Differential and Integral Equations Volume xx, Number xxx, , Pages xx—xx

CONCAVITY PROPERTIES FOR QUASILINEAR
EQUATIONS AND OPTIMALITY REMARKS

Nour M. ALMOUSA

College of Science, Princess Nourah Bint Abdul Rahman University
PO Box 84428, Riyadh, Saudi Arabia

JACoOPO ASSETTINI, MARCO GALLO, and MARCO SQUASSINA!
Dipartimento di Matematica e Fisica, Universita Cattolica del Sacro Cuore
Brescia, BS, Via della Garzetta 48, 25133, Italy
I College of Science, Princess Nourah Bint Abdul Rahman University
PO Box 84428, Riyadh, Saudi Arabia

(Submitted by: Silvia Cingolani)

Abstract. In this paper, we study quasiconcavity properties of solu-
tions of Dirichlet problems related to modified nonlinear Schrédinger

equations of the type
!
—div(a(u)Vu) + #\VUF = f(u) inQ,

where Q is a convex bounded domain of RY. In particular, we search
for a function ¢ : R — R, modeled on f € C* and a € C', which makes
¢(u) concave. Moreover, we discuss the optimality of the conditions
assumed on the source.

1. INTRODUCTION

A natural question in studying differential equations is whether the so-
lutions of a PDE, set in a certain domain, inherit or not the geometrical
properties of the domain itself. Starting from [18] a huge amount of work
has been developed in achieving symmetry of solutions from the symmetry
(and convexity) of the domain, especially exploiting the Alexandroff-Serrin
moving plane method. If the domain is a ball, for example, the solution
reveals to be radially symmetric and decreasing: in this case all the level
sets of the solution are balls and, thus, convex sets.

When the symmetry of the domain is dropped, one may wonder if the
solutions still inherit convexity (or star-shapedness) of the domain: this
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question has been addressed starting from the pioneering papers [52, 50,
6, 43], and further developed in the subsequent years. We highlight that,
contrary to star-shapedness, weaker properties of the domain (like simple
connection) are generally not inherited by the level sets of the solutions (see
e.g. [60]).

Convexity properties of solutions are actually a good information which
arise, for example, in the study of the free boundaries and the coincidence
sets in obstacle problems [33, 11], in minimal surfaces and prescribed Gauss
curvature problems [22], as well as in optimal control (ensuring, for exam-
ple, that the trajectories are contained in the domain); they further give
information on the gap between eigenvalues [59], and on the critical points
and the uniqueness of solutions. These properties additionally appear in
several applications, such as plasma confinement [1], capillary surfaces [34],
capacitory potentials [43], porous solid combustion [30], economy [57], and
elasto-plastic deformation of cylinders [50].

When searching for concavity properties of solutions, one can easily ob-
serve that, generally, concavity itself is a too strong goal: while for the
torsion problem the concavity may be obtained, for example, for suitable
perturbations of ellipsoids [24] (see also [37]), in [35, Remark 2.7] (see also
[45]) it is shown that the first eigenfunction of the Laplacian is never con-
cave, whatever the bounded regular set is (see [26, Remark 3.4] and Remark
4.1 for a more general framework). The same holds true anyway also for
the torsion problem, if for example the boundary has some flat zone [31,
Theorem 18].

Generally, one may search instead for a strictly increasing function ¢
such that the composition ¢(u) with the solution u is actually concave. This
property is generally stronger than the quasiconcavity, which requires that
all the level sets of u are concave; both the properties have been extensively
investigated in literature.

In the present paper, we study concavity properties of solutions to the
following quasilinear Dirichlet boundary problem

—div(a(u)Vu) + C9|Vul2 = f(u) Q,
u>0 Q, (1.1)
u=20 o0

related to the so called modified nonlinear Schridinger equation (MNLS). In
particular, we investigate how the weight a € C1((0,400)) and the source
f € C1((0,4+00)) influence the concaving function ¢ : R — R.
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Focusing on the semi-linear case a = 1, in the seminal paper [50] it is
shown that the solutions of the torsion problem (i.e., f = 1) are such that
¢(u) = y/u is concave; moreover, the authors in [6] show that the eigenfunc-
tions of the first eigenvalue of Laplacian (i.e., f(t) = A1t) make the concave
function p(u) = log(u). More generally, it has been shown [32] that solutions
of —Au =u4, q € (0,1), lead to the concavity of the function ¢(u) = u'z
In all three cases, we see that (up to multiplicative and additive constants)

olt) = / e

where F(s) := [; f(7)dr is the antiderivative of the source f.

Several papers have then further investigated concavity properties of func-
tions, both on convex domains and convex annuli, both for semi-linear
and quasilinear equations [46, 11, 35, 27, 32, 56, 44, 20] (see also [29] for
some results on complements of bounded sets). The proofs involve differ-
ent techniques, such as maximum principles for suitable concavity functions,
parabolic and probabilistic methods, convex rearrangements. We refer to
[31, 26, 28, 36| for some surveys on the topic up to the ‘80s.

We further observe that these results have been generalized to parabolic
frameworks (in the sense that the quasiconcavity of the initial datum is con-
served in time, see [16] and references therein) singularly perturbed equations
[21], Hessian equations (see [63] and references therein), manifolds [58], and
many other frameworks. See also [1, 62, 41, 42] for results about existence
of a single (quasi) concave solution (mainly by variational methods through
constraints which naturally include quasiconcavity), and [9] for results about
concavity up to an error.

Most of the cited papers, anyway, study quasiconcavity of solutions, or
give assumptions on the source f in order to have a suitable power u”,
v € (0,1], of the solution u, to be concave (or log-concave, formally v = 0).
Recently, Borrelli, Mosconi, and Squassina [5, Theorem 1.2] proved instead
the following result, which shows concavity for a suitable ¢ directly connected
to the source f and to the operator —A, involved (see also [10, 27]). We
refer to [5, Remark 1.6] for some technical comments.

Theorem 1.1 ([5]). Let N > 1, Q C R be a bounded, convex domain with
C?-boundary, and let f € CZ ([0, +00)) for some o € (0,1]. Let p > 1 and

loc
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u € W&’p(Q) be a weak solution of

_Apu - f(U) Qa
u >0 Q,
u=20 o0
Set
My:=inf{t>0] f(t)=0} >0
and
Lo
t) = —d te(0,M
o) = [ s te 0.0y,
where F(t fo T)dt fort € [0,+00). Assume f >0 on (0, My), and in
addition

i) FY/? concave on (0, My),
ii) ? convez on (0, My).
Then o(u) is concave. In particular, u is quasi-concave.
A first goal is the extension of Theorem 1.1 to the quasilinear case (1.1).
Equation in (1.1), which can be rewritten also as

—a(wau— A gup = fw)

naturally arises by considering the (formal) Euler-Lagrange equation of the

energy functional
U = / (u)|Vul* — / F(u),
Q

where F(t fo 7)dr. By writing
a(t) = 14 26%(0(t))?,
with ¢ € C?(R), the equation takes the form
—AuTul (WAL (L)) = f(u); (1.

apart from the classical semi-linear case £ = const or £(t) = v/t (i.e., a =
const), several physical models have been developed through equations of
the type (1.2). For example, when £(t) = t (i.e., a(t) = 1 + 2t > 1), the
classical MNLS equation

\V)
~—

—Au — uA(u?) = f(u) (1.3)

arises in the fluid theory of upper-hybrid solitons formation [54], in the study
of electron-phonon interactions [8], and in the excitation on a hexagonal
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lattice to describe fullerenes and nanotubes [7] (f(s) = s®), as well as in
the dynamics of condensate wave functions in superfluid films ([38], f(s) =
s+ m) See also [47] where collapse of quasi-monochromatic oscillations
and plasma waves is studied.

By choosing instead 4(t) = 1+t (ie., a(t) = 1 — 2(1757;2) > 1) and

ft) =t — \/liﬁ’ we get the so called relativistic nonlinear Schrédinger

equation

_L ”1+u2>u:0 (1.4)

V14 u?
which appears related to the self-focusing and channel formation in the non-
paraxial propagation of short intense laser pulse through an under-dense
plasma (governed by charge-displacement due to the ponderomotive force)
[4, 13]. A different model is instead given by ¢(t) = 1 —1t (ie., a(t) =

2
L+ gqy 2 1) and f(t) =t — L,

AV1 — u? u
2v1 — u? N V1 —u?
which arises in the study of excitations in classical planar Heisenberg ferro-
magnets [61].

Mathematically, equation (1.2) has been extensively studied on the entire
space Q = RY [14, 15]; we refer also to [53, 51, 17, 55] for some results
involving external potentials, and to [40] for some classical results about
dynamical properties. For results on bounded domains (1.1), we refer instead
to [48, 49] (see also [19] for explosive solutions).

As regards to concavity properties for (1.1), by reading the equation as

/
—Au = @) Vul? + J(u) =: B(u, Vu)
2a(u) a(u)
in [3], it has been shown that, if © is a convex domain and u is a solution
of (1.1) with d,u > 0 on the boundary, then u is y-concave, for some v < 1,
provided that the function

—Au — (1

—Au+u (1.5)

1

fE7) -2 (1.6)

1
a'(tv) 141
Tt B+ =
2a(t™) a(tv)
is concave for every 5 > 0 (see also [34, 35, 32]); see Remark 4.2 for some
comiments.
In the present paper, we obtain a concavity result for solutions of problem

(1.1), where the role of f and a (i.e., of the source and the operator) naturally

t € [0,400) —
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arises not only in the assumptions, but also in the concaving function . We
thus prove the following (see also Theorem 3.3 and Remark 4.5 for some
generalization).

Theorem 1.2. Let N > 1, Q C RN be a bounded, convexr domain with
C?-boundary, a € C*(]0,+0o0)) satisfying for some v > 0

a(t) >v >0, foranyteR, )
and f € CF_([0,+00)) N C1((0,+0)) for some o € (0,1]. Let u € C(2) N
C?(2) be a classical solution of (1.1). Set
_F@d®) _ d@) al)\~!
O =Fyam ~ P <F(t)> 1€ (0, M),
where F(t) := fg f(r)dr and
My :=inf{t > 0: f(t) =0} > 0.
Assume moreover f >0 on (0, M) and
i) V'F is concave on (0, My);
.\ F
i)
ili) & is non-decreasing on (0, M) with 111(1)%r &(t) <0.
t—
Then @(u

—~
[

is convex on (0, My);

) is concave, where

o(t) == /H ;%ds, t € (0,400),

_1 . . .
w:=v"2. In particular, v is quasi-concave.

As proved in [12, Theorem 2.2.5], when the growth of f at infinity is at
most critical, each weak solution of problem (1.1) belongs to L>°(2). Then
some nice smoothness results (C2 in our case) when a, f, and § are smooth
follow from [39]. This justifies the request on the solution u to be classical
in Theorem 1.2.

Clearly, when a = 1, we recover Theorem 1.1 with p = 2 and f € C*, being
¢ = 0. More generally, we see that, even if conditions i) and ii) of Theorem
1.2 match with conditions ¢) and i7) of Theorem 1.1, nevertheless the function
a influences both assumptions (by requiring in addition condition 4ii)) and
the concaving function .

We remark that, apart from the naturalness of the function ¢, to the
author’s knowledge this function is actually the first tentative of finding a ¢
which makes solutions of (1.1) concave: as a matter of fact, it is not known
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if powers of the solutions are concave or not, when a # const. See Remark
4.2 for further comments.

We notice that, by the ellipticity condition (1.7), a plays no relevant role
for the asymptotic behavior of ¢ in the origin ¢ — 0; namely, by de I’'Hopital
theorem, we have

ft ;(8) ds a(i)
lim% = }/in&A = /a(0) € (0, +00).

1 /R ds 70
On the other hand, the behavior of ¢ at infinity is of no importance, since
it is applied to bounded solutions u € L*°(R): thus, the role played by a is
related only to the point-wise shape of the function ¢, and it is felt more in
the case of large solutions (see Figure 3).

The idea of the proof rely on a suitable change of variable [15, 19] which
allows to bring the problem back to a semi-linear one.

A second goal of this paper is to show that the assumptions i) and i)
in Theorems 1.1 and 1.2 are not merely technical, by indicating an example
with a = 1 where i-ii) do not hold, and a non-quasi-concave solution indeed
exists; we use some ideas contained in [23]. See also [33, 34, 35, 41, 58] for
other counterexamples related to the convexity framework.

|

Theorem 1.3. There exists a smooth, concave and symmetric (with respect
to the awes) bounded domain Q@ C R? with C*®-boundary, and a function
feC®R), f>0 such that

i) V'F is not concave on (0, 400),

ii) ? is not convez on (0, +00),

and the problem

u >0 Q,
u=20 09,

admits both a quasi-concave solution and a non-quasi-concave solution.

The paper is organized as follows.

In Section 2, we discuss the optimality of the conditions in Theorems
1.1 and 1.2, by exhibiting a counterexample and proving Theorem 1.3. In
Section 3, instead, we extend Theorem 1.1 to the quasilinear case (1.1), by
giving the proof of Theorem 1.2. Finally, in Section 4, we provide some
examples and further comments.
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2. QUASI OPTIMALITY OF THE ASSUMPTIONS

In this Section, we show an example of a semi-linear PDE set in a convex,
regular (and symmetric) domain with a smooth strictly positive source f not
satisfying assumptions ) and #i) of Theorem 1.1, and which indeed admits
a non-quasi-concave solution; incidentally, this problem will admit also a
nontrivial quasi-concave solution.

We recall that v is said quasi-concave if u=!((k,+o0)) is convex for every
k € R, or equivalently if

w(Az + (1 = A)y) = min{u(z),u(y)}

for each z,y € Q, A € [0,1]. Moreover, u > 0 is said y-concave for v # 0
(resp. v = 0) if sgn(y)u? is concave (resp. log(u) is concave).

We start with some comments on Theorem 1.1.

In [5], even if not explicitly stated, the authors require f to be only locally
Holder continuous in Theorem 1.1: indeed, if ||ul|s < M, then it is sufficient
f to be Holder continuous in [0, M]. More specifically, if My < 400, then
|u]|oc < My by maximum principles [5, Remark 1.6]; this implies that it is
actually sufficient to define ¢ only in (0, M). Anyway, if f > 0, its definition
can be extended in (0, 4+00).

Moreover, we highlight that conditions ¢) and i) of Theorem 1.1 are not
connected: for example,

o f(t) =tP with p € [0, 1] satisfies both ) and #7);
o f(t) =1+ P with p € [0, 1] satisfies 7) but not ii);
o f(t) =tP with p > 1 satisfies ¢7) but not 7);
o f(t) =1+ P with p > 1 does not satisfy either i), neither 7).
Finally, we highlight that, in non-power cases, the concaving function ¢
is actually “less concave” than power choices of u: for example, if

tP for t € [0,1],
£lt) = .
t?  fort e [1,400),

with 0 < p < ¢ < 1, then [32, Theorem 4.2] implies that ¥ (u) = w7 s

concave, where the exponent is the biggest one given by the Theorem. On
1

the other hand, Theorem 1.1 implies that ¢(u) = [ F~2(s)ds is concave,

where we have ¢(t) ~ 77" as t — +oo.

The example we show in this section is borrowed by the one developed in
[23] and it is set in dimension N = 2. Here, we recall the main points of the
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[}
1

FIGURE 1. “Stadium-shaped” sets ).

construction (referring to [23] and [2] for details), and we make some further
comments and suitable adaptations.

Step 1. First, we build a proper family of smooth convex planar domains
Q,, depending on a parameter o > 2 (which will be definitely taken large
enough). The domain Q, are “stadium-like” shaped (see Figure 1) and
symmetric with respect to both axes. In particular they can be formally
defined by

Qo= {(z,y) € R* | || <a+o(y), [yl <1},

where the function ¢ € C([—1,1]) NC?((—1,1)) satisfies ¢(£1) =0, ¢'(t) —
Foo as t — +1, and it can be chosen for example equal to

o(t) == M1 —12, tel-1,1],

for some A > 0; in this case ¢ € C*°((—1,1)).
Step 2. We consider the function v € C?([—1,1])

which satisfies —¢” = 1 and ¢(£1) = 0. It results that ¢ is the unique
minimizer of the functional in N =1

1 /’2

JiHN(-1,1) 5 R, J() = /_1 ('”2 u).
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Trivially extending ¢ to R? by ¢(z, y) := 1(y), we also observe that 9 solves
the torsion problem

—Av=1 Q,, 2.1)
v=20 0Qq. '
Moreover, 0 < ¢ < %

Step 3. We consider the unique minimizers v, € H}(£2,) of the functional
in N=2

Jo: Hi(Q) = R, Ju(v) := /Qa (W;’Q —v)

associated to the torsion problem (2.1). It results that v, are classical solu-
tions of the equation, %—concave, and satisfy

1
0<va<w§§. (2.2)
Step 4. We introduce a smooth function g : R — R such that
g=0 on (—oo,1], ¢g=1 on [2,+00), (2.3)
g non-decreasing and
19"l < 4. (2.4)

This function can be for example chosen in the following way: set h(t) :=
67%X(0,+oo)a we define
h(t—1

o(t) = — W

h(t —1)+h(2 - 1)

In this case one can straightforwardly check that g € C*°(R) and ||¢']|c < 2.

Step 5. We consider now the constraint set

Vo i= {v € H) (D) : / g(v) = 1}

Qo

and study the functional J, restricted to V,: one can prove that J, admits a

minimizer uq, with Lagrange multiplier p,, > 0, which in particular satisfies
classically the Dirichlet problem

—Av =1+ pag'(v) Qq,
v >0 Qq, (2.5)
v=20 00,

teR.

and

5
O<va§ua<§
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with
|talloo > 1. (2.6)
In addition, we have
1 1
Ha > > —. (2.7)
“ 9'lc — 4

We give some details on (2.7).

Proof of (2.7). Let u, be fixed and consider w, the classical solution of
the linear problem

o _ gl(ua)
Av=1+m. L (2.8)
v=20 0Qq.
Observed that
g (ua)
19/ lloo
we obtain, by the Comparison Principle, that w, < 2v,. If by contradiction

Ha < [ then

—Aw, =1+ <2 =—-A(2v,),

' (ua)
19" lloo
and again by the Comparison Principle wq > u,. Thus,

—Aw, =1+ > 14 pag (ua) = —Aug

Ug < Wo < 20q.

On the other hand, exploiting (2.6) and (2.2), we obtain, for some point
PeQ,,
1 < ug(P) < wa(P) < 2v,(P) < 1,

getting a contradiction. ]
Step 6. Consider the level set
We = ug ((1,400)).

One can show that w, is symmetric with respect to both axes and fulfills
the rectangle property, i.e.,

V(f,g) € Wy (_j’j) X (_gvg) C Waj;
in particular, w, is star-shaped with respect to the origin. Moreover, w, C

Q. are not too elongated nor too thin, that is there exist two a-independent
constants C1,Cy > 0 such that

0< sup |z[<Ci, and 0<Cy< sup |y,
(z.y)Ewa (z.y)Ewa
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for each o > 2.

Step 7. We show that, up to choosing a > 2 sufficiently large, one can
make u,, arbitrary similar to the function : namely, for every small € > 0,
there exists an oy = ap(e) > 0 such that, for any o > «, we have

lua(z,y) —(y)| < e forevery (z,y) € Sq := (ko, @ — ko) x (—1,1) C Qq,

where ko € (0, %) is suitably chosen.

Step 8. We first observe that v, > 0 are trivial solutions (for any «)
of problem (2.5), since |lv,]| < & < 1 by (2.2) and g|/(—oo,1) = 0 by (2.3).
Moreover, v, is %—concave and thus, in particular, problem (2.5) admits a
quasi-concave solution.

We show instead that the built solutions u, are not quasi-concave: indeed,
chosen ¢ small and

we pick three points P, Q, and M, (see Figure 2) such that

P+ Qa
2

(%

P:=(0,C2) € wa, Qn:= <—

Sa
5 S

,0) €S, M, =

which imply (roughly), for a > 0,

2
1a(Qa) % 9(Qu) = 5 > 1> 3 — 2 = (Ma) ~ ua(Ma).

So one has shown that

P,Qa € uy'((n,+00)), but Mq ¢ ug'((n, +00)).

Being u_((n, +00)) not convex, we have that u, is a solution of (2.5) which
is not quasi-concave.

We are now ready to conclude Theorem 1.3.

Proof of Theorem 1.3. What remains to show is that the function (« is
now fixed, we write p = 1)

f@):=14pd®), teRr

does not satisfy ¢) and ii) of Theorem 1.1. Notice first that f € C*°(R) C
Lip},.(R) and set F(t) := f(f f(r)ydr =t + pg(t).

o /I is not concave. Observe that

VF({t) =Vt fort € (—00,1], /F(t)=VE+p fort € [2,+00),
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o=y

ko a—ky
T~ il
- ~ :
~\_| My U M) 22 M) |}
u 4
N
\ uy(P)
- -~ = . : e e
Q. u..f(}.,i]‘ft Pia)
,, p;
Sa _— '

FIGURE 2. Visual proof of the non-convexity of u=1((n, +00)
indeed, uq(P) > 1 > 1 and u(Qa) ~ 5 > 1, while ua(P"’QQ”

1_63
2—8<77.

&

):

and that the tangent line to v/F in t = 1 is given by y(t) = % If by

contradiction v/ F' were concave, then we would have

t+1
F(t) < % for each t € R

and in particular for ¢ = 2, which means
3
V2 < =
+p < %

ie., u< %, in contradiction with (2.7).

° ? 18 mot convex. Since

F(t) F(t)
——= =t fort € (—o0,1], =t+u fort € [2,400),
1) 0 |
and since the tangent line to ? int=11is y(t) =t+ p, if we assume by
F

contradiction F convex, then

F(t)
—=>t+ for each t € R;
fo =

in particular, for t =1,
1>14p,

impossible, since > 0. We can see the contradiction also exploiting [5,

Remark 1.5] (see Lemma 3.2 below): in order to have ? convex, we would
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need
Y= Fff_ (t+ pg)(ng”)
f? (14 pg')?
non-increasing; but this is clearly not possible, since v(t) = 0 for ¢t €
(—00,1] U [2,400), and not identically zero in between (actually, it changes
sign). O

We end this Section with some comments.

Remark 2.1. We showed the counterexample in dimension N = 2, for
p = 2 and a = 1. While the generalization to p > 1 and a #Z 1 seems
to create no particular difficulty, it would be instead interesting to show a
counterexample also in dimension N > 3. We indeed highlight that, when
N = 1, then all the convex sets are balls, thus by [18] the solutions are
automatically decreasing (and positive), thus quasi-concave.

A second goal is to show two counterexamples which deny assumptions
i) (but not 4i)) and iz) (but not 7)) respectively, in Theorem 1.1. To this
regard, we observe that, in order to deny i), (2.3) was sufficient, while to
deny i), we needed the extra assumption on g, (2.4).

We further notice that the built v/F (resp. ?) is definitely concave (resp.
convex) at the origin and at infinity, and this shows that such properties
cannot be relaxed in this sense.

3. MODIFIED QUASILINEAR SCHRODINGER EQUATIONS
We move now to the study of the quasilinear equation (1.1), namely,
—div(a(u)Vu) + “ |\ Vul2 = fu) @,

u>0 Q, (3.1)
u =0 o9.

We deal first with some properties of the change of variables which allows
to transform (3.1) into a semi-linear problem; they can be borrowed by the
ones in [19], with some additional standard arguments (see [2] for details).

Proposition 3.1. Let a € C1([0,+0)) and assume the strict ellipticity of
the problem, i.e., there exists v > 0 such that

a(t) >v >0, foranyteR. (3.2)
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Consider the ODE Cauchy problem

/ 1
{g Vaiy O+ (3.3)
9(0) =0,

then the uniquely determined g is a reparametrization of the identity, i.e.,
g € C?([0,4+0o0)) N Lip([0, +00)), it is strictly increasing, invertible, with
g([0,4+0)) = [0, +00) (and the inverse g~' shares the same properties).

Let in addition f € C([0,4+00)). Then u € C(Q) N C%(Q) is a classical
solution of the quasilinear equation (3.1) if and only if v = g *(u), v €
C(Q) N C?(R), is a solution of the semi-linear equation

—Av = (L) (9(v)) = h(v) 9,
v >0 Q, (3.4)
v=>0 oN.

Set now
My, :==inf {t > 0 | h(t) < 0}
it is easy to show that
My, = g(My)
with the convention g(+00) = +o0.

In order to exploit concavity results related to (3.4), we first rewrite The-
orem 1.1 in the semi-linear case with f € C! (see [5, Remark 1.5]).

Lemma 3.2. Let N > 1, Q C RY be a bounded, convex domain with C?-
boundary, and let h € CZ ([0, +00)) N C((0,+00)) for some o € (0,1]. Let

loc

v € C(Q)NC%Q) be a classical solution of

—Av =h(v) Q,
v>0 Q,
v=20 9.

Assume moreover that

K is non-increasing in (0, My) with lim el < L
h? g n) R o R = 2
where My, := inf{t > 0 | h(t) < 0} >0, H(t) := [ h(r)dr and h > 0 on

(0, My,). Then v(v) is concave, where

t € (0,400).

to
P(t) :—/1 ﬁds,
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Theorem 3.3. Let N > 1, Q C RY be a bounded, convexr domain with
C2%-boundary, a € C*([0,+00)) satisfying (3.2), and let f € CZ ([0, +0c)) N
C((0, +00)) for some o € (0,1]. Letu € C(Q)NC?(R) be a classical solution
of (3.1). Set

F)f'(t) _1F)a'(t)
2 2 f(Bat)’

where My := inf{t > 0 | f(t) < 0} > 0 and F(t) := fo T)dr. Assume
moreover f >0 on (0, My) and

A(t) = € (0, My), (3.5)

l\.’)\’—‘

e 7 is non-increasing in (0, My) with lim ~(t) <
t—0+

Then @(u) is concave, where

o) = /# ;((Z))ds, t € (0, 400), (3.6)

1

w:=v"2. In particular, v is quasi-concave.

Proof. Let us consider the modified problem (3.4). First of all, we observe
that h is locally Holder continuous: indeed, for any K CC [0, +00) and any
t,s € K, set for simplicity x := ¢(t), y := g(s) and 6 := min{o, %}, we have

il < H@VaG) — f)Val)
in(t) — n(s)) < | ﬁ|

L (Valllf (@) — F@)l + £ @)IVa@) — Va))
< (Ivass umm T ||f gl (x)) |g<t> —g(s)
_C(a7f)gvK)|t_S|97

where we have used that a € C'([0, +00)) (and thus /a is 3-Hélderian) and
g is Lipschitz. Hence, h is locally #-Holder continuous; notice that, far from
t =0, we have h € C', thus here h is locally Lipschitz continuous.

Then, we define the antiderivative of h

H(t) = /Oth(r)dT:/Ot (jg)(g(f))df.

By a change of variable, and exploiting the ODE (3.3), we obtain
H=Fog.

| /\
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Thus, by looking at Lemma 3.2, we evaluate Iz—?, which again by (3.3) gives

HNW
h2 = ’)/ [¢] g
In particular, since g increasing and continuous with ¢g(0) = 0, we obtain
h/
% is non-increasing <= -y is non-increasing,

lim <H—h,>( t) = lim ~(¢).

t—0+ \ h?2 t—0t
Applying Lemma 3.2, we gain that ¢(v) is concave, where v = g~ !(u) and

):/lt\/%ds:/ltlds

Lo [

where we used again a change of variable and (3.3). We observe g(1) < u
since

g(l)—/ dT_/\/i v =

Set C' := f ds we get that the function
p(u) = ¢(g(v)) = C =1(v) —
is concave, which is the claim. ]

We rephrase Theorem 3.3 in a less general framework, but with assump-
tions on f and a more strictly related to the original ones of Theorem 1.1;
namely, we prove Theorem 1.2.

Proof of Theorem 1.2. Observed that, by (3.5),

PO @) 1
)=l gy
and that ¢) and i) imply that Ql is non-increasing in (0, My) with
1
<z
t—0t f? 2’
)

we achieve the claim by the assumption 4i¢) and Theorem 3.3. (|
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Remark 3.4. We observe that the conditions stated in Theorem 3.3 and
Theorem 1.2 are scaling invariant, that is, they do not change by substituting
f and a with A\f and pa, where A\, u € (0,+00). Moreover, the function ¢
does not depend on the particular domain €2; it could be interesting to
investigate the existence of a natural function ¢ modeled also on the shape
(in particular, the curvature) of the domain.

4. EXAMPLES AND REMARKS

We start by observing that, under mild assumptions on f and €2, solutions
of PDEs are never concave.

Remark 4.1. Let f : [0,+00) — [0,400) with f(0) = 0, and consider the
problem

u >0 Q,
u=20 o9,

and a classical solution u € C%(Q) (e.g. one may assume 9Q € C*? and f €
C?(R) for some o € (0,1]). Let P € 99 and assume 02 parametrized, near
P (say, in a neighborhood U), by a C?-curve zy = ¢(%), T = (21,...TN_1),
with
Vo(P)=0, A@(P) > 0; (4.1)

in particular the last condition means that the mean curvature of 02 in P
is strictly positive.!

Here, we have fixed the axis coherent with the local parametrization,
observing that the equation is translation and rotation invariant. Set

O(2) :=u(z,0(2)) =0
for every (Z,¢(z)) € 02N U. Thus, we have
0= 4(T) = ui(T, ¢(T)) + 2uin (T, 9(Z)) 4 (T)

1 Indeed,

U S VT B

when V¢(15) = 0. Notice that, if Q@ C RY is smooth, convex and bounded, the existence
of such a point is always ensured, for example by the Minkowski inequality

N-2
/ kdo 2 |0Q V-1
o0

(when N > 3), or by a comparison argument with an external shrinking ball.
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+unn (T, 6(2)) 67 (2) + un (T, ()i (7)
fori=1,...,N — 1. In particular, by (4.1)
0=u(P) +un(P)¢iu(P), i=1,....,N—1
and hence, observed that Au(P) = —f(u(P)) = —f(0) =0,
0= —unn(P) + un(P)A¢(P).
Since f > 0, by the Hopf’s Lemma, we have ux(P) > 0, thus, by (4.1),
unn(P) = un(P)A¢(P) > 0.

This automatically rules out the concavity of u, since if u were concave, then
the second derivative in every direction would be nonpositive.

This remark in particular applies to the eigenvalue problem [35]. The
condition f(0) = 0 cannot be removed, as shown by the torsion problem
where concave solutions may exist [24, 37]: for example, if u is a solution
of the torsion problem in {2 with a strict maximum u(Z) =: ¢, then v :=
u — (c — €) is a concave solution in the set Q. := u=!((c — ¢,¢]) with €
sufficiently small.

When Q has only points with flat curvature (whenever defined), we can
still show that solutions of the first eigenvalue problem are not concave. For
example, when N = 2 and Q = (0, 7) x (0, 7), a straightforward computation
shows that the solution u(z,y) = sin(z)sin(y) has nonpositive eigenvalues
only in the 1-norm ball Bz (5,%), i.e., far from the corners; when N > 3 and
() is a cube, by separation of variables, we can apply the previous argument
on cross sections. This non-concavity extends to (planar) first eigenfunctions
of arbitrary convex polygons since, near a corner with amplitude 7, we have
by [25, Remark 1.6], in radial coordinates centered in the corner,

u(p, ¢) = Cyp” sin(bg) + o(p")
for some Cj, > 0, thus (being b > 1) u cannot be concave.
We show now the applicability of Theorem 1.2 to some particular cases.
Example 4.2. Consider (see (1.3))
a(t)=1+2t3  f(t) =17

in this case F(t) = f;%, My = 400 and conditions 4)-ii) are fulfilled when-
at1

ever t 2 is concave, i.e., ¢ € [0,1]. As regards iii) instead, we have (up to
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1 1 1 1
0 0.2 0.4 0.6 0.8 1 12

FIGURE 3. Numerical computations of ¢, comparing the cases
a(t) = 1 and a(t) = 1+ 2t%, for different values of f(t) = t%:
q=0,0.3,0.6, 0.9. It is evident that the behavior at the origin is
dictated only by the source f.

multiplicative constants)
2
= —
) 1+ 2t2

which is positive and increasing on (0, +00), whatever ¢ is. Thus, set (notice

v=1)
b 14252

we have p(u) concave, for every classical solution of

—Au —ulA(u?) =ul Q,
u >0 Q,
u=20 o00.

Notice that
g 1-q
go(t)w/s_2ds~t2 -1 ast—0
1

(additive and multiplicative constants play no role in concavity arguments).
We may wonder if, when ¢ < 1, we can apply results in [3] (see also [34, 35,
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1—gq

32]) to get the concavity of u 2 : to achieve this, we should have (see (1.6)
1

2
with a, f as above and v = %)
1
tH(BtTa + 1)
G
1427

concave for every § > 0. A straightforward computation shows that, set
0 := %_q > 1, the second derivative is given by

t € [0,+00) —

-1
t6[0,+oo)r—>(2—,8)29(9 1)t (9_29—1—1))

(2t +1)3 0—1

which actually does not fulfill the request. This argument shows that, maybe,
power functions are not the right choice to deal with quasilinear equations of
the type (1.1), while a suitable ¢ as the above one gives a natural example of
function which makes a solution concave. This seems to highlight a difference
between the quasilinear MNLS case and the quasilinear p-Laplacian case,
where suitable powers of solutions are allowed to be concave [56].

Example 4.3. We choose
a(t)=142t2, f(t)=1-t.

In this case My =1 and F(t) =t — % Straightforward computations show
the applicability of Theorem 1.2.

Example 4.4. Let A € [0,1) and (see (1.4))

12 t

Here, My = 7‘1)\_/\2 € (0,400] and F(t) = —)\g + v1+4t? — 1. Numerical
computation suggest that v defined in (3.5) equals % in £t = 0 and then
decreases. In particular, solutions to

LAVIFu2
—Au+(x+5§%%;ju:o Q,
U>0 Q)
u=20 o9,

are such that o(u) is concave, where ¢ is given by (3.6) (and u = /2).

Remark 4.5. We highlight that one can relax the assumptions of Theorem
1.2 to a € C¥ ([0, 400)) N C*((0, +00)) for some w € (0,1]; in this case h,
defined in (3.4), verifies h € C ([0, +00)) with  := min{o, 4}.
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Moreover, we observe that Theorem 1.2 can be proved also in the case
a e CH[0,8), lim a(t) =+oo,
t—p—

and f € C¢_([0,8)) N C*((0,B)) for some o € (0,1] and 3 € (0,+0c). Some
slight changes in the proofs occur.

e The transformation g : [0,+00) — R given by (3.3), still regular
and strictly increasing, verifies g(¢t) — 5 as t — +oo. In particular,
g 1:]0,8) = [0,4+00). Here, we exploit that a explodes in .

e The classical solutions of the Dirichlet boundary problem (3.1) satisfy
0 <wu(z) < B, x € Q. This can be seen for example by writing

a’(u) f(u)

2, J\T,
2a(u) Vul”+ a(u)’

noticed that u = 0 on the boundary, if there exists an x €  such

that u(z) = 8, then — observed that? ‘Cg((f)” cannot be bounded near

—Au =

t = 3, we get a contradiction with the definition of classical solution.
In particular, being continuous on €, we have that each solution w is
far from 3, i.e., |ul/oo < B, and we can work with f € C1((0, ||ul/s))-

Notice instead that solutions to (3.4) are not subject to any re-
striction, since a o g is defined on the whole R, and so it is the source

a9
The remaining part of the proof follows the same lines as of the original one.

Example 4.6. Thanks to Remark 4.5 (setting § = 1) we can consider for
A€ [0,1) (see (1.5)),
t2 t

) =t — A
a0 i

here, My = v1—A2 € [0,1), F(t) = % + A(V1 =12 —1). Again, numerical
computation shows that v(0) = % and v decreasing in (0, My), where 7 is

(

defined in (3.5). Thus, again, ¢(u) is concave, where ¢ is given by (3.6)
(1 =1) and u satisfies

a(t) =1+

Y

1, AV1i—u? __
_Au + iu ﬁ—ufg =Uu— )\ lqi”u,Q Q
u >0 Q,

u=~0 of.

2Otherwise, log(a(t)) would be controlled by some Ct, and thus bounded on compact
sets.
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The case A\ = 0 can be easily (and explicitly) generalized also to powers
f(t) =t1, with ¢ € [0, 1].

Remark 4.7. We remark that, without assuming f € C!, it is not straight-
forward to exploit the “size of the convexity” of the involved functions and
reach the desired claim of Theorem 1.2. Indeed, consider the notations of
Theorem 3.3: to conclude that vVH = V/F o g is concave, one can assume
V'F concave and a non-decreasing (i.e., the physical case, which implies ¢
concave), being v/ H composition of a concave non-decreasing function and a

concave function. On the other hand, to deduce & = (?ﬁ) o g convex, we

need ?ﬁ (convex and) non-increasing: but this last condition is generally
not satisfied. The roughness of this result is due to the fact that in this
discussion we are not exploiting the quantitative information which relates
the transformation ¢’ to a.
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