indeed, the proof by [49] relies on a continuation argument on ¢ and the fact that, when
g — 1, the ground states converge to the first eigenfunction of the Laplacian, which is
strongly log-concave. This is our approach as well.

When passing from f(u) = u? to f(u) =u? —u or f(u) = u logu?® two difficulties arise.
The first one is related to the uniqueness of ground states, which is at present not known
even for convex planar domains (see Remark 1.6 for some further comments on this point).
The second difficulty is related to the sign of f: the fact that f(u) < 0 near 92 rules out
the applicability of most methods to prove quasi-concavity. For example, the approach
of [10, 54], allowing to deal with general reactions f, cannot even set in motion since the
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seeked @-concavity of a solution to (1.4) would involve the natural transformation

t t
(1.5) o(t) ::/ L dr, F(t) ::/ f(r)dr
1V F(1) 0
which is not even well defined (see also Remark 1.6). The log- (or quasi-) concave envelope
methods [3, 8, 37] requires non-negative reactions.
The parabolic techniques such as the ones in [37, 51] also have issues. They typically
rely on showing that the semilinear parabolic equation

(1.6) Ou — Au = f(u)

preserves log-concavity, which is then inherited by a limiting (for ¢ — 4o00) stationary
solution from a suitable initial datum; see Remark 1.10. However, [40, Corollary 4.7] shows
that log-concavity is generally not preserved by (1.6) for f(u) = u logu? or f(u) = u? — .

1.2. Main results
We present now our main result, ensuring concavity properties for a solution of (1.1).

Theorem 1.1. Let ) be bounded and convex. Then there exists a locally strongly log-concave
solution of (1.1).

By local strong concavity of a C*(€2) function v we mean D?v < 0 in €, in the matrix
sense. The proof of Theorem 1.1 is mainly based on concavity properties of solutions of the
Lane-Emden equation, coupled with the heuristics (1.3), as detailed in the following two
results, which have some relevance by themselves.

Theorem 1.2. Let Q be bounded and convex. Then, for each o > 0 and q € |1,2* — 1],
there exists a locally strongly (1 — q)/2-concave solution of (1.2).

Theorem 1.3. Let Q) be bounded and convex, and w, solve (1.2) with parameters q, €
1,2 =1, g = 1 asn — +oo, and 0, = 2/(gn —1). Then up to subsequences u,, converges
in CO(Q) N C2.(Q) NW,2(Q) to a solution of (1.1). Moreover, if the u, are ground states

for (1.2), then u is a ground state for (1.1) as well.

We highlight that Theorems 1.1 and 1.2 hold in a general convex bounded €). As described
in Section 1.3, this relies on the following Liouville theorem for general convex epigraphs.

Theorem 1.4 (Liouville theorem on convex epigraphs). Let ¢ > 1 and H C R be an
entire convex open epigraph. Then there exists n € RY \ {0} such that any bounded solution

of

—Au=u? inH
(1.7) u>0 in H
u=20 on OH

satisfies O,u > 0 in H. Moreover, if ¢ < 2* — 1, no such solution exists.

The dispersive version of problem (1.1) (i.e, with opposite sign on the right hand side)
is easier, since it can be treated by the general theory of [10, 54]. We indeed have the
following result.
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Theorem 1.5. Let €2 be bounded and convex. The following two facts hold.
e The problem
—Au=0(u—u?) in§
(1.8) u>0 in 2
u=20 on 02

for o >0 and g > 1 has a unique solution u. Such solution verifies |ul|ooc < 1 and the
function

(1.9) ¢1(u) := atanh (\/l — qi - u‘11>

1s locally strongly convex.
e The problem

—Au = —u logu? in
(1.10) u>0 in
u=20 on 0f)

has a unique solution w. Such solution verifies |ul|s < 1 and the function

(1.11) pa(u) == +/1 — log u?

is locally strongly convex. In particular, the mentioned solutions of (1.8) and (1.10) are
strictly quasi-concave.

Note that since ||u||o < 1 the previous transformations ¢ (u) and ¢o(u), are well defined.
Moreover, the functions ¢; are both convex transformations. Note that, as a corollary of
all the previous results, the solutions found in Theorems 1.1, 1.2 and 1.5 actually have a
unique critical point (which is nondegenerate) and their positive super-level sets are strongly
convex.

1.3. Comments on the results

We list now some remarks on the previous theorems, as well as related literature and
open problems.

Remark 1.6 (On Theorem 1.1).
e Theorem (1.1) holds for the more general problem

—~Au=aulogu?+bu in
(1.12) u>0 in O
u=>0 on 0f),

for a > 0, b € R. It suffices to consider ku(Az) instead of u for suitable k, A > 0.

e Theorem 1.1 gives in particular the existence of a positive solution. This can be much
more easily proved by standard variational methods, providing a ground state solution.
Being the reaction ulog u? convex, by [42] any solution to (1.1) must be unstable. In [14]
is conjectured that every stable solution of equations with f > 0 must be quasi-concave;
here we provide an example of quasi-concave solution which is not stable (but f fails to
be non-negative).
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e When (2 is bounded and convex, it is not known whether (1.1) has a unique solution, or

even a unique ground state solution (i.e. a solution to (1.1) of minimal energy). Note
that we are not able to prove that the obtained log-concave solution is a ground state.
This would be the case if the ground state of the auxiliary Lane-Emden problem (1.2)
is unique for all sufficiently small ¢ > 1 independently of o. See Remark 1.7 for this
uniqueness issue.

Theorem 1.1 does not easily follow from Korevaar’s convexity function method introduced
in [43] and extended in [10, 46]. If u solves (1.1), then v = log u solves

—Av = Vo> +2v inQ

and the monotonicity with respect to v of the right hand side is opposite to the one
required to apply the convexity function technique.

In the entire case Q = RY of problem (1.1), infinitely many radial solutions are found
in [18], where however it is also proved that there is a unique radial positive solution
vanishing at infinity, which is a non-degenerate ground state, and is usually called the

Gausson:
=2

e 2.

vl

u(zr) =e
Clearly the Gausson is log-concave on RY.
In Section 6 we will discuss the optimality of Theorem 1.1, exhibiting for any given
a € ]0,1/N] a convex domain  C RY and a solution of (1.1) which is a-concave but
not [-concave for any 5 > «. Moreover, in one dimension problem (1.1) has a unique
solution, so that log-concavity is the strongest power concavity which can be expected
from solutions to (1.1) in an arbitrary convex domain Q.

e Other concavity properties for solutions of (1.1), beyond power ones, can be considered.

If u is the Gausson, for example, then

(1.13) p(u) = =/ log(u/|ull ) = —|z|/v2

is concave. This concavity property is not artificial and is related to the so called 1/2-
logconcavity introduced in [38], where it is proved that 1/2-logconcavity is the strongest
scale invariant concavity preserved by the Dirichlet heat flow (see also [39, Section 4.2]
and [40] for optimal, scale dependant, concavity preserved by the Dirichlet heat flow).
Since 1/2-logconcavity is strictly stronger than log-concavity, proving 1/2-logconcavity
of a solution of (1.1) would improve Theorem 1.1 (see Figure 2 for some numerical
computation in the ball). In Section 6 we will see that, at least in the one dimensional
case, solutions of (1.1) are indeed 1/2-logconcave, since they are actually (p-concave for ¢
given in (1.13).

Remark 1.7 (On Theorem 1.2).
e We do not know whether the solutions constructed in the theorem are ground states.

This can be shown to be true — up to small modifications of the proof — if (1.2) has a
unique ground state. Such uniqueness has been proved by [49] and [12, Section 4] for the
related problem (1.7) when €2 is a bounded convex body in the plane. Under additional
symmetry assumptions on €2, [19, Theorem 4.1] shows that actually (1.7) always has a
unique solution (which is therefore a ground state). Regarding (1.2), very few results are
known for specific domains €2 or specific values of ¢, see [52] and references therein. In
this paper, following [19] we will prove in Proposition 4.2 that it has a unique solution
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for ¢ sufficiently near 1 when 2 is a general convex set, but how small ¢ — 1 must be
a-priori depends on o and Q. For fixed ¢ > 1, uniqueness for solutions of (1.2) has also
been achieved in [22] when € possesses N orthogonal symmetries and o is sufficiently
large. Still, the size of ¢ is not given in a quantitative way.

e For a fixed o > 0, strictly (1 — g)/2-concave ground states of (1.2) for all ¢ € |1,2* — 1]
can be constructed through the method we adopt whenever the multifunction mapping

]1,2* — 1[ 3 ¢ — ®(q) := {Cround states of (1.2)} C W,*(Q)

(which has compact values and locally compact graph) can be proved to be an approximate
lower-semicontinuous multifunction. This property would trivially hold true whenever ®
is single valued, i.e. if the previously discussed uniqueness of ground states of (1.2) holds
true. Alternatively, one may require that the graph of ® is connected. As discussed in
Remark 1.6, the validity of any of these statements for ¢ € |1,g| with ¢ > 1 independent
of o would yield a log-concave ground state of (1.1) as well.

We were not able to prove these properties and resort to a connected subset of
]1,2* —1[ xW,*(Q) made of general solutions of (1.2), rather than of ground states. The
latter is obtained through degree methods, see Lemma 4.3, and all these solutions have
local degree —1.

e In [49] it is shown that solutions to (1.7) in strongly convex bounded domains of R?
are (1 — ¢)/2 concave. We thus see that solutions of (1.2) enjoy the same concavity
properties of (1.7), suggesting that a negative perturbation, in some way, does not affect
the concavity properties of the equation. When dealing with sums (see e.g. [28, Corollary
6.6]), we know that the biggest exponent dictates the right transformation, which is
coherent with the fact that here ¢ > 1. Similarly, equation (1.12) with b = )\

—Au = \u+ aulogu?

enjoys the same concavity properties of the eigenfunction equation, which is recovered by
sending a — 0; again, ulogu? is negative near the origin.

e In [31] the author shows the existence of a minimiser of the energy functional corresponding
to (1.2), constrained on the subspace of quasi-concave functions. Unfortunately this
would not immediately implies that such a minimiser is a solution of the equation (i.e.
we do not know if this subspace is a natural constraint). A similar approach, with the
same obstacle, could also be pursued for (1.1).

e Finally, it is worth underlining that in both Theorems 1.1 and 1.2 we obtain local strong
concavity without any regularity or strict convexity assumption on €2, just its convexity
and boundedness. In particular, {2 may have corners and flat parts, but still the positive
super-level sets of the solutions of (1.1) and (1.2) are strictly convex. This is obtained
through the constant rank theorem [45] coupled with a non-trivial argument based on its
level-set counterpart proved in [7] and which has some interest by itself. See Section 2
for further details.

Remark 1.8 (On Theorem 1.3).

e Theorem 1.3 holds true for generic solutions of (1.2). This is actually needed in the proof
of Theorem 1.1 since, as already noted in the previous remarks, the lack of a uniqueness
result for ground states of (1.2) forces us to approximate (1.1) with generic solutions
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rather than ground states. The convergence of radial ground states of (1.2) in RY to
ground states of (1.1) has already been investigated in [62], see also [16].

The proof of Theorem 1.3 is based, not surprisingly, on rather delicate a-priori estimates
obtained in Lemma 3.5 below. For Theorems 1.1 and 1.2 to hold in general, not
necessarily smooth, bounded convex sets, the a-priori bounds on solutions of (1.2) must
be independent on any smoothness assumption on 92 (compare e.g. with [23], where
a-priori bounds depend on the C? regularty of Q) and this is a source of major technical
problems. To prove the a-priori bound, we will employ a contradiction argument and
blow-up procedure in the spirit of [30], coupled with the Liouville Theorem 1.4.

A related convergence result for (1.2) is contained in [22, Theorem 1], where the author
proves that, if Q is suitably symmetric and ¢ = 1/ — 400 then solutions wu. of the
singularly perturbed equation

(1.14) —cAu=u!—u in(

converge to a solution in the entire space, or more precisely ||u. — 0(8_1/2')”Loo(g) — 0,
where

—Av=0v?—v inRY.

We highlight that, if ¢ is fixed and 0 — +00, equation (1.2) resembles the semiclassical
limit in (1.14).

Remark 1.9 (On Theorem 1.4).

The main novelty of Theorem 1.4 lies in the fact that the function whose epigraph is H
may fail to be coercive. The coercive case dates back to [26] and for more recent results
on this kind of Liouville problems, we refer to [57, Part I}, [25] and the literature therein.
A typical example, arising as limiting problem through blow-up of solutions to (1.1) in
non-smooth convex domains, is when H = {(z1, 9, 23) € R®: 23 > |71|}. In this case H
is a non-smooth convex cone and there is no direction in which it can be described as a
coercive epigraph.

We will actually prove the non-existence statement for a larger set of exponents, given
in (B.3) and described for the first time in [27] in the study of entire stable solutions
of the Lane-Emden equation. We chose to state the result for ¢ < 2* — 1 since this the
range of exponents relevant to our framework. To the authors knowledge, nonexistence
of bounded solutions to (1.7) in a general convex epigraph H for arbitrary N > 1 and
q = 1 is open.

The main point in the proof of Theorem 1.4 is a convex analysis result deduced in Lemma
A.2, which has some interest by itself. It ensures that after a suitable rotation, any
convex entire epigraph can be described as the epigraph of a semicoercive function. See
Appendix A for details.

Remark 1.10 (On Theorem 1.5).

Equations (1.8) and (1.10) has been treated in [51] (and Remark 4 therein), where
log-concavity is proved by means of a parabolic approach. Our result is stronger since,
setting ¢ as in (1.9) we obtain for any function u with 0 < u < 1

¢1(u) convex = logu concave == u179/2 convex
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and the opposite implications do not hold for in general. Similarly, for ¢ as in (1.11) it
holds
po(u) convex = logu concave

and not vice-versa in general.

e Comparing with Theorems 1.1 and 1.2, we see that the opposite sign in, respectively, (1.10)
and (1.8), grants stronger concavity properties for the solution, as expected. Moreover,
uniqueness is restored and the constructed solutions are actually global minimisers of the
corresponding free energy functional.

Remark 1.11 (The case ¢ < 1). Approximating (1.1) by (1.2) as ¢ — 17 is a natural
choice for several reasons: first, both the equations are superlinear. Moreover, the study of
(1.2) for ¢ > 1 has its own interest, due to the classical literature on the topic discussed at
the beginning of the Introduction.

The question on whether using the approximation (1.3) for ¢ — 1~ could yield easier proofs
or better results, on the other hand, arises naturally. Unfortunately, it does not seem so. The
corresponding functional for ¢ < 1 is still not coercive, since the linear term has an arbitrarily
large coefficient. Moreover, for the corresponding reaction f(u) =2 (u? —u)/(q¢ — 1), the
function ¢ — f(t)/t is actually increasing, thus the Brezis-Oswald uniqueness [13] result do
not apply. Finally, the convexity function technique of [43, 46] still cannot be used: one is
naturally led to consider the convexity of v = —u!=9/2 but the transformed equation for

v has the form . | . .
—q q 2 —q
Av = 5V o (1_q|VU| +— >
whose right-hand side is increasing in v, thus having the opposite monotonicity than required.
Finally, and more substantially, the strong maximum principle fails for solutions of (1.2)
(with 0 = 2/(¢ — 1) < 0) when ¢ < 1, allowing for non-negative solutions with dead cores,
and even proving the existence of a positive solution to (1.2) is far from trivial.

1.4. Structure of the paper and sketch of the proof

In Section 2 we discuss conditions ensuring the applicability of the constant rank theorem
of [45] to suitable transformations ¢(u) for u being a positive solution of —Au = f(u) with
Dirichlet conditions.

Section 3 is devoted to a-prior: estimates for solutions of the Lane-Emden equation
(1.2) in the subcritical case. In order to use them for varying domains and for ¢ — 17,
considerable care is devoted to obtain estimates depending only on basic geometric quantities
on the domain (in particular, independent on the smoothness and the curvature of 9€2) and
lower bounds on the parameter o > 0.

In Section 4 we apply these bounds to study the asymptotic behaviour of solutions of
(1.2) in two regimes:
e when o > 0 is fixed and ¢ — 1T, obtaining convergence after normalisation to the
first eigenfunction of the Dirichlet Laplacian;
e when 0 = 2/(¢ — 1) and ¢ — 17, proving convergence up to subsequences to a
solution of the Logarithmic Schrédinger equation (1.1).

Moreover, we construct via degree arguments a connected branch of solutions w, for
q€]l,2* —1[ of (1.2).
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Section 5 is devoted to the proof of Theorems 1.1, 1.2 and 1.5. Since the proof of the
dispersive case Theorem 1.5 is essentially a refinement of the strategy in [10, 54] through
the results in Section 2, we briefly describe now the path to Theorem 1.1 and 1.2.

We will first prove that in a strongly convex 2 a continuity argument ensures (1 — ¢)/2-
concavity for the solutions of (1.2) constructed in Section 4. To this end, two key points
are:

e the connectedness of the branch of solutions, in order to set-up the continuity
argument directly on the branch;

e the log-concavity of such solutions for ¢ near 1, ensured by the aforementioned
convergence to the first eigenfunction of the Dirichlet Laplacian and the log-
concavity of the latters (note that log-concavity implies (1 — ¢)/2-concavity).

Then the results of Section 2 are used to prove Theorem 1.2 in the smooth strongly convex
setting. To remove this assumption we approximate a general convex €2 with strongly
convex ones. Due to the robustness of the a-priori estimates of Section 3, we can pass to
the limit to obtain a (1 — ¢)/2-concave solution of (1.2) in any convex 2. Section 2 allows
again to deduce strong (1 — ¢)/2 concavity.

Finally, Theorem 1.1 is obtained through Theorem 1.2 by passing to the limit as ¢ — 17
and 0 = 2/(q — 1) thanks to the asymptotic behaviour proved in Section 4.

Section 6 gathers some results on solutions of the Logarithmic Schrodinger equation.
We will prove in Corollary 6.4 a universal upper bound on solutions of (1.1) in a general
convex domain {2, depending only on geometric bounds on €2; then we will consider radial
of solutions in the ball and describe some elementary computations in the one dimensional
case, in order to investigate the sharpness of Theorem 1.1. We will in particular rule out
a-concavity for solutions of (1.1) in Theorem 6.8, for any o > 0.

Two appendices conclude the manuscript. In Appendix A we gather some results from
convex analysis and in Appendix B we prove Theorem 1.4.

Acknowledgments. S. M. would like to thank Fabio Zanolin for suggesting the proof
of Lemma 6.7. M. G. thanks Riccardo Moraschi and Francesco Ballarin for some help in
numerical simulations.

Notations. We will say that an open Q C R¥ is smooth if 90 is locally the graph of
a C?“ function, a € ]0,1[. We further set R, := ]0, +oo[ and denote by (v, w) the usual
Euclidean scalar product between v, w € RY and |v| denotes the corresponding Euclidean
norm. For a N x N symmetric real matrix M, we will write M > 0 meaning that M is
non-negative definite, M > 0 meaning that M is positive definite. By a locally strongly
concave function v € C%(Q) we mean that the inequality D?u < 0 holds in Q. If E C RY is
measurable, |E| stands for its Lebesgue measure. Given a Lebesgue measurable function
u:Q — RFand p € [1, 0], ||ul|, will denote the usual LP(£2) norm of |u|, whenever omitting
(2 causes no confusion.

2. Preliminaries on the constant rank theorem

The celebrated constant rank theorem by Caffarelli-Friedman [15] and Korevaar-Lewis
[45] states that if w is a convex solution of

(2.1) Aw = b(w, Dw) >0
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in a connected domain  and ¢ — 1/b(t, z) is convex for any z € RY, then D?w has constant
rank. Its proof shows that the strict positivity of b(w, Dw) is essential in [45], as well as
in the fully nonlinear counterpart [6]. In fact, the function b(¢, z) per se may change sign,
but it is sufficient for the constant rank theorem to hold that b(w, Dw) > 0 and that the
function

b2 (w, Dw)

b(w, Dw)

is locally bounded in €2 and non-positive there. This indeed amounts to a global positivity
coupled with a local convexity condition, expressed as

(2.2) b(w,Dw) >0 and (97(1/b))(w, Dw) >0 in Q.

Note that, from the convexity of w coupled with the equation Aw = b(w, Dw), one can
only derive the weaker inequality b(w, Dw) > 0 in .

We further mention that, in general, the (constant) rank of the Hessian need not to
be full: indeed, in [45, Section 5] the authors construct a convex solution of (2.1) in a
connected domain  C RY with b(t,z) > 0, t — 1/b(t, 2) convex but such that the rank of
D?w is constantly equal to k& < N. In such example, however, the minimum of the solution
is always attained on the boundary (compare this with the assumption of Proposition 2.6).

In this section we describe some conditions ensuring that:

btt(w, Dw) -2

(i) a convex classical solution of Aw = b(w, Dw) actually satisfies b(w, Dw) > 0
everywhere;

(ii) if (2.2) holds true, then the rank of D?w is actually full everywhere and w is
strongly convex.

In practical situations, the constant rank theorem is applied to the function w = p(u),
with u being a solution of

—Au= f(u) inQ
(2.3) u>0 in
u=20 on 0f),

and a straightforward computation shows that

" D 2

0 pw— P @IDUE @)
V' (w)

where 1) := ¢~!. In this setting, the two questions outlined above are linked by a level-set

version of the constant rank theorem proved in [44] (see [7] for the fully nonlinear version).

To state it we recall some elementary facts on the second fundamental form of level sets
of a v € C?(A), where A is an open subset of RY. Let t € v(A) and zy € {v = t}; in order
for the level set {v = ¢} to be a C? submanifold near 2y we will suppose that Duv(zg) # 0.
We choose a normal vector to {v =t} at x( as
_ Duo(z)

| Do(o)|
and set the tangent space T}, := {z € RY : (n,,,2) = 0}. The second fundamental form of
the level set of v at z( is the quadratic form defined on 7}, as

on(’l))(2’> = <le0,;)'/(0)>

(2.5) n,, =
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where v : | — 0,0 — {v =t} is a curve (for some § > 0) parametrised by arc-length such
that v(0) = 2 and 4(0) = z. This definition is independent of the choice of v, under the
required constraints. We can differentiate twice the relation v(y(s)) = v(xg) to get

(D*0(7(3))3(5),7(s)) + (Dv(7(s)), %(5)) = 0
for all sufficiently small |s|. Recalling (2.5) (so that 0,v(zo) = —|Dv(zo)|), it follows that

B (D?*v(xy) 2, 2)
(2.6) I, (v)(2) = —|Dv(x0)| )

The mean curvature K, (v) of {v =t} at x¢ is the trace of the second fundamental form.

As such, it is the sum of the principal curvatures of {v =t} at ¢, each of the latters being

computed as I1,,(v)(2;) where {2z} ' is a family of N — 1 orthonormal eigenvectors in T},
for D?I1,,(v). Hence

N-1 N-1
K, (v) = Zﬂxo(v)(zi |Dv ) Z (D*v(z0) 2, 2);
1=1 i=1

we complete such system by setting zy := n,,, to obtain an orthonormal basis of R. Since
the Laplacian is invariant by unitary change of variables, we obtain

1) Avlw) = S {DPu(e0) 5 ) = (D ”(%? g}(ﬁo))';p @) 4 e () Du(zo)].

Remark 2.1. Both the second fundamental form and the mean curvature are geometric
objects up to their sign, in the sense that their modulus only depends on the submanifold
{u = u(zo)} and not on the particular function u representing it implicitly. Their sign is
odd with respect to u, meaning

Hzo(_u) = _Hwo (u)7 Kﬁvo(_u) = _KI()(u)'

The choice (2.5) is arbitrary and the opposite one would give second fundamental form with
opposite sign. The minus in (2.5) is chosen so that, for instance, u(x) = |x|? has positive
second fundamental form at any nontrivial level set. Note, more generally, that many
functions can share the same level sets, and we underline for future purposes a relevant
consequence of this ambiguity. Given u as above and a smooth ¢ : R — R such that ¢’ < 0,
the function w = p(u) has the same level sets as u. The normal to the level set of w through
a given zy is, in accordance with (2.5),

Dw(xq) _ Du(xqg)
[Duw(wo)| — [Dulzo)]

so that in this instance
Haﬂo(w) = —1I, (u)’ Ky, (w> = — Ky, (u)
We can now state a particular case of [44, Theorem 1|, which fits to our purposes.

Proposition 2.2 (Quasiconcave constant rank theorem). Let f € C*(R) and v € C*(Q)
solve Av = f(v) <0 in a connected domain Q C RY. If Dv(z) # 0 and 1, (v) = 0 for all
x € Q, then x — rank (II,(v)) is constant.
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The following lemma shows that in many instances the rank in the Proposition 2.2 is
actually (always) full.

Lemma 2.3 (Positive definite second fundamental form). Let A C RY be open, v € C?(A)
and t € v(A). If Dv#0 in A and {v < t} € A, there exists vo € {v =t} such that 11, (v)
s positive definite.

Proof. Since {v < t} is a compact subset of R, we can let Bg be a ball of smallest radius
containing {v < t}. Up to a translation, we suppose that the center of Bg is 0, so that

(2.8) lz|* < R? in {v <t}

By compactness there exists zo € {v = t} N 0Bg and we claim that II,,(v) is positive
definite. By assumption there exists G € C? and r > 0 such that

0AN B, (xy) = {z € B.(z9) : G(z) =0}

and DG # 0 in B,(x9), G > 0 in AN B,(xy). Since x( is a point of maximum norm of
{v < t}, Lagrange multiplier’s rule yields Dv(xy) = Axq for some A > 0. Then the function

F(x) :=v(xg) —v(x) — % (R* — |z]?)

is non-positive on {v = t} by (2.8) and v(zg) = t, vanishes at xy and DF(x¢) = 0. Thus,
for any v : | — 0,0[ = {v =t} with v(0) = x¢, ¢ := F o has a maximum in 0 and hence
¢©"(0) < 0. Computing ¢”(0) yields through DF(z() =0

¢"(0) = (D*F(20)4(0),4(0)) + (DF(x0),5(0)) = (AL = D*v(x0))7(0), ¥(0)).
Finally, since z := 4(0) is arbitrary on T}, ¢"(0) < 0 reads through (2.6)

A
IL,(v)(2) > ——|2|> Vz€T,.
(0)(:) > : .
We next give the following version of the strong maximum principle for semilinear
equations. Even if it appears to be folklore, we report its short proof for completeness.

Lemma 2.4 (Strong maximum principle). Let Q be open, f € CoX(Ry), and u € C*(Q) N
C°(Q) solve (2.3). Then f(maxqu) # 0.

Proof. Let xy € € be a point of (positive) maximum for v and assume by contradiction
that f(u(zg)) = 0. Setting v := u — u(zy), we rewrite the equation for u as

Av+c(z)v=0 inQ
with

flulz)) — f(u(zo)) .
c(x) == u(z) — u(zo) if u(z) 7 (o)
0 if u(x) = u(wo).

Note that v < 0 = v(xg), i.e. v has a zero maximum in z,. Let ' be the connected
component of € containing xy. Then ¢ is locally bounded in €2 due to the local Lipschitz
continuity of f. Thus we can apply [56, Theorem 2.1.2] to conclude that v = 0 in €.
However this contradicts u = 0 (and thus v = —u(zg) < 0) in 9 C 99Q. O
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The following theorem provides a large class of nonlinearities b(w, Dw) for which convexity
of a solution w of Aw = b(w, Dw) automatically ensures Aw > 0. This answers to question
(i) at the beginning of the section.

Theorem 2.5 (Strict superhamonicity). Let Q be open, bounded and convez, f € C*(R.)
and u € CHQ) N C%Q) solve (2.3). Suppose that for a suitable ¢ € C%(Ry) fulfilling
¢ <0< inu(f), the function w := p(u) is convex in Q. Then Aw > 0 in Q.

Proof. We start observing that the assumption ¢’ < 0 < ¢” in u(€2) implies in particular
that  is strictly decreasing on the interval u(€2) (since otherwise ¢ would be constant on
a subinterval of u(Q2), and thus ¢” = 0). As a consequence, Argmin (w) = Argmax (u).
Moreover, since w is convex, its gradient vanishes only at its minimum points, thus
{Dw = 0} = Argmin (w). These facts, combined with Dw = ¢'(u) Du, give

(2.9) {Du =0} C{Dw =0} = Argmin (w) = Argmax (u) C {Du = 0}.

We move now to the main proof. By convexity it holds Aw > 0, so suppose by
contradiction that Aw(xy) = 0 at some xy € Q. By (2.7) we have

(D*w(z0) Dw(wg), Dw(x))
| Dw(zo)[?
Since w is convex, the first term on the right is non-positive; thus, to get a contradiction,

we want to show that Dw(zg) # 0 together with K, (w) > 0.
We claim first that f(u(zg)) < 0. Indeed, since

Aw = ¢"(u) [Dul® + ¢'(u) Au = ¢" (u) [ Dul* — ¢ (u) f(u),
from ¢” > 0 > ¢’ we infer that f(u(zo)) < 0. If the claim is false and f(u(zg)) = 0, then
0 = Aw(wo) = ¢"(u(wo)) | Du(wo)[*

and since ¢” > 0, we must have Du(zy) = 0 and thus, 27 € Argmax (u) by (2.9). Hence
f(maxu) = f(u(xg)) =0, and Lemma 2.4 gives a contradiction.
Next, choose 6 € |0, u(x)[ so that f(t) < 0on I := |u(zg) — I, u(xo) + J[. Set

C::{xEQ:u(x)GI}:{xEQ:w(x)Ew(I)}7

the last equality due to the strict monotonicity of ¢. Being Au = —f(u) > 0 on C, the
latter does not contain maximum points for u; thus from (2.9) we infer that Du and Dw
never vanish on C. The function v = —u solves Av = f(—v) < 0in C, Dv # 0 in C and
{v <t} = {w < ¢(—t)} is convex for each t € R when non-empty, which in particular
implies that II,(v) > 0 everywhere in the convex ring C. Thus Proposition 2.2 ensures that
I1,(v) has constant rank in C.

To show that II,(v) > 0 everywhere in C we apply Lemma 2.3: indeed, given t €
Ju(zo) — 9, u(zo)[, the convex set {v < —t} = {u > t} is closed, nonempty and strictly
contained in € thanks to v € C°(Q), u > 0 in Q and u = 0 on 9. By the boundedness of
Q, Lemma 2.3 ensures that I1,(v) is positive definite at some z € {u =t} C C, and thus
everywhere. In particular, by Remark 2.1, we have

I, (v) = =1l (u) = I, (w)

so that K, (w) > 0. Being also Dw(zy) # 0 we reach a contradiction by (2.10). This
concludes the proof. O

(2.10) 0= Aw(zy) = + K, (w) | Dw(zo)].
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We finally mention the following result, contained in a paper by Basener [4]. This is
a variant of Lemma 2.3 which deals with definite positivity of the Hessian matrix of a
function near the local minimum. This gives a first answer to question (ii) at the beginning
of the section. For the reader’s convenience, we provide here the proof.

Proposition 2.6 (Positive definite Hessian [4]). Let u € C?(S2) be such that ) # Argmin (u) €
Q. Then in any open neighbourhood U of Argmin (u) there is point T € U where D*u(Z) is
positive definite.

Proof. Suppose without loss of generality that 0 € Argmin (u) C U € Q. Fix § > 0 and
consider

Asi=sup{A €R:§|z]>+ A <u(z) forallz e U}.
Since U is compact there exists x5 € U such that
& |xs]* + As = u(xs).

We claim that, for sufficiently small 6 > 0, 5 € U. This implies that u(z) — (0 |z|* + \s)
has an interior global minimum at z;, forcing D*u(z;) > 241 and proving the proposition
by setting z := xs5. To prove the claim, let

m = u(0) M = Halzijn u, r = max ||

Note that m < M since by assumption 0 € Argminu C U and that r > 0 since 0 ¢ OU. If
xs € OU, then

§las|? 4+ As = > M
[5]" + s = ulzs) — M —m <0 |zs)* <5
As <u(0)=m
giving a contradiction if § < 5™ Hence for such § the claim is proved. O

r

We can now sum up and state some conditions ensuring that concavity can be improved
to strong concavity, concluding the discussion on issue (ii) at the beginning of the section.

Corollary 2.7 (Impioving concavity). Let Q be open, bounded and convez, f € C*(R,)
and u € C*(Q) N C°(Q) solve (2.3). Suppose that for a suitable p € C*(R,) the following
conditions hold true:

o o <0<y inu(Q);

e p(u) is convex in );

o set:=¢ ' and for anyt € Ry, z € RN

V() |2+ f®)
W (t) ’
it holds (92(1/b))(t,z) = 0 on {t € Ry : b(t, z) > 0}.

Then @(u) is locally strongly convex in €.

b(t, z) =

Proof. Tt suffices to note that, under the stated assumptions on ¢, w := ¢(w) is a C*(Q)
solution of Aw = b(w, Dw). Then by Theorem 2.5 we have b(w, Dw) > 0 and [45]
applies, ensuring that D?w has constant rank everywhere in €. Since ¢ is decreasing
Argmin (w) = Argmax (u) and since u € C°(Q) is positive in Q and vanishes on 95,
Argmin (w) € Q. Then the Proposition 2.6 applies, giving that D?*w(Z) is positive definite
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for some T € €1, and thus everywhere in 2. The strong convexity follows by the continuity
of D*w. O

3. The Lane-Emden equation

3.1. Ground states and energy estimates

We start by constructing ground states of (1.2) and deriving basic a-priori estimates.
Later on, in Section 4.2, we will deal with uniqueness when ¢ is close to 1.

Definition 3.1. Let ¢ > 1, 0 > 0. A ground state for (1.2) is a Wy*(Q) N C?(Q) solution
of (1.2) minimising

Dul? G+l 2

Do et

— —dx

over the Nehari set

Nio = {v € We () \ {0} : (/0 (v),v) = 0}.
The set of all ground states for J, , will be denoted by GS, .

We note that for all v € N, it holds

(3.1) () =0 <- - ﬁ) / |7 da,

so that the energy of a ground state is strictly positive. Existence of ground states is quite
standard, but we provide here a sketch for reader’s convenience and future reference.

Lemma 3.2 (Existence of ground states). Let 2 be bounded. For any q € ]1,2* —1[, 0 > 0
there exists a ground state u,, for (1.2).

Proof. Ground states can be obtained as mountain pass critical points of the C'! (Wol 2(9))
functional J,,. It can be checked that 0 is a strict local minimum for J,, and that J,,
fulfils all the assumptions of the mountain pass theorem, so that a critical point u can be
found at the energy level ¢, , > 0 defined as

Coo = inf sup J,o(1(1)), D= {7 € CO([0,1; WEA(Q)) : 7(0) = 0, Jog(v(1)) < o}.

€L >0
Through a standard fibering method, we show that the energy level ¢, , is characterised as
(3.2) Cqo = nf {Jgo(v) : J) ,(v) = 0,0 # 0} = /i\[nf Jyo-
q,0
Indeed, the inequalities > trivially hold in the previous chain because ¢, is a critical level

and any non-negative critical point for .J, , belongs to AV, ,. On the other hand, if v € N,
then for any ¢ > 0

tq—i—l t2 tq+l
Jyo(tv) = /|Dv|2—|—av dx — a/yq“dx:g o /vq“dq:.
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The maximum on [0, oo[ of the right hand side in the previous display is uniquely found at
t =1 and for ¢ large J,,(tv) < 0. Hence if v minimises J,, on N, ,, suitably rescaling the
curve t — tv yields an element of v € I' for which

sup jqp(’)/(t)) = sup Jq,o(’)/(t» = Jq,d(v) = irif Jg.0s

t>0 t>0 N

thus ¢,, < infy,, J,,. Note that if v € Wy?(Q) is a sign changing critical point of J,,
then both v, and v_ belong to N ,, and it holds

Jq,a(“) = Jq@(“%—) + Jq,g(v_),

so that one of vy or v_ has less energy than v. Therefore any minimiser u of J,, over
N, is a constant sign weak (and also C*(f2), by standard elliptic regularity) solution of
—Au = f(u) with f(t) = ot (]t|]2"' —1). Since J,, is even we can suppose that u > 0 and
the strong maximum principle of Vazquez-Pucci-Serrin [56, Theorem 1.1.1] ensures that
actually v > 0 in 2. U

We continue with the following bound on the minimal energy of ground states in terms
of suitable test functions.

Lemma 3.3 (Energy estimate). Let c,, as in (3.2). Then for all o € Wy*(Q)\ {0} such
that

1—
(3.3) /¢2dx> Tq/gazloggoz dx
Q Q

it holds
(3.4)

2

q—1

2 2
2 v~ log ¢” dx
DA™ -y
2

Q_l 2 2
oo < IDgl2 + o Il (1+
q (D¢l + o llellz) {1+ oz L

2q+2

Proof. Fix p € ]2,2*[ and, correspondingly, C,, > 0 such that
t* [log t*| < C, max{1, [t|"}.

Since Q is bounded, Hélder and Sobolev inequality ensure that any ¢ € W,2(€)\ {0} fulfils
©* log p? € L'(Q). For any such ¢ obeying (3.3), set

1

(142) 1ot ]
g+l
o) llelli

_ 1 1
(3.5) oo < JoolF) = 2 l2 0+ 0) (— - q—)

Dol2 _
L _Ipel

one obtains 7 [p| € N, and thus
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Being ¢®* — 1 > s for all s € R, we have

w [SG e[ e
1 Q QNn{p#0}

||<P||q—;—1 _ 5 -1 + 5
lell3 lell3 lellz
_1/@2 log ©* dx
> 14— J0 5
2 lell3

Inserting this estimate into ¢ in (3.5), we obtain

q—1

2 2
lo dx
q—léw i
2 loll3

q—1 A\t
« < lell3 (A 1+ 2 1
o <l O+ ) 2= (147) 7 1

for all ¢ > 1 and ¢ € Wy*() \ {0} such that the last factor is positive, which amounts to
(3.3). Recalling the definition of A we finally get (3.4). O

3.2. Uniform bounds

This section is devoted to the proof of suitable a-priori estimates for solutions of (1.2),
which will have multiple applications throughout the paper.

We first recall some known regularity estimates up to the boundary in convex domains,
which may be bounded or unbounded.

Lemma 3.4. Let Q C RN be open and convez, f € C°(R) and and v € C%(2) N C°(Q) be
a classical bounded solution of

—Av = f(v) inQ
v=20 on 0f)

and M, v > 0 such that
(3.6) [0l < M, 14 [[f(v)]leo < -

Then there ezists a € |0, 1] and C' depending on N, M and vy, such that
[vllca@ < C.

Proof. By [47, Ch. 3, Lemma 14.1] any such solution v belongs to the class By (€2, M, v, 00, 0)
(see [47, Ch. 2, sec. 7]), where M and ~ are any numbers fulfilling (3.6). By convexity, for
any xo € 02, ) is contained in a suitable half space through xg, so that for any r» > 0
12N B,(x0)] < l
| B, | 2
Thus condition (A) of [47, p. 6] is fulfilled with parameters independent of f and v and [47,
Ch. 2, Theorem 7.1] ensures that

0]l ce @By @) < C

for constants a and C' as in the statement but independent of x. The global C*(Q) bound
follows from the latter and the boundedness of v. O
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Recall that the eccentricity of a bounded convex body 2 is defined by

inf{R > 0: Q C Bg(z) for some z € Q}
sup{r > 0: B.(z) C Q for some z € Q}

We are now ready to prove our uniform bounds.

ecc (Q) =

Lemma 3.5 (Uniform estimates). Let & >0, ¢ € [1,2* — 1, R,0 > 0. Then there exist
positive constants C1(q, 7, R,0) and Cy(q, R, 0) such that

(1) any solution u,, of (1.2) foro > a, q € [1,q] in a conver domain Q with

(3.7) diam () > 2 R, ecc (Q) < 0
satisfies
(33) 1< fugol < Ca(g.7, R, B);
(it) any solution u, to (1.2) with g € [1,q] and 0 > 1/(¢ — 1) in a conver domain

fulfilling (3.7) satisfies
(3.9) lugllos < C2(7, B, 0).
Proof. First we observe that, testing (1.2) with wu,, yields

/Q |Duq70]2 dr = O'/Q (ugfg_l — uzﬁg) dx

so that it cannot hold ||ug || < 1, since otherwise the right hand side would be non-positive,
forcing u,, = 0. Thus ||ugs||ec > 1. We prove (i) by contradiction.

Step 1: Setting up the blow up.
Consider a sequence u,, solving (1.2) for ¢, € [1,q|, 0, > ¢ in convex domains (2, fulfilling
(3.7) but such that

(3.10) || % — oo

By taking a subsequence, we may assume ¢, — ¢ € [1,q]. By considering u, (o, (- — 7,)),
for z,, being the center of a ball containing €2, of minimal radius and «,, = 2 R/diam (£2,,),
we can suppose that diam (£2,,) = 2 R for all n, since in doing so the corresponding factor o
in (1.2) does not decrease. By translation invariance of the equation, we can also suppose
that
(3.11) Brp(0) € Q, € Byg(0) for all n.
Choose z,, € 2,, such that
My = |uplloc = un(zn)
so that M,, > 1 for all n. For A > 0 the function
1
(3.12) Up A (2) = —up (2, + A (z — 2)),
M,

solves

—Av=\o, Mﬁ{"’l vI — X2o, v
in (£, — z,) /A with Dirichlet boundary conditions and satisfies

0 < Un,\ < 1= ’Un,)\(O).
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Choose A = \,, > 0 obeying
Moo, Mt =1,
so that v, := vy, solves
v
M

in Q, = (Q, — x,) /A\. From (3.10), the bound o,, > & > 0 and the definition of \, we
infer that A\, — 0. Moreover, for ¢ € [0, 1], an explicit computation yields

(3.13) — Av = v — =: fn(v), 0<v<1=uv(0)

1- n
<)<
M gin?

so that, noting that ¢?/@1) > e for ¢ € |1, q], it holds

1 —Qn
e M

By the assumption M2 ~' — +oco and ¢, < g,

< f) <1, Vie [0,1].

¢ infer that

W
sup |fu(t)] <7 <00
te(0,1]
for a constant v independent of n. Applying Lemma 3.4, we thus find a € ]0,1[ and C > 0
independent of n such that

(3.14) [vn | oy < C,

where we extended each v,, as zero outside €,,.

Step 2: Convergence.
Thanks to (3.11), Proposition A.1 ensures that there exists a not relabelled subsequence
such that €, — H locally in the Hausdorff sense, where H is either R or the closed
epigraph of a convex function. By (3.14) and Ascoli-Arzeld theorem, we may suppose that
(v,) has a not relabelled subsequence converging locally uniformly to some v in C*(RY)
fulfilling 0 < v < 1 =v(0) and v =0 in RY \ H. Using (3.10) to pass to the limit in (3.13),
standard arguments ensure that v solves

—Av =4 0<v<1=uv(0)

in H and v =0 on 0H. If H =RY this is impossible due to [57, Theorem 8.1}, while if

H is the closed epigraph of a convex function Theorem 1.4 gives again a contradiction,

concluding the proof of the first statement. We then proceed to prove the second one.
Step 3: Proof of (ii).

We claim that for any solution u, of (1.2) in some convex 2 fulfilling (3.7) with ¢ € [1, g

and 0 > 1/(q — 1), it holds

(3.15) ugliSt <1+ C(q, R,0) (¢ — 1).
(

Suppose this is not true for sequences (q,), (0,), (€2,) as above and, with the previous

notations, solutions

Up 1= Ug, 00 -
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This amounts to

. ||un Qn_l —_ 1
3.16 lim ——— =

and we can again assume (3.11) by eventually increasing o,. Choose again x,, € €2, such
that ||u,||ec = M, = u(xy). For ¢ :=1/(g— 1), it always holds ¢,, > 1/(g, — 1) > & and by
the previous point (3.8) holds true for C' = Cy(q,1/(g — 1), R, 0), i.e.

(3.17) M1 < C(q,R,0).
Given A > 0, define v, as in (3.12) and rewrite the equation satisfied by v,, \ as
—Av = Ao, Mt (01 — )+ Mo, (M — 1),
We choose A = A, fulfilling (recall that M, > 1)
Mo, (M —1)=1,

so that v, := v, ), solves

(3.18) —Av =

in Q, = (Qp — )/ A, as well as 0 < v, < 1 = 0,(0).
Assumption (3.16) and o, > 1/(g, — 1) force A\, — 0 while (3.16) and (3.17) ensure
(Qn B 1) Mgnil

M1 — 0.

(3.19)

An elementary computation similar to the one in Step 1 shows that for ¢ € [0, 1]

1 1—gq,
e M, M=t _

1<fn(t)<1

hence by (3.16) and M,, > 1, we find that (3.14) holds true again. Moreover, the elementary
inequality
t1—t q q

0= Z —qi1 2 —qia
qg—1

holds for all ¢ € [0,1], ¢ € [1,q] and implies through (3.19) that f,(¢) — t uniformly on

[0,1]. As in Steps 2 and 3 we can select a not relabelled subsequence and pass to the limit

in (3.18) using (3.19), to get that v,, converges to a solution of

—Av =, 0<v<1=0v(0)

on RY or in the open epigraph H of a convex entire function, in which case v = 0 on 9H.
This again contradicts Theorem 1.4, completing the proof (3.15). Finally, (3.15) rewrites as

log(14+C(qg—1))
qg—1

for a constant C' = C(q, R, 0). Since t + log(1 + t)/t is decreasing and bounded by 1 on
10, +00[, we infer ||uy|le < €%, proving (3.9). O

[g| 0o < ex
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Remark 3.6. As already mentioned, the uniformity with respect to the domain is here
obtained in order to extend our result to a general, possibly not regular convex €). If one
is interested in a fired smooth domain €2, the above proof simplifies. Indeed, if 92 € o,
then standard theory implies that §2,, converge to the half space or the entire space, thus
more standard Liouville theorems apply. Still, the so-obtained a priori bound will depend
unexplicitly on €2, and may in principle blow up when approximating non-smooth convex
domains with smooth ones.

4. Asymptotic behaviour of Lane-Emden

In this section we will construct a connected branch of solutions to (1.2) and then show
the behaviour of solutions to (1.2) when ¢ — 17 and o is considered fixed or varying with
the law 0 = 2/(q — 1).

4.1. Convergence to the first eigenfunction

We show now that the ground states of (1.2) for fized o and ¢ — 17 converge up to
normalisation to the first eigenfunction of the Laplacian.

Proposition 4.1 (Convergence to eigenfunction). Let 2 be bounded and conver, o > 0, and
uy, a solution of (1.2) for a sequence q, — 11. Denote by 1 the first positive eigenfunction
of the Dirichlet Laplacian normalised so that ||p1|lec = 1 and Ay the corresponding first
eigenvalue. Then

Up, , —
(4.1) T =@ inCL()NCYQ).
(4.2) Jun |27t — 14 ﬁ,
o
A
(4.3) w51+ 2 i ().

g

Moreover, if ) is smooth, then the convergence in (4.1) holds in C*(Q) as well.
Proof. 1f M,, := ||uy||00, then @, := u, /M, solves
—Au, =0 (M;{"_1 uln — ﬂn) =: gp(z) in Q.

By Lemma 3.5 we have, up to not relabelled subsequences, that M=t — M > 1 and
hence (g,,) is uniformly bounded in L*(£2). Lemma 3.4 then ensures that (u,) is bounded

in C*(Q) for a suitable a € ]0,1[. Since [0,2] > ¢ + at? — bt is Lipschitz continuous,
uniformly for bounded a,b, ¢ > 1, we infer that (g,) is uniformly bounded in C%(Q). Local
elliptic estimates then ensure that (i,) is bounded in C**(§Y') for any ' € Q. All in all,
up to a not relabelled subsequence, we can suppose that (i,) converges in C2_(Q) N C%(Q)

loc
to a non-negative solution u of

~Ai=c(M-1)a inQ
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with [|@]/s = 1. In particular @ # 0 and by the maximum principle it must hold M > 1.
Hence u must be a first Dirichlet eigenfunction, i.e.@ = ¢y, proving (4.1). Moreover, it
must hold \
c(M—-1)=)\ < M=1+2
o
giving (4.2). Assertion (4.3) follows from (4.2), since
gn—1
Un —=ul' =1
M
locally uniformly in € (here we use again that u, and thus @, are positive in by assumption).
Finally, the smoothness of 9 grants boundedness of (u,) in C**(Q) by the global C%“-
estimates for the Poisson equation, so that the previously proved convergence u, — ¢;
improves to C?(f2) in this case.

O

4.2. Uniqueness and connected component of solutions
Given o > 0, it is unfortunately unknown whether the set of ground states
{(q,u) :q€1,2" = 1], u € GS,, } C11,2° — 1[xWy*(Q)

is connected, a pivotal property to perform the final continuity argument. As mentioned in
the Introduction, and as we show now in Proposition 4.2, connectedness is certainly true
when in the previous set we restrict g to be sufficiently near 1. We can then resort to a
degree argument to construct from there the seeked connected component.

The following uniqueness result has been proved in [19] when  is symmetric. With the
same argument and with Proposition 4.1 at hand, we can remove the symmetry assumption.

Proposition 4.2 (Uniqueness). Let 2 be bounded and convex and o > 0. Then there exists
qo = qo(0,2) > 1 such that for any q €1, qo], (1.2) has a unique solution.

Proof. Suppose the claim is false and pick two sequences (u,,) and (v,,) of solutions of (1.2)
for suitable ¢, — 17 with wu,, # v,,. We start observing that, from

0= / Uy (—Av, + ov,) — v (—Au, + ouy,) do
Q

- a/ Uy Uy (VI — w1 da,
Q

the function v, — u,, must be sign changing. The functions

Up — Up
w, = —
an - unHoo
fulfil
(4.4) — Aw, + 0w, = 0 g, Wy, Wy s0=0
where

v (x) — wir (z)

gn(7) =< () — up(2) if v, (2) # un(z)
1+>\1/0' if Un(l’) :un(x)
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Let  be such that w,(x) # 0. Then by the intermediate value theorem, g, (x) = ¢, &, ()™ !
for some &,(x) in the interval with extrema v,(x) and u,(z). Since both ||v,||Z~! and
||t ||%~1 are uniformly bounded in n by (4.2), we see that ||g, || is bounded in n. Tt follows
from Lemma 3.4 that (w,) is precompact in C*(Q) and in W, *(Q2), thus it converges up
to a not relabelled subsequence to some w in these topologies. Moreover, for any x € €2
either g,(r) = 1+ A\ /o or g,(z) belongs to the interval with extrema g, v,(z)™! and
qn un(2)™ 71 By (4.3), we have that in any case g,(z) — 1+ \;/co, hence by dominated
convergence it holds

A
gn — 14+ 22 in L2(9).
o
Passing to the limit in (4.4) and recalling that ||w,||. = 1, we get that the limit w is either
p1 or —1. Let
QF = {+w, > 0}

which are nonempty since w, is always sign changing. By Poincaré inequality
2
(4.5) /yw;:\? dr < C [0F|F /|Dw§|2 dz
Q Q

while testing (4.4) with wE we get

+|2 +12 +|2

/}Dwn| +a|wn‘ dx:(j/gn |wn‘ dx
Q Q

so that by the uniform bound on g, we get

/ |Dw,ﬂ2 dx < C'/ |wfﬂ2 dz.

Inserting the latter into (4.5), we obtain

/|wﬂ d < C}QﬂN/\wﬂ dz

so that [2F] is uniformly bounded from below. This implies that the limit w is sign changing
as well, contradicting the fact that w is either ¢, or —¢;. 0

Exploiting the uniqueness of the solutions given by Proposition 4.2, we conclude this
section by detecting a connected component of solution through a classical application of
Leray-Schauder continuation theorem. See [23, Corollary 2.1] for a version with positive
nonlinearities.

Lemma 4.3 (Connected component of solutions). Let ¢; € |1,2* —1[, 6 > 0 and Q be
convex bounded. For any sufficiently small (depending on 6 and Q) qo € |1, q1[, there exists
a closed connected set C C W&’Q(Q) X [qo, 1] such that for any (u,q) € C, u solves (1.2) for
the given q and o = &, and the map

C > (u,q) — q € [qo, ¢1]

18 onto.

Proof. Define the nonlinear operator

T(q,u) =0 (=A)"" (u} —uy)
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where (—A)™': Wy *(Q) — Wy ?(Q) is the inverse Dirichlet Laplacian, which is therefore
compact by Rellich-Kondrachov theorem (see also [41, Lemma 7.1] for some details).
Correspondingly, the functional equation

O(q,u) :=u—T(qu)=0

is fulfilled at « € W,?(Q) if and only if u solves (1.2) (the positivity condition being
satisfied thanks to the truncation and the strong maximum principle). To get the claim,
we check the assumptions of [1, Theorem 4.3.4]. By Proposition 4.2, for any sufficiently
small go > 1, problem (1.2) has a unique solution wug, which is therefore an isolated zero of
®(qo, ). Thanks to the mountain pass character of ug, [36, Theorem 2 and pp. 310-311]
ensures that

deg (®(qo, up), A) = =1 #0

for any open bounded A C W,*(€) containing uy. Given such a gy > 1, (3.8) in Lemma 3.5
ensures an a-priori L*>-bound for any solution of (1.2) in 2 with ¢ € [gy,¢:] and 0 = 7. In
turn, by testing the equation with u itself and applying the L°°-bound, we find a constant
C = C(qo,q1,7,92) > 0 such that any solution of (1.2) for 0 = 7 and ¢q € [qo, ¢1] fulfils
| Dul|y < C. We can then choose the open set A € W, () to be the ball of radius C, so
that

®(q,u) #0 for all ¢ € [qo, 1], u € OA.

The existence of the connected C with the claimed properties then follows from Leray-
Schauder continuation theorem, see [1, Theorem 4.3.4]. O

We remark that, similarly to [41, Lemma 7.3] we should be able to extend C in such a
way the second projection covers |1,2* — 1[. This however goes beyond our scopes.

4.3. Convergence to the Logarithmic Schrodinger equation

Next we analyse the asymptotic behaviour as ¢ — 17 of solutions u, to the Lane-Emden
equation (1.2) with the choice 0 = 2/(q — 1). We will show that these solutions converge to
a solution of the Logarithmic Schrodinger equation (1.1) and that ground states converge
to ground states, without needing a normalisation. As in Definition 3.1, ground states of
the Logarithmic Schrodinger equation are defined as a solution of (1.1) minimising

Duol? 21 21
J(m;:/ﬁdx_/wdl.
0 2 2 2

over the Nehari set
Nt = {U e Wol’Z(Q) :v >0 and / |Dv|? dx = / v? log v? dx} .
Q Q

Note that if © is bounded (as we will suppose in the following) the functional J is C!
on W;*(Q), but in a general unbounded domain u? log u? may fail to be summable for
w € Wy?(Q). Testing (1.1) with u ensures that any W,*(Q) solution of (1.1) lies in N/
Moreover, J(v) = |[v]|3/2 on Nt so that a ground state minimises the L?-norm among
all solutions of (1.1). The converse is also true: if u € A" is of minimal L?-norm, then it
solves (1.1).
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Proposition 4.4 (Convergence to logarithmic equation). Let €2 be bounded and conver and
q € ]1,2* — 1[. Then the set of positive solutions of (1.2) foro =2/(q—1) and q € |1,q] is
relatively compact in C°(Q), Wy*(Q) and in C2.(Q), and any limit point for ¢ — 1 of
such solutions solves (1.1). Moreover, if the chosen solutions u, are ground states for (1.2),

then the limit is a ground state for (1.1).

Proof. We let u, denote an arbitrary positive solution of (1.2) for ¢ = 2/(q¢ — 1) and
q € ]1,q). From (3.9) in Lemma 3.5 we find that ||u,||~ is bounded in ¢ for ¢ € |1, q]. By
testing (1.2) with u, we readily get that ||u,||c > 1. The function

folt) == = (1= 1)

1 o . :
is convex, has minimum in ¢, := ¢~ ¢-T and it is thus increasing on [t,, +00[, hence

—_q_
—2q 71 = fo(ty) < folug) < fo(llulls) < C.
Since q — qfﬁ is decreasing and bounded by e! for g € |1, +o0[, we get that ||Au,ls is

bounded uniformly for ¢ € ]1,g]. It follows by Lemma 3.4 that {ug}sec1,4 is bounded in
C(Q) for some a € ]0, 1] thus precompact in C°(Q).
We claim that, given M > 1, {f,}4e1,g is bounded in C/2([0, M]). Indeed,

2
¢/ M —1
[LM]| ¢ q—1 ( )

and the right hand side is non-decreasing in ¢, so that { f;}4e)1,9 is actually equi-Lipschitz
on [1, M]. On the interval [0, 1] an explicit computation shows that

1
4
/12
dr —
/0 ‘fq‘ T 2q_17
hence for 0 < s < ¢

<1
t / t ) 1/2 2\t —s
0= 1ol < [nlar< ([ 1nra) vies< 2R

and {f,},ep1.9 is bounded in C*/2([0,1]), proving the claim. From the bound of {u}.e1.4
in C*(Q), we thus infer that {f,(uy)}ee1,4 is bounded in C*/2(€2). The precompactness of
{ug}eenq in C2.(Q2) now follows from local C*%/2 elliptic estimates.

Let u be a limit point in the aforementioned topologies of a sequence ug,, ¢, — 17.
Since f, converges to f(t) :=t logt* as ¢ — 17 locally uniformly, u is a weak (and thus
classical) solution of the equation in (1.1). From |[|u,, ||cc = 1 we obtain ||u|l > 1, hence u
is non-trivial and non-negative and by the strong maximum principle [56, Theorem 1.1.1] it
follows that v > 0 in Q. In particular, from (1.1) tested with u, we get

(4.6) / |Dul? dx = / u? log u? d.
Q Q
Since, up to not relabelled subsequences,
| Dug, |12 = 11 fon (ug,) g, Iz = 11 f () ull3 = [ Dull3,

it follows from uniform convexity that Du,, — Du in L*(Q), proving that {ug}qeji,q is
precompact in W,2(Q) as well.
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Let us finally discuss the variational characterization of u in the case where u,, are

ground states of (1.2). From the stated convergence and (3.1), we have
1 1
. ERT q+1 _* )
qlimﬁ Jq7q31 (ug) = qlimﬁ 1 i ul™ dr = i w3

On the other hand, if ¢ € W, *(Q2) \ {0} then (3.3) holds true for any sufficiently small ¢
and passing to the limit in (3.4) in Lemma 3.3 for 0 =2/(¢ — 1) as ¢ — 17 yields

2 2
p*log p” dx
I o, [1251E] y
2 2
2 lll3 loll3

i <
qlgfﬁr Jq’q%l () <

Therefore

|Dy|? — ¢*log ¢” dx
Q

lullz < llell3 exp
P I3

for any

e K(Q) = {w e Wy (Q)\ {0} : /Q |Dy|? dz < /9902 log ¢? dx} ,

so that v minimises the L?(Q)-norm over K(2) and in particular on A'". Noting that by
(4.6) it holds J(u) = %||u/|3 on N'", we have that u is indeed a ground state solution of
(1.1). O

5. Concavity properties

We can show now that, for ¢ small — depending on o — the ground state solution of (1.2)
has some concavity property. We exploit here the convergence to the eigenfunction given
by Proposition 4.1.

The following theorem holds for €2 smooth and strongly conver, which means that the
second fundamental form of 92 with respect to its interior normal is always positive
definite. More precisely, in the setting of Section 2, suppose that 02 = {w = 0} for some
w € C=(RY) such that Dw # 0 in a neighbourhood 9 (this is always true if Q is convex
and smooth). For any such w with the additional property that w < 0 in €2, the normal
defined in (2.5) is actually pointing to the interior to 2 and we can set

I1,(092) = I, (w) for all z € 002

independently (see Remark 2.1) of w obeying the prescribed conditions. Strong convexity
of 2 then amounts to the existence of § > 0 such that

I1,(09)(z) = 0 |2|?
for all x € 02 and all tangent vectors z at x.
Theorem 5.1 (Concavity near ¢ = 1). Let Q be bounded, smooth and strongly convex, and
o > 0. Then there exists qo = qo(0,QQ) € |1,2* — 1] such that, for q € |1, qo| the solution

Uqo to (1.2) is unique (indeed, it is a ground state u,, € GS, ), strongly log-concave, and
thus strongly (1 — q)/2-concave in Q.
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Proof. Note that for ¢ € |1,2* — 1] any solution u,, of (1.2) produces, by considering
Ugo(+v/0 ), a solution of (1.2) for 0 = 1 on the domain ©2/\/o. Being o fixed, we can
suppose that ¢ = 1 and omit henceforth the dependence on o.
We set v, 1= u,/||uq]|o0 and note that
0o 1
D*logu, = ||ug|lee D* log v, = Iua D?*v, — — Dv, ® Dy,
Uq Uq

Thus we focus on the matrix

1
(5.1) M(v,) = -~ Dv, ® Dv, — D*v,,

q
which we will prove to be positive definite.

Step 1: Bound in the normal directions.
For sufficiently small § > 0 let @, : [0,5] x9Q — Q be a C' (in both ¢ and ) family of
diffeomorphisms from 99 to {dist(x,dQ) = t}, and let n denote the corresponding C*
extension of the interior normal to 0f2, defined on

Qs .= {z € Q : dist(z,00) < d}.

Note that any & € RY such that (n(z),£) = 0 is the image of a unique tangent vector &’ to
00 at the point @(}iit(%am(a:) and the corresponding map is C*.

Let ¢ be the first positive eigenfunction of the Dirichlet Laplacian such that ||¢1 || = 1.
The Hopf Lemma ensures that there exists 9,6 > 0 such that

dip1
inf — > 36
Qs on ~
where n is the interior normal to 09. Let gy € ]1,2* — 1], given in Proposition 4.2, be such
that, for any 1 < ¢ < qo, (1.2) has a unique solution u, (which is a ground state). By the
C1(Q) convergence vy — 1 as ¢ — 17 proved in Proposition 4.1, there exists 1 < ¢f < qo

such that

. . 0v
(5.2) 1512158—: >260  forall g €11, ¢l
Since, again by Proposition 4.1, there exists C' > 0 such that
(5.3) lgllozay < € for all g € ]1,4)),
inequality (5.2) gives
1 (dv,\” 46 46?
4 M >— (1) =Dyl > —-C> =< -
(5.4 (rayn) > o (0] -1l > 2 -0z G- C
in Q(;.

Step 2: bound in the tangential directions.
Let I1,,(0€2) be the second fundamental form of 92 with respect to the inner normal direction
n, at a point z € 912, so that by assumption there exists ky > 0 such that

(5.5) L, (09Q)(€) > ko [€]?,  Va €09, {Ln,.
Since 002 = {—v, = 0} and —v, < 0 in €, it holds
I1,(09) = II,(—v,) = —1L.(v,)
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for all z € 9. From the latter, (2.6), (5.5) and (5.2) we have

0vy(z
(D?0,(2)€.6) = Dvy(a) 1L (0)(©) = ~ 2011, (002) ) < ~2h 0P
for all z € 9Q, {Ln, and q € |1, qp].
Since Dv, ® Dv, > 0, n € C'(€5) and v, is uniformly bounded in C?(Q) we infer that

for any sufficiently small ¢ it holds
(5.6) (M (vg) () &,€) = ko 0 [¢]°
for any g € |1, ¢(], © € Qs and £ = £(x) such that &(z)Ln(z).

Step 3: bound in the mized directions.
Finally, since (Dv,(x¢),&) = 0 for all zy € 052 and £ Ln,, with |{| = 1 and the boundedness
of v, in C2(Q) for all ¢ € ]1, gj], we deduce through the Lipschitz character of £ — ¢’ € Thq
the uniform bound

|(Dvg (), £(x))] < C dist(x, 90)
for all z € Q5 and £ Ln(z) with [¢] = 1. In particular, since by (5.2) it holds
dist(z,0Q) < Cvy(x)
in s, for a constant C' independent of ¢ € |1, ¢}, we get
1 |0y,

Uq

(5.7) (M(vg) €, m) < | Dl €] +

2| (Do, )] < Ol

for all = € Q5, {Ln(x) and ¢ € |1, q}].

Step 4: convexity in .
Writing any vector as £ +tn for {Ln and t € R, it follows from (5.4), (5.6) and (5.7), that
in )5 we have

(M (vg) (€ +1tn), € +tn) = (M(vg) €,€) + 2t (M(vg) €, n) + £* (M (vg) n, )

9 9 462
> ko0 |§]" = Ctlg] +1t m—c

for all ¢ € ]1,¢(]. It suffices to choose § > 0 sufficiently small (depending only on the
parameters and thus not on ¢) to obtain a positive constant ), such that

(M(vy) 2, 2) = 0,1d |z)* in Qj,
for all ¢ € |1, ¢(]. Then since v, < C'¢ in 5, we find

D?*logv, = _ M(v,) < %
q — S

Id
Vg (&N

in Q, for all ¢ € |1, ¢}].

Step 5: Conclusion.
Recall that logv, — log o1 in C?(2\ Qs) by Proposition 4.1. Note that D?log ¢; is positive
definite everywhere in €2 by a classical application of the constant rank theorem, hence
log i, is locally strongly concave in any 2. By C?-convergence, this ensures that for a
sufficiently small ¢j > 1 and 6 > 0 it holds

D?logv, < —0;1d
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in Q\ Qs for all ¢ € |1, ¢y]. All in all we have proved that for a constant 6y = min{6, 6y} > 0
and go = min{q(, ¢4 } > 1, the inequality

(5.8) D?logu, = D*logv, < —01d

holds true in 2 for all g € ]1, o).
To prove the final assertion, we compute

prlt — 171 (Q+1Duq®Duq —D2uq>

QU? 2 Uq
-1 —-1D D
_a-! (q uy, ® Du, —quQIOguq)
2u,? 2 Uq

and note again that the first matrix term is non—negative deﬁnite Thus from (5.8) we have

1 -1

D2loguq 60 Huquo Id

(1-q)/2

and ug is strongly convex on € for all ¢ € |1, qo]. O

For the next proof, it is important to inspect more closely the behaviour of the matrix
M (v,) in (5.1). What we actually obtained in the previous proof is that M (v,) fulfils

(5.9) M(v,) > 01d in Qs

for some 0,0 > 0 depending only on €2, a positive lower bound on 9,v, on 92 and an upper
bound on [|vy[[c2(m) (see (5.2), (5.3) and (5.5)).

We are now ready to extend the concavity property detected in Theorem 5.1 to all the
values of ¢, by means of the connected set of solutions given in Lemma 4.3.

Theorem 5.2 (Concavity of solutions, ¢ > 1). Let £ be bounded, smooth and strongly
conver, ¢ € |1,2* — 1] and 0 > 0. Then there exists a solution u,, of (1.2) such that

qul;Q)/Q 1s strongly convex on ().

Proof. As in the proof of Theorem 5.1, we can restrict to o = 1. Let ¢y be as 1n Theorem
5.1, so that for ¢ € |1, go] we know there exists a unique solution such that u = s strongly
convex.
Fix ¢ € ]qo,2* — 1[ and let C C Wol’Q(Q) X [qo, G] be the connected set provided by Lemma
4.3. We will prove that any (uq, q) € C is strongly (1 — ¢)/2-convex. To this end, set

E = { Ug,q) €C: u (1=9)/2 5 strongly convex in Q}

To show that F coincides with the whole C, thanks to the connectedness of C, it is sufficient
to show that E is nonempty, open and closed; we show this in the following steps.

We start by observing that C N (WOM(Q) x {qo}) contains the unique solution of (1.2)
which is strongly (1 — go)/2-convex thanks to Theorem 5.1. Therefore E # {).

For any (u,,q) € C we set in the following w, := uél 9/2 and note that for any such w,

g—1]qg+1 g — 1
TSy Duq®Duq—D2uq 2 TSy

2 U 2
2uq a 2uq

where M (v,) is given in (5.1). Note that C is bounded in C*%(Q) X [go, q] by the uniform
bound (3.9) in Lemma 3.5 and elliptic estimates. This grants compactness of C in C?(Q) x

2 _
D w, =

M (wy)
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[q0, ] and Hopf’s Lemma ensures a uniform lower bound on 0,u,, which in turn ensure
(5.9) for all (uy,q) € C. By (5.9), we thus find constants 6,6 > 0 depending only on 2 and
C such that

(5.10) D?*w, > 01d in s, for any (u,,q) € C.

We show now that E is open. Let (u4,¢q) € E, so that w, is strongly convex. Given a
sequence (uy,,q,) € C verifying (u,,,q.) — (uq, q), note that u,, — u, in C?*(Q). By the
strong convexity of w, there exists §' > 0 such that

D*w, > 0'1d in Q

and since w,, — w, in C*(Q\ Qs), D*w,, > 6'1d in Q \ Qs for all sufficiently large n. By
using (5.10), we thus see that w,, is strongly convex in the whole Q for all sufficiently large
n. It follows that, for such n, (u,,,¢,) € E, proving that E is open in C.

Finally we prove that E is closed in C. Let (u,,,g,) be a sequence in E converging to
some (ug,q) € C. Then u,, — u, point-wise and w, = u((ll_Q)/Q, being the point-wise limit
of convex proper functions, is convex. Note again that (5.10) grants strong convexity of w,
in Qs for some 6 > 0. Moreover, w, is a convex solution of

1 qg+1 —1 q—1
Av = Duv|* + - =: D
V= (q |Dou|® + 2 ) 5V b(v, Dv)

and t — b(t, z) is harmonic concave whenever it is positive, hence Corollary 2.7 ensures that
w, is strongly convex in Q \ Qs as well. Therefore (u,,¢) € E and E is also closed in C. O

We are now ready to pass to the limit (1.2) and get a log-concave solution of (1.1),
i.e. prove Theorem 1.1.

Proof of Theorem 1.1. Choose a sequence {2, D () of smooth strongly convex sets converging
in the Hausdorff sense to Q (see [28, Proposition 2.1]). On such a sequence (3.7) holds true
uniformly in n. Fix a corresponding sequence ¢, — 17 and for each n > 1 apply Theorem
5.2 for 0 = 2/(g, — 1) to get a solution u, of (1.2) such that w72 is convex in Q,. By
(3.9) in Lemma 3.5 and arguing as in Proposition 4.4, we get that up to subsequences u,
converges to a solution u of (1.1) in C°(€2), in W’ 2( ) and in CZ_(Q).

In order to prove that u is log-concave, set &, :=

u=n — 1 e—én logun __ 1
n JR—

Wy, = =
En En

is convex. Since w, converges point-wise in ) to — logv, the latter is convex. Finally, the
function w := — log u, satisfies

Aw = |Dw|* — 2w =: b(w, Dw) in

and
(97 (1/b)) (t,z) = 8/b(t, 2)* > 0O
as long as b(t, z) > 0. Thus Corollary 2.7 ensures the strict convexity of w in €. O

To conclude the main proofs, similarly to what we just did for problem (1.1), we remove
the additional assumptions in €2 for problem (1.2).
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Proof of Theorem 1.2. As in the proof of Theorem 1.1 we choose €2, — €2 in the Hausdorff
sense, €2, smooth and strongly convex sets fulfilling (3.7) uniformly in n. By Theorem 5.2
we get a solution u, of (1.2) such that ul /* is convex in Q,. By (3.8) in Lemma 3.5
the functions u,, are equi-bounded and, arguing as in Proposition 4.4, we get that up to
subsequences u, converges in C°(Q), in W,?(Q) and in C2_(Q) to a solution u of (1.2).

Thus u is a (1 — ¢)/2-concave solution. Strict concavity follows by the same argument of
the proof of Theorem 1.1. O

Finally we study the equations with opposite sign (1.8), (1.10).

Proof of Theorem 1.5. Let us consider f(t) = o (t —t7) or f(t) = —t logt?; in the first
case, by considering x — u(y/o x) instead of u, we can assume that ¢ = 1. Existence
of a positive solution u can be obtained through standard methods, as minimiser of the
corresponding coercive functional. Since t — f(t)/t is strictly decreasing, we have that
such solution is unique (see [13]). Moreover, in both cases f(t) < 0 for t > 1, so that by
the weak comparison principle 0 < u < 1 in 2. By Lemma 2.4 we actually have ||ul|, < 1,
thus «(Q2) C ]0,1[ and f(u) > 0. We thus proceed to check the assumptions of [10] (see also
[54]) for t € ]0, 1], for both the reactions f(t) =t — t? (with ¢ > 1) and f(t) = —t logt?,
setting as usual F(t) := [} f(r)dr.

The computations to check that v/F is concave and F/f is convex in ]0,1[ are in both
cases straightforward and omitted. The transformation ¢ is defined as (1.5), which belongs
to C*(]0,1[) and [10, Theorem 1.2] ensures that ¢(u) is convex in both cases. Explicit
integration gives for f(t) =t —1t%, ¢ > 1

2
t tanh 1— a1
0 s (i)

(where o< means equal up to positive multiplicative constants and additive constants), while
when f(t) = —t log >

pa(t) ox v/1 —logt2.

Let us discuss the strict convexity of ¢(u), still denoting with ¢ both ¢; and ¢,. Note that
¢ <0< ¢” on|0,1[, hence also on u(f2). The previous choices of ¢ are made in such a
way that

=—VE@), W =3)
and w = @(u) satisfies (see (2.4))

we AWW) (Lo e e D
o) (1+2|D y) : b(w, Dw).

In [10, page 95] it is shown that the convexity of ¢ — /F(1(t))/f(¢(t)) is implied by the
convexity of s +— F'(s)/f(s), which has already been noted to hold in |0, 1[. Thus Corollary
2.7 applies, giving the strict convexity of ¢(u) in 2 in both cases. O
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6. Further results

6.1. Bounds for solutions

Here we will derive some a-priori estimates on solutions of the Logarithmic Schrodinger
equation (1.1). We start with a lower bound, which is a straightforward application of
the Pohozaev identity. Such an information could be useful to study possible branches
of solutions, which are generally parametrised by u(0) = ||ul|, see [22, Remark 5], [19,
Theorem 3.3].

Lemma 6.1. Let Q C RY be bounded, star-shaped and with C? boundary. Then any
solution of (1.1) satisfies

(6.1) oo > M4,

Proof. By Pohozaev identity
N -2 21 21 1
(6.2) —/ |Du|2dx:N/ deJr—/ (z,n) (Du,n)* dHN!
2 Q Q 2 2 Joq

where n is the interior normal to 0. By the star-shapedness of €2 it holds (z,n) < 0 on
0L), while by the Nehari identity we have

/|Du|2dm:/u2 log u” du.
Q Q

Inserting these relations into (6.2), we find

N -2 2(1 21
—/u2 loguZd:cgN/u(Lu)dx
2 O Q 2

N
/ u? (— — logu2> dr < 0.
Q 2

It follows that logu? — N/2 (which is not constant) must be positive somewhere in €,
implying (6.1). O

so that

Regarding the upper bound, the key point is that the reaction f(t) = t logt* is superlinear
and reqularly varying, meaning that

f(ts)

lim ———= exists and is finite for every s > 0.
t—+o00 f(t)
Karamata’s theory [9, Theorems 1.2.1 and 1.4.1] ensures that, if f is regularly varying,
continuous and definitely positive, then the previous limit is uniform on bounded intervals
and there exists ¢ € R such that

f(ts)

7H1£rnOo 10 = g9 for all s > 0.

(6.3)

In this case ¢ is called the index of f. The superlinear reactions f(t) = ¢ logt* and
f(t) =t1—t (¢ > 1) considered in this manuscript are indeed regularly varying, with index
1 and g respectively.
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We next report an a-priori upper bound for solutions of
—Au = f(u) inQ
(6.4) u >0 in 2
u=20 on 0,

for regularly varying, superlinear reactions f.

Theorem 6.2. Let R, > 0 and Q C RY be convexr and such that
(6.5) diam () > 2 R, ecc () < 6.

Suppose f € C°([0,+o0|) is superlinear at infinity and regularly varying with index q €
[1,2* — 1]. Then there exists a constant C' = C(R,0, f) > 0 such that any C*(Q) N C°(Q)-
solution of (6.4) has L>®-norm bounded by C.

Proof. The proof is a slight modification of Lemma 3.5, so we briefly sketch it, adopting the
same notations. Let (u,) be a sequence of solutions of (6.4) in (£2,) as in the assumptions.
Thanks to (6.5), by rescaling and suitably translating the solutions, we can suppose that
Bpp(0) € Q,, C Byg, and u, solves (6.4) in €, with reaction 3, f(u) instead of f(u), for
some 3, = 1. Set M,, := ||uy|loc = un(zy), T, € Q,, and suppose by contradiction that
M,, — 4o00. Then, defining \,, > 0 through

A 1

M, B, f(My)
we see that v, := Ln U (T + An (- — 2)) solves (6.4) in Q, := (Qn — 23)/An, With reaction

f(M,v)
fn V)=
=)
and fulfils 0 < v, (z) < v,(0) =1 for all x € Q,. Since f is superlinear and f3,, > 1, it holds
A, — 0 as n — 400, hence Proposition A.1 ensures that €2, — H locally in the Hausdorff
sense, where H is either RY or a convex epigraph. On the other hand, since f,(t) — t

uniformly on [0, 1], we see that

| full oo oapy < C(f) < 00

for all n. Since ||vn[|oe < 1, Lemma 3.4 ensures that ||v,||ce®yy is uniformly bounded, for
a given a € |0, 1] depending on f alone (here as usual we extend each v, as 0 outside
(NZn) Thus, up to subsequences, v, converges to some v locally uniformly, with v(0) = 1
and v = 0 outside H. Since the limit in (6.3) is uniform on bounded intervals, we can
pass to the limit in the equations satisfied by v, to get that v satisfies weakly (and thus
strongly, by local elliptic estimates) (1.7) with 0 < v < 1. Theorem 1.4 gives the seeked
contradiction. U

Remark 6.3. By making use of Theorem B.2 instead of Theorem 1.4 in the conclusion we
can actually obtain the same statement for all indexes ¢ € [1, g.[, with the critical exponent
¢c given in (B.3).

Exploiting ideas similar to the proof of Theorem 1.2, Theorem 6.2 turns out to be a
basic tool allowing to transfer, for superlinear regularly varying reactions f, existence
of p-concave solutions to (6.4) in smooth strongly convex domains to existence of such
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solutions in arbitrary convex domains, by allowing to pass to the limit through domain
approximations. Additional minimal hypotheses on the reaction, granting for instance
a universal lower bound on the L*-norm of such solutions or the validity of the strong
minimum principle (see e.g. [56, Theorem 1.1.1}), would ensure non-triviality of the limiting
solution.

Note that if f is a sublinear reaction, this can be more easily done by selecting solutions
minimising the energy (which is coercive) and employing, during the domain approximation,
[-convergence type arguments as is done in [10, 54]; similar arguments works also in the
linear case [28, 5.1.1].

Corollary 6.4. Any solution of (1.1) in a convex domain Q) is bounded by a constant
depending only on a lower bound on diam (2) and an upper bound on ecc ().

We will see in Remark 6.9 below that Corollary 6.4 is optimal in its geometric constraints.

6.2. Radial symmetry

In this Section we briefly discuss the symmetry and monotonicity of solutions to (1.1).

We start noting that, being f(t) = t?7 — ¢ locally Lipschitz, one can apply standard results
to get radial symmetry and monotonicity with respect to axis in symmetric domains. On
the other hand, f(t) = tlogt? is not positive near the origin, neither sum of a locally
Lipschitz and non-decreasing function, which means that [29] cannot be directly applied.

We further mention that, in general, a merely continuous reaction f does not lead to
the symmetry of nonnegative solutions of —Au = f(u): see for example [20, Section 6.1.3]
where they present a counterexample with f(¢) =t —t" with 0 < r < ¢ < 1 and a solution
with compact support.

On the other hand u cannot have a plateau (i.e. a level set of positive measure) at t = 0
due to the strong maximum principle, which holds for non-negative solutions of —Au = f(u)
as long as f(0) =0, f is decreasing on [0, 6] for some § > 0 and

5
1
———dt = +00,
/0 V—F(t)
(see again [56, Theorem 1.1.1]). The latter condition is readily checked for f(t) =t logt.
Moreover, f(t) = t logt? is regular at ¢ = 1, which is its only vanishing point, hence u

cannot have plateaus at positive values. Therefore we can apply [24, Theorem 2| and obtain
the following.

Theorem 6.5. Let Q@ = B C RY, be a ball centred at 0 and let u € C*(B) N C(B) be a
non-negative, nontrivial weak solution of (1.1). Then wu is radially symmetric and radially
decreasing.

While radial monotonicity readily implies quasi-concavity of solutions to (1.1), a precise
functionally quantitative concave behaviour is not clear even in the radial case. To clarify
this point recall that, exploiting the radial symmetry of the solution, log-concavity of the
first eigenfunction of the Laplacian has been obtained in an elementary way in [50]. Indeed,
if u is radial and solves —Awu = f(u) in B, then v(r) := log u(r) verifies

—TNUZi}:rN(f(u)u—QF(u))+/TtN_liLth—I—/rtN_l(ZNF(u)—(N—l)f(u)u) dt.

0 0
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FIGURE 1. Graphs of u and \/u, u solution of —Au = ulogu? in Bs(0).

Thus v is concave if
fw)u—2F(u)>0 and 2N F(u)— (N —1) f(u)u > 0.

If f(u) = A\ u (as in [50]) the above are clearly satisfied. If f(u) = u logu?, the first one
holds true but the second one is equivalent to logu? > N. Thus, at least in this way, we
cannot directly obtain log-concavity even in the ball.

In the ball, additionally, Lindqvist [50] shows that eigenfunctions are more than log-
concave, actually a-concave for some implicit a > 1/N (e.g., a > (v/3 +2)/4 =~ 0.93 for
N = 2): it remains open the question if, in the unit ball, the solutions of (1.1) are more
than log-concave (see also Theorem 6.6 below for the one dimensional case). Numerical
computations suggest that indeed the solution of the logarithmic equation is a-concave for
some « > 0 (see Figure 1); contrary to the case of the eigenfunction, the optimal a-concavity
exponent seems to decrease as the radius of the ball increases. Similar computations hold
also for rectangles (recall, in this case, that the best exponent for the eigenfunction is 1/2):
in this case we will actually show that in plurirectangles the solutions are a-concave, even
if such « is not explicit, and « depends on size of €2; see Theorem 6.8 below.

6.3. The one-dimensional case: optimality

In this Section we make an elementary analysis of the one-dimensional case. Namely, let
b > 0 and consider

—u” = ulog u? in | —b,0],

(6.6) u(—b) =0 = u(b).

Theorem 6.6. There exists a unique positive solution of (6.6), which is radial and radially

decreasing, u(0) = ||u|l > v/e, concave in |0, 2*[ and convex in |x*,b] for some x* € ]0,b|
where u(z*) = 1. Moreover, for a € |0, 1], u is a-concave if and only if

(6.7) (1—a) | ) > ae /e

where, in addition, |u'(b)|* = ||ul|%, (log||ul|’%, — 1). Moreover, the function

o(u) == —,/—log Tl

1S concave.



POWER LAW CONVERGENCE AND LOGARITHMIC SCHRODINGER EQUATION 37

Proof. Existence and uniqueness follow from [60], while symmetry and strict monotonicity
from Theorem 6.5. Multiplying the equation by u' and integrating we obtain

Ju'|? _
(6.8) 5 + F(u(t)) = C;
where as usual
(6.9) F(t) := /OtTlog 2 dr = %tQ (logt* —1).
By Hopf lemma
o WOP

so that v/(0) = 0 and u(0) = ||u||o satisfies
F(u(0))=C>0

implying that ||u|/« > v/e (improving (6.1) for N = 1). The concavity statement follows
from the monotonicity and symmetry of u since

W >0 <= u<l

so that u changes convexity only at the two symmetric points £x*, where u(+z*) = 1.
Let us focus on y-concavity of u, for an increasing concave transformation . Setting
v := p(u) and using (6.8), we have
U” — (,D/I(U) |u/|2 + gOl(U) u//
(6.10) =2¢"(u) (C = F(u))

—¢'(u)
= ¢"(u) <2C+u2 (1— (1+ )logu2>) :
If " <0, then v is concave if and only if

20+ﬁ0—(LFfW))%ﬁ>>Q
() u

For o(t) = t*, a € )0, 1] the previous condition reads

f(u)
¢’ (u)
(u) u

s0//

20 + u? (1— a 1logu2> > 0.
a_

The minimum of the so-defined function is achieved at uy = e~'/?®) which is assumed by
u since ug € [0,+/e]. Therefore the concavity of v is equivalent to

QC’%—e_é a

>0
a—1

which, recalling the definition of C, rewrites as (6.7).
Finally, observed that the transformation

t
t) i= —4/—log — = 50
olt) = —[~log L m = [
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FIGURE 2. Graph of —/—log(u/||ul|o0), u solution of —Au = ulogu? in Bs(0).

is not concave in the whole |0, m], we compute the first identity in (6.10) directly, obtaining
that concavity of v is equivalent to (recall C' = F(m) and m > \/e)

t? t?
m m

which is indeed verified for each t € |0, m]. O

We do not know whether the radial solutions w of (1.1) in balls of arbitrary dimension
have the property that —y/—log(u/[|u]) are concave, but numerical simulations suggest
this is the case. See Figure 2.

Lemma 6.7. Let w, be the unique positive solution of (6.6). Then b — uy(—b) and
b ||up||ee are mon-increasing and

. /_ — . /_ — . — . —
Jim gy (=b) =0, lim w(=b) = 400, lim [luglloc = Ve, lim [Juplloc = +oo.

As a consequence, the optimal value a(b) € |0, 1] granting equality in (6.7) verifies
li b) =0, i b) =1.
ma(h) =0, lim a(t

b—o0

Proof. Set for brevity m(b) = uy(0) = ||up||c and F(t) = ¢* (logt* — 1)/2 as the proof of
Theorem 6.6. We solve equation (6.8) (with C' = |u/(—b)[*/2) at x = 0 to get

(6.11) F(m(b)) = |u'(=b)|*/2.

Note that m(b) > /e for all b > 0 by Theorem 6.6 and that F is strictly increasing on

[V, +oco]. Since u'(—=b) > 0 for all b > 0, F vanishes only at /e and F(t) — +oo for
t — 400, it suffices to prove the limits

(6.12) lim m(b) = Ve, limm(b) = +oo
b—o0 b—0

to obtain the claimed limits for uj(—b).
For z € | — b, 0[ we also have from (6.8)

u’(lx) = (2F(m(b)) — 2 F(u(z))) ™.

By changing variable ¢ = u(x) — which is regular and increasing on | — b, 0] — we thus obtain

(6.13) b—/ d:c—/ " (2 F(m(b)) — 2 F(t)) /2 dt.
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The previous integral (up to the factor 1/ \/5) can be rewritten by changing variable
t = m(b)s and recalling the definition (6.9) of F' as

m(b) 1/2 ! 1/2
/0 (F(m(b)) — F(t)) dt = m(b) / (F(m(b)) — F(m(b)s))™2 ds
— /0 (1= s*)logm(b) — F(s) — 1/2)_1/2 ds

which shows through (6.13) that b +— m(b) is non-increasing. From (6.11) and the strict
monotonicity of F on [y/e, +o0o[, we infer that b — w,(—b) is non-increasing as well. Let
then b — 400 so that m(b) — m. By (6.13) we have
m(b)
oo = lim (F(m(b)) — F(t))"* dt,
b—+o00 Jg

but if F(m) # 0 we can apply dominated convergence to get

m(b) m

lim wm@»—nmlﬂﬁ:/ (F(m) — F(t)) ™2 dt < 400
b—+oo /g 0

reaching a contradiction. Hence F'(m) = 0 and m = /e, giving the first limit in (6.12).
Finally, suppose m(b) - M < oo as b — 07. Then taking the limit in (6.13) for b — 0
forces, again by dominated convergence,

M
o:/ (F(M) — F(t))" "2 dt
0
which is still a contradiction. Thus the second limit in (6.12) is proved as well. U

As a consequence of Theorem 6.6, Lemma 6.7 and the tensorization property, we obtain
the following result.

Theorem 6.8 (Optimality). For any a € |0,1/N[ there exists a convex bounded domain
Q = Q(a) € RY and a solution of (1.1) which is a-concave but not 3-concave for any
B> a.

Proof. The one dimensional case follows from the fact that a-concavity is equivalent to
(6.7) and by Lemma 6.7 and the intermediate value theorem there is exactly one b(a) > 0
for which equality holds in (6.7). The corresponding solution of (6.6) on | — b(a), b(a)[ is
therefore a-concave but, since the function

-1/

o — €

l—a
is increasing on |0, 1, such solution is not f-concave for any 5 > a. For N > 2 and
a € ]0,1/N], choose with the previous notations b = b(N «) (note that N o < 1) and set

U(.Il, Ce ,JZN) = Hub(xz)

which, by the tensorization property, solves (1.1) in =] — b, b[. Restricting u to the line
{tn:te]—00[} withn=(1,1,...,1), we see that

u(tn) = up (1), Vie]—0b0l.
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Since by construction u, is not y-concave for any v > N «, it follows that u cannot be
[-concave for any S > a. Moreover, we claim that u is a-concave. Indeed the geometric
mean

N
N
G(y17"'7yN) = Hyzl/
=1

is concave in the octant y; > 0 and increasing with respect to each variable separately.
Since

u*(ry,...,xN) = G(uNa(m), e ,UNQ($N))7

and each x; — u}’ “(z;) is concave, the claim follows. O

Remark 6.9. The previous construction also proves the optimality of the geometric
constraints in Corollary 6.4. Again by the tensorization property of (1.1), one can consider
the more general solution

(6.14) w(r,.son) = [ L ()

in the plurirectangle 2 = HZ]\;] — by, b;[ for arbitrary choices of b; > 0,4 =1,..., N, which
will obey

N
Jullee = H [t [l -
=1

For any such choice, the domain (2 fulfils the geometric constraints
diam (Q) ~ max{b; }, ecc (Q) ~ max{b;}/ min{b; }.

If we choose all b; = b and let b — 0, we can keep the eccentricity bounded while the
solutions (6.14) blow up in L*°, thanks to Lemma 6.7. On the other hand, by choosing
b; =1 for i > 2 and b; — 0, the diameter of the corresponding rectangles is bounded from
below, but the eccentricity blows up, and again the solutions (6.14) blow up in L* as
b1 — 0.

Appendix A. Convex epigraphs

To deal with general convex domains 2, in the paper we exploit an approximation
argument 2, — €, where 2, are smooth (and strongly convex); in this framework the usual
blow up argument does not ensure that a proper rescaling and translation of €2, converges
to the half space or the entire space and the best one can hope is that the limiting domain
will be either R or a convex epigraph. In general this convex epigraph may not be coercive
and the main point of this section is the proof of Lemma A.2 below. Roughly speaking, it
says that any convex epigraph becomes, after a carefully chosen rotation, a semicoercive
convex epigraph, as defined below.

We will say that H C RY is a (closed) convex entire epigraph in direction v € RY \ {0}
if, setting v+ := {z € RY : (v, ) = 0}, there exists a convex g : v+ — R such that

H={zeR": (z,v) 2 g(x— (z,v)v))}.
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We will furthermore say that g : RY=! — R is semicoercive if there exists an M-dimensional
vector subspace V C RN~! with M € {0,..., N — 1}, such that

i) glv is coercive

Al
(A1) i) gz+y) =g@) forallz eV, yecV+

Note that if M = 0 then g as above is constant.

As a first result, we study the possible blows-up of a convex domain. Given K C R¥
and a sequence (K,,) of subsets of RY | we will say that K,, — K locally in the Hausdorff
sense if for any open ball B C RY such that BN K # 0,

limdy(K, N B, KNB)=0

where dyy denotes the Hausdorfl distance. As usual, limits with respect to local Hausdorff
convergence are defined up to closure, because dy (K N B, K N B) = 0 for any K C RY and
open ball B such that K N B # ().

Proposition A.1 (Blow-up convergence). Let (€2,) be a sequence of convex domains such
that, for some R > 7 > 0 we have

(A.2) B-(0) C Q. C Bx(0).

Let \, > 0 and x,, € Q,, be such that \,, — 0. Then there exists a not relabelled subsequence
such that

Q= (o — ) /A — H
locally in the Hausdorff sense, where H is either RN or the epigraph in some direction of a
globally Lipschitz convex function.

Proof. We first prove the theorem under the additional assumption
(A.3) Ty =(0,...,0,—|x,]).
Set

Tni=T/An, R, = R/\,, Zn = —Tp/ Ay

and note that (A.2) ensures

(A4) B, (2n) C ﬁn C Bg, (zn)

n

while 0 € Q,,. Let z, = 0,...,0,t,) for t, > 0. If (¢,) is bounded on a subsequence, then

the previous display readily implies that ,, — R¥ locally in the Hausdorff sense. So to
prove the claim we can suppose that

(A.5) limt, = +o0.

Set in the following B, := {z € B,(0) : xy = 0} for all r > 0. For any 2’ € B, , the set
{z/+tey:t€R}N (), is an open segment I,(2") € RY which by convexity is either wholly
contained in 92, or disjoint from 0%),,. Since 7' + t,en € B, (zn) C Q,, the first case
cannot occur, hence the two extrema of I,,(z’) are the only points of 92, on {2’ +tey},
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and only one of them satisfies xy < t,,. Its N-th coordinate thus defines a unique convex
function g, : B, — R. The Lipschitz constant of g, on B] /o 18 bounded by

n ™n

2
Lip (gn, B, ) < — » — inf gn | .
i (9n, By, 2) < (Séufg in g>

Using (A.4), we infer that
sup g, — jiglllf gn < diam (fNZn) <2R,.

™n ™

All in all, recalling that by definition of R, /r, = R/7, we have proved that

‘3|‘| oy

00, N{|2'| < /2 : a2y < t,} =Cr(g,) with Lip(gn, B;, o) < 4
Note that from 0 € €2, we infer that gn(0) < 0. We are thus reduced to study two cases.

Case 1. If g,(0) is unbounded, then g,(0) — —oo on a not relabelled subsequence. By
the uniform Lipschitz bound, we have in B;n /2

Setting C' = 4 R/7 and

it follows that

gn(x/> < gn(o) + éfn < gn(o) - = 9 in Bfw

implying that

Q2 B}, x 19a(0)/2,ta].
Since 7y, t, — 00 (recall (A.5)) and g,(0) — —oo (so that 7, — +o0 as well), the previous
display implies that Q, = RN locally in the Hausdorff sense.

Case 2. If g,(0) is bounded, then (g,) is locally equi-bounded and equi-Lipschitz. A
diagonal argument employing Ascoli-Arzeld’s theorem ensures that g, possesses a not
relabelled subsequence locally uniformly converging to some Lipschitz g : R¥=! — R. Such
g is therefore an entire convex function and it is readily checked that Q, — {zn =2 g(2')}
locally in the Hausdorff sense. This concludes the proof of the claim under assumption
(A.3).

To remove assumption (A.3), note that (A.2) ensures compactness of (z,), so we may

as well suppose x, — Z. We can change coordinate axis so that z = (0,...,0,—|z|),
without altering (A.2). Moreover, we can define a sequence of rotations (O,,) sending z,, to
(0,...,0,—|z,|) and consider the sequence of convex sets (O,(,)).

Note again that (A.2) is unaltered, while for the sequence (\,) and the points (O, (x,)),
it holds

(On(Qn) - On(xn))/)‘n = On(ﬁn)-

Thus we can apply the claim to O,(€2,) to get local Hausdorff convergence of the latter
(up to subsequences) to some H as in the statement. Let B be an open ball such that
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H N B # (), so that it actually has nonempty interior. Since O,(Q,) N B — H N B in

Hausdorff distance, O,(2,) N B is open and nonempty for sufficiently large n, in which case
ﬁn N B is nonempty as well. By the convergence z,, — &, we infer that O,, — Id, and the
inequality

dy(O(A)N B, AN B) < Cdiam (B) ||O — 1d||

holds with a constant C' only depending on N, as long as the sets involved are nonempty,
hence

lim dy (0,(2,) N B,Q,, N B) = 0.

Since dy (On(ﬁn) NB,HNB ) — 0, the triangle inequality ensures that fln — H locally in
the Hausdorff sense. O

Let us now recall some general notions of convex analysis which we will use, referring to
[58].

If K CRY is convex, its relative interior rint (K) is the interior of K as a subset of the
smallest affine space containing it. By

rec(K) ={neRY:K+RynC K}, lin(K):={neR":K+RnCK}
we denote respectively the recession cone and the lineality space of K, also related by
lin (K') = rec (K) Nrec (—K).
Any closed convex set K can be expressed as
(A.6) K =Sk @lin(K), Sg=Kn(lin(K))"
with Sk closed convex and lin (Sx) = {0}. Moreover
(A.7) rint (K) = rint (Sk) @ lin (K).

We say that K is a cone if Ax € K for all z € K and A > 0. Suppose in the following
that K is a closed convex cone. In this case the section Sy given in (A.6) is a pointed cone,
meaning Sk N (—=Sk) = {0} and clearly K is a vector subspace if and only if Sx = {0}.
Hence from (A.7) we get

rint (K)Nlin(K) #0 <= 0 € rint (Sk).
Since Sk is pointed, 0 € rint (Sk) if and only if Sk = {0}, and the previous display can be
rewritten as

(A.8) rint (K)Nlin(K) #0 <= K is a vector subspace.

Lemma A.2. Let H C RY be a closed convex entire epigraph. Then there existsn € RV \{0}
such that H is the closed epigraph of a semicoercive g : n- — R. Moreover, if the initial
epigraph s globally Lipschitz, then g is globally Lipschitz as well.

Proof. Our aim is to prove that a suitable n € rint (rec (H)) does the job. Suppose H is a
closed convex epigraph in direction v with |v| = 1. Then v € rec (H) but —v ¢ rec (H), so

that rec (H) is not a linear subspace and (A.8) for K = rec (£2) ensures that
(A.9) rint (rec (H)) Nlin (H) = 0.
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Step 1: a set of admissible directions.
We claim that

(A.10) n € rint (rec (H)) = H is an epigraph in direction n.

To prove (A.10), we may assume that v # n and |n| = 1. Note that since —v ¢ rec (H) we
get that v # —n as well. More generally, (A.9) gives that

(A.11) n € rint (rec (H)) = —n ¢ rec(H).

Let now x € RY be arbitrary; we wish to define g(x) such that H = Epi(g) in the
direction n. To this aim, we show that H N (z + Rn) is a closed half line, unbounded from
above.

Since H is an epigraph in direction v, there exists a henceforth fixed A > 0 such that

ro:=x+ v € H.

Since n € rint (rec (H)) and v € rec(H), there exists ¢ > 0 small such that (see [58,
Theorem 6.4])

ne:=(l+¢e)n—cv €rec(H);
in particular, zo+R; n. C H. Being v # £+n by (A.11), n and n. are not proportional. Thus
o + Rn. and x + Rn are two non-parallel lines, lying on the plane through z, x + v, x + n.
These lines must meet at a point & such that

T =x90+tn.=x+sn
for some t,s € R. Recalling the definition of zy and n., we thus find
sn=A—te)v+t(l+e)n;

but since n and v are linearly independent we must have A —t¢ = 0. Being A and ¢ positive
by assumption, we conclude that t > 0 and x = 2o +tn. € xo + R, n. C H.

Since n € rec (H) and z € H we have that {x +rn:r > s} =z +R,n C H, thus the
interval H N (z + Rn) is unbounded. On the other hand, it is not a line by (A.11): indeed,
by [58, Theorem 8.3], being —n ¢ rec (H), the set H N (z — R;n) cannot be unbounded
not even for the fixed . As a consequence, the minimal time function

(A.12) g(z):=min{reR:z+rneH}, zen,

is well defined, convex and its (closed) epigraph is H, proving claim A.10. Unfortunately,
explicit examples show that not every n € rint (rec (H)) produce semicoercive function, so
we are not done yet.

Step 2: choice of a particular direction.
Set L :=lin (H)* and Sy := H N L fulfilling (A.6). We will consider henceforth Sy as a
closed convex subset of L. The cone C :=rec (Sy) C L is closed and does not contain lines.
Moreover, C' is nontrivial, because

rec (H) =rec (Sg) @ lin (H)

and again rec (Si) = {0} would imply that rec (H) = lin (H), contradicting the fact that
rec (€2) is not a vector subspace. We can thus apply [61, Corollary 3.1] and obtain the
seeked n, fulfilling the additional property

n € rint (C') Nrint (C)
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where C* :={v € L: (v,¢) = 0 Vc € C} is the dual cone of C. Note that, since C' does
not contain lines and n belongs to rint (C), then [61, Proposition 2.4, (6)] ensures

(A.13) (n,w) >0  YweC.
From (A.7) we have
(A.14) rint (rec (H)) = rint (rec (Sg)) @ lin (H)

so that n € rint (rec (H)) and by (A.10) H is a convex epigraph in direction n, given by a
convex function g : nt — R as in (A.12). From the decomposition H = H' @ lin (H) we
see that g(z 4 z) = g(z) for all z € lin (H), so that actually g is a function of

M:=N—-1—dim (lin (H)) =dim (L) — 1
variables. We thus set V := L Nnt (which has dimension M) and set in the following
G = g|lv. Note that Epi(g) = Sg.
Step 3: properties of §.
We now prove that g is coercive, which is equivalent to check whether all its sub-level sets are
bounded. Suppose that the convex closed set Ky := {x € V : g(x) < A} is unbounded for

some A € R. Then by [58, Theorem 8.4] there is a nonzero recession direction w € rec (K}).
In particular, for a given xy € K it holds o + R, w C K, which implies

zo+An+Ryw CEpi(g) =Sy

and thus, being xy + An € Sy, by [58, Theorem 8.3] we obtain w € rec (Sy) = C. Since by
construction w € V' C nt, it must hold (n,w) = 0, contradicting (A.13).

It remains to prove the last statement on Lipschitz continuity. Note that, as a consequence
of [58, Theorems 8.5 and 10.5], given a convex epigraph H in a direction v # 0, the
corresponding function is globally Lipschitz if and only if v € int (rec (H)) (notice that here
int is the classical interior, not the relative one). By assumption this holds true for v, so
that v € int (rec (H)). Let n be constructed as in Step 2. Exploiting that int (rec (H)) is
nonempty and (A.14), we obtain

int (rec (H)) = rint (rec (H)) = rint (C) & lin (H).

Since n lies in the last set, we indeed have that H is a convex epigraph in direction
n € int (rec (H)), and thus the corresponding function is globally Lipschitz. O

Appendix B. Liouville theorems

In what follows we present a Liouville type result on convex epigraphs, valid for positive
solutions of —Awv = vP. The half-space case dates back to [21], while the case of coercive
epigraph is treated in [26].

We start by recalling a maximum principle on strips.

Lemma B.1 (Maximum principle in a strip). Let A be an open subset of RN~'x 10,d[ and
w € C*(A)NC°(A) fulfill

—Aw Zc(x)w in A

w =0 on 0A
for some ¢ € L*(A). Set

k:=sup{c(z):z € A w(z) <0}
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If w is bounded from below and k d* < 7%, then w > 0 in A.
Proof. Suppose by contradiction that A_ := {w < 0} # (). The function w_ fulfils

—Aw_ < c(x)w_ < kw_ inA_
w_ =0 on 0A_.
We can assume k > 0, otherwise ¢ < 0 on A_ and the standard comparison principle (which

holds classically for A + ¢(z) when ¢ < 0, see [33, Corollary 2.8]) gives w_ < 0. Since
kd? < w2 by [57, Lemma 21.11] there exists a smooth h : RV~ x [0,d] — R fulfilling

—Ah=Fkh in RY=1x ]0,d[

infRN—1X[07d} h >0

h(z) — 400 for |z| — +o0.
Since w_ is bounded, we have w_/h — 0 as |[z| — +o0, and therefore w_/h attains a
maximum in A_. Since w_ > 0in A_ and w_ = 0 on JA_, the maximum is positive and
attained in A_, implying by [33, Theorem 2.11] that w_/h is constant. But since w_/h =0
on JA_, this implies that w_ = 0, contradicting A_ # (. O

We next show the Liouville theorem for semicoercive epigraphs (recall definition (A.1)).
The proof we present is an application of the moving plane method.

Theorem B.2 (Liouville theorem on semicoercive epigraphs). Let ¢ > 1, a € |0,1]
and Q C RY be an entire open epigraph Q@ = {x € RN : oy > g(x1,...,2n_1)} with g
semicoercive and continuous. Then any solution of

—Av =29 inQ
(B.1) v >0 in 2
v=>0 on Of)

belonging to the class
Cy={ve CHQ)NC%Q) v € C¥Ty) YA}

where
(B.2) T\ :={ze€Q:ay <A},
satisfies Oyv > 0 in Q. Moreover, (B.1) has no bounded solution in Cy if

(1)) N<1l and g > 1

(i) N > 12 and 1 < ¢ < q., where
(N—-3)2—4(N—-1)+8/N -3

(N —3)(N —11) '

Proof of Theorem B.2. The case ¢ = 1 can be dealt through [57, Remark 8.11]: the proof
described there only requires that there are arbitrarily large balls contained in €2, in which

case there is no positive solution to —Av = v on Q at all. So we suppose that ¢ > 1.
By translation invariance of the equations, we can suppose also

(B.3) Qe =

%ang:O.
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If VC RY¥"!is given in (A.1) and has dimension M < N — 1, we will assume V =
{(z1,...,21,0,...,0). For x = (x1,...,2x5) € RY we will use the notation

RN—M—I

RM 50/ = (z1,...,21), 52" = (Targt, - TN_1)-

Correspondingly, points in R will be denoted by (2/,2”,t) for t € R.

Step 1: compactness of solutions.
For a given non-decreasing function ¢ : R, — R, define the family of functions

S, ={ve C*(Q)NC°Q) :v solves (B.1) and [|v||ca(ry) < p(A) VA}.

Clearly, any solution of (B.1) in the class C belongs to S, for some . By the translation
invariance of the equation and of ¢, if v € S, then v(- + (0,2”,0)) € S, for any given
2" € RN"M-1 We claim that S, is precompact in C?_(©2). Indeed, by Ascoli-Arzela
theorem and a diagonal argument, together with the lower semicontinuity of the norm
|| ||ce(ry) With respect to point-wise convergence, the set {v € C°(Q) : [|[v]|ca(ry) < ©(A) YA}
is precompact in CP_(€2). On the other hand local elliptic estimates ensure for any v € S,
it holds

||U||02""(Br) < C(Nv r,Q, 90()‘» <00

for any A > 0 and any ball B, such that By, C T). Since the (7)) exhaust (2 for A — +o0,
any limit of (v,) C S, is still a solution of (B.1), except possibly for the positivity condition.
By the strong minimum principle, we thus infer that the closure of S, in C2_(Q2) is {0} US,.

- oc
Note by this last discussion that C{ () convergence in S, implies CZ.(Q2) convergence.

Step 2: reformulation by moving plane.
We aim at proving that for any fixed non-decreasing ¢,

(B.4) Oyv >0 in (, forallv e S,.

In order to prove this claim, we shall show that for all v € S, and all A > 0 it holds
(B.5) wy(z) =o', 2", 2\ —zy) —v(2' 2" zxy) 20 inT)

where T), is defined in (B.2). Let us show how (B.5) implies (B.4). Note that w, satisfies
(B.6) — Awy = ¢y wy in T},

where
(B.7)
v(x', 2" 2N —xn) —v(d, 2" xN)?

>0 if e 9N\ — I
ex(z) =< (@, 2", 2X —ay) —v(2, 2", xy) if o', 2", wn) # (@, 2" xy)

0 ifv(a, 2" 2\ —an) =v(a, 2" zN).

In particular, w), is a non-negative super-harmonic function in 7 which is positive on
JT, N Gr (g) because

v(@ 2" 2N — g2, 2") > 0=wv(a', 2", g(a', 2")) if g(', 2") < A

Therefore wy > 0 everywhere in Ty. At any point xy € {zx = A > g(2/,2")}, w) vanishes
attaining its minimum and by the continuity of g there exists a ball B C T tangent to
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OT)y at xy. Therefore, Hopf Boundary point lemma ensures dyw,(zo) < 0. All in all, since

Onwy(zg) = —20nv(zo), we actually proved the following:
wy >0 in T}
B.8 wy=0 onT, —
(B8) g g {GNU,\ >0 on{zy=X\>g(, 2"}

By the arbitrariness of A > 0, this will prove claim (B.4) and consequently, by the
arbitrariness of ¢, the first statement of the Theorem.
To prove (B.5), consider the set

E:={\>0:YveS, (B5)is true}.
We will show that F is non-empty, closed and open. This will imply (B.5) for all A > 0 by
connectedness.

Step 3: E is closed and non-empty.
Since A — wy(z) is continuous and E' is the intersection of the closed sets {\ : wy(z) > 0}
for v € S, and x € T\, we have that E is closed.

We show now that there exists A\ > 0 independent of v € S, such that (B.5) is true for
all A € 10, \g[. For A < 1/2 it holds Toy € 77 and 0 < v < ¢(1) on T}. Recalling (B.6), we
use the intermediate value theorem on (B.7), to infer that

lealloe < @l1vll3=r,,) < g™ (1).

Since wy > 0 on ATy, Lemma B.1 ensures that wy, > 0 on T if q(o(1))7 1A\ < 72

Choosing
Mo <mind &,
2 Va(p(1))r

concludes this part of the proof.

Step 4: E is open.
Finally, we show that E is open, by contradiction. Fix A € F and suppose that there is a
sequence A\, — A, v, € S, such that the corresponding w), is negative somewhere in 7T} ,.
By Lemma B.1 the numbers

ky :=sup{cy,(z) : x € T\, wy, () < 0}

must satisfy k, A2 > 72 hence for sufficiently large n it holds k, > 7%/(2)?). By the
intermediate value theorem, on {wy, < 0} NT), it holds ¢y, (z) = ¢&,(x)?7! for some
En(x) € (2!, 2", 2\ — ), va (2, 2", 2N )], hence

o, (7) < qup(@).

We infer that for sufficiently large n

2
™ —
e <sup{qv? (z):x € Ty, wy,(7) <0}
and therefore there exists z,, = (z),, 2, t,) € Ty, such that

2 -1
Wy, (2,) <0, wvu(z,) =0 =050\ q) = <22A2) > 0.
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From the coercivity of ¢ in the z’ variable, we have that (z]) is bounded, and since

0<t, <A, — A (t,) is bounded as well. By passing to a not relabelled subsequence, we
can assume that t,, — ¢y and 2/, — z{. Note that x, € T, implies, by the continuity and
translation invariance of g, that

(B.9) zo = (2,0,t9) € Th.

Setting

Op(x) == v, (2! 2" + 27 xn),

it holds v, € S, and

(B.10) wy,, (2,,0,t,) <0, On(2,0,t,) =6 >0

where as usual w,, is derived from v,. By Step 1, up to a not relabelled subsequence, we
can suppose that 0, — v € S, U{0} in Cf () and in CZ_(Q2). In particular, (B.10) passes
to the limit to give (recall (B.9))

w (o) <0, v(zg) =29 >0

and the second inequality ensures that actually v € S,. Since A € E by assumption, it
holds wy > 0 in T and thus the first inequality in the previous display ensures that xg
is a minimum point for wy on Ty. By (B.8) it must hold zy € 9T, but from v(zy) > 0
we actually have zg € {xy = X > g(2’)}, thus dyv(zg) > 0. In particular 2, € 2 and by
the C2.(Q) convergence of @, to v, it must hold dx¥, > 0 in a neighbourhood of z, for
all sufficiently large n. Since (z/,,0,t,) — xo = (x[,0,\), this forces dyv(z],,0,t) to be
positive for all n sufficiently large and all ¢ sufficiently near . In particular

2 An—tn
Wy, (2, 0,t,) = / ONUy(2,,0,5)ds > 0,
tn

for all sufficiently large n, contradicting the first inequality in (B.10) and completing the
proof of (B.4).

Step 5: nonexistence.
We finally prove the non-existence statement. If v is a bounded solution of (B.1), let
AN/ AT '
u(z', x2") = t£+moov(x ,z"'t)
which exists by (B.4) and is bounded on R¥~!. Then, arguing as in [27, proof of Theorem
12], u is a positive stable bounded solution of —Au = u? on R¥~! which does not exists —
when N > 3 — under the conditions stated in [27, Theorem 1]; if N = 2, —u” = u? has no
positive solutions in R by elementary means. 0

We are ready to prove the Liouville result on convex epigraphs.

Proof of Theorem 1./. By Lemma A.2 and the invariance of the equation by orthogo-
nal transformations, we can reduce after a rotation to the case where H = {xy >
g(x1,...,xn_1)} with g convex and semicoercive. By Lemma 3.4 any bounded solution v
of (B.1) actually belongs to C*(H) for a suitable a > 0 only depending on ||v||s, thus in
particular it belongs to the class Cf'. Noting that the exponent g. given in (B.3) is always
greater than 2* — 1, Theorem B.2 gives the claim. U
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