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ABSTRACT. We prove a general criterion for the uniqueness of critical points
of a functional in the presence of constraints such as positivity, boundedness,
or fixed mass. Our method relies on convexity properties along suitable paths
and significantly generalizes well-known uniqueness theorems. Due to the flex-
ibility in the construction of the paths, our approach does not depend on the
convexity of the domain and can be used to prove the uniqueness in subsets,
even if it does not hold globally. The results apply to all critical points and not
only to minimizers, providing the uniqueness of solutions to the corresponding
Euler-Lagrange equations. For functionals emerging from elliptic problems, the
assumptions of our abstract theorems follow from maximum principles, decay
properties, and novel general inequalities. To illustrate our method we present
a unified proof of known results, as well as new theorems for mean-curvature
type operators, fractional Laplacians, Hamiltonian systems, Schrédinger equa-
tions, and Gross-Pitaevskii systems.
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1. INTRODUCTION

The existence of critical points of a functional I traditionally follows from general
arguments based on direct or minimax methods.

However, the uniqueness of critical points is in general a subtle issue, depending
both on local and global properties of a functional and essentially on its domain
of definition. In particular, this domain might reflect conserved quantities (such as
mass or energy) or one-sided constraints (e.g. positivity or boundedness).

Probably the best known uniqueness result in the calculus of variations is the
following: If I is a strictly convex functional, defined on an open convex subset of a
normed space, then it has at most one critical point, which is the global minimum
whenever it exists. However, problems with constraints have frequently nonconvex
domains, and even for convex ones, such as the cone of positive functions, the
convexity of I is a very restrictive requirement. For example, in many problems zero
is a critical point of I (or solution of the corresponding Euler-Lagrange equation),
and if there exists a positive critical point, then I cannot be strictly convex in the
cone of positive functions.

In this paper we provide a simple yet general condition guaranteeing the unique-
ness of critical points, which relies on an elementary observation: If I is a smooth
functional and 7 is a smooth curve connecting two critical points of I, then ¢t —
I(v(t)) =: F(t) € R cannot be a strictly convex function. Indeed, since v connects
critical points, the derivative of F' at the endpoints must vanish, which is impossible
for a strictly convex function. This observation yields a uniqueness result whenever
an appropriate curve v can be found, and below we construct such + for many
problems involving nonlinear partial differential equations (pdes). These examples
contain new uniqueness proofs and a shorter and unified approach to some known
results.

We emphasize that requiring convexity along a particular curve is much weaker
than assuming convexity of I. Moreover, such pathwise convexity can be defined on
sets that are not necessarily convex. As such, it can be used as a fine tool to prove
uniqueness of critical points with certain additional criteria. Our method can also
be used to prove the simplicity of the eigenvalues of nonlinear eigenvalue problems,
where the uniqueness holds up to multiplication by scalars.

Recall that the uniqueness immediately implies that the critical point inherits
all symmetries of the problem. For example, if the functional and its domain are
radially symmetric, then the critical point possesses the same symmetry. Further-
more, the uniqueness simplifies the dynamics of the gradient flow induced by the
functional and in many cases provides global stability properties of equilibria.

Our main uniqueness result is formulated in a general abstract framework to
allow applications to various problems.

Theorem 1.1. Let (X, || - ||) be a normed space, let I : X — R be a Fréchet
differentiable functional, and let A C X be a subset of critical points of I. If for all
u,v € A there exists a map v : [0,1] = X such that
(a) v(0) =u, (1) = v,
(b) v is locally Lipschitz at t = 0, that is, |y(t) — u|| < Ct for each t € [0,0]
and some 6 > 0,
(c) t— I(y(t)) is convex in [0, 1],
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then

(i) I is constant on A,
(ii) t+— I(y(t)) is a constant function,
(iii) if condition (c) holds with strict convexity for all u # v, then A has at most
one element.

We readily see that every (strictly) convex functional satisfies conditions (a)-(c)
of Theorem [Tl (resp. with strict inequality at (c)) for y(¢t) = (1—t)u+tv. The linear
structure on X is not essential and can be replaced by a differential structure, which
is needed for the notion of critical point. Rather than introducing a new notation
and restating the problem on Banach or Fréchet manifolds (cf. Remark 2XT), we
formulate a consequence of Theorem [ ] for constraint minimization problems with
applications to elliptic problems in mind.

Corollary 1.2. Let X,Y be Banach spaces, and let I : X - R and R: X — Y
be Fréchet differentiable. Suppose that 0 is a regular value of R, set S := R™1(0),
and let A C S be a subset of critical points of I|s. If for all u,v € A there exists
v :[0,1] — S satisfying (a)—(c) of Theorem [l then (i)—(iii) from Theorem [T
hold with I replaced by I|s.

We apply Theorem [T Tland Corollary [[.2to several pde problems with variational
structure. In these applications, assumption (a) is easily fulfilled; the main challenge
is the construction of paths ~ satisfying (b) and (c¢). The condition (b) is in fact
an assumption on the parametrization . Actually, if (b) is not satisfied we cannot
conclude that the derivative of ¢ — I(y(t)) vanishes at ¢ = 0 even if VI(y(0)) = 0.
This is not a technical obstacle, since the uniqueness of critical points does not
hold if we require Holder continuity in (b) instead of Lipschitz continuity. Indeed,
consider the following one-dimensional example:

1 2 1
(1.1)  I(z) = §x3 —r—g =gt D3 —(z4+1)32 4t)=V2VT+t—1.
It is easy to verify that I has two critical points, &1, y(+1) = £1, and t — I(y(¢)) =
2T‘/§(1 +1)2 —2(1 4+ t) is a strictly convex function; however, ~ is not Lipschitz at

t = —1. The verification of (b) is a subtle issue, and in our examples, where X
is a function space and critical points are solutions of certain elliptic problems,
it strongly relies on comparison properties of endpoints of , which follow either
from the Hopf lemma or from sharp decay estimates at infinity for solutions of the
Euler-Lagrange equation. In this step we strongly use the fact that the endpoints
of ~ are critical points of I and not arbitrary elements of X.

The assumption (c) has a different flavor and it heavily depends on indirect
convexity properties of I, which are manifested by sharp and delicate inequalities
for arbitrary endpoints u,v (not necessarily critical points). As noted in Theorem
below, the convexity in (c) can be weakened to conclude (i) of Theorem [T}
however, in that case we need additional assumptions to conclude the uniqueness
of critical points.

Our main results also provide novel insights into problems where uniqueness
cannot be established. For instance, if the set A contains a global minimizer of I,
it follows from (i) and (ii) that all critical points are global minimizers. Moreover,
if A contains at least two points, then they are not isolated since every point on ~
is a global minimizer (the continuity of v at ¢ = 0 follows from (b)). Another fine
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application, illustrated below for the mean curvature operator, is the uniqueness of
small solutions, even if the existence of additional large solutions is known.

The idea of proving uniqueness by using a generalized convexity assumption is
not entirely new in the literature. The closest to our results is [12], where the key
idea there can be rephrased in our setting as: There is no curve v connecting two
global minimizers of I such that ¢ — I(y(¢)) is strictly convex. This is indeed
true, since strictly convex functions on an interval attain a strict maximum at an
endpoint, a contradiction to global minimality of endpoints. Although this method
is presumably applicable to curves connecting strict local minima, it fails for general
critical points; see for instance our one-dimensional example (IL1]). There are many
papers applying the ideas of [I2] in various settings (see for instance [5]21]22][34]
35,140, 49,57 [6T,81] ); however, none contain results as general as Theorem [I] or
Corollary

The cornerstone of [I2] (which deals with elliptic equations involving the p—
Laplace operator), and an important ingredient in many of our examples, is the
inequality

1

IV (t)(z)] < ((1 — 4)|Vu(z) P + t|Vv(x)\P)5 for u,v >0,

where v(t)(z) = (1 — t)uP(z) + tv”(w))%. This inequality can be traced back to
[13,87], and in our manuscript we prove a more general version. Such path
was used in many papers to show the uniqueness of positive solutions for ellip-
tic equations in mathematical physics; for instance, [55] Lemma A.4] studies a
Gross-Pitaevskii energy functional, and [13] Lemma 4] treats a Thomas-Fermi-von
Weizséicker functional. Frequently, only minimizers are considered due to physical
considerations, and therefore the strict convexity of ¢ — I((t)) suffices to prove
uniqueness.

Another approach to uniqueness relies on the existence of a strict variational
sub-symmetry; see [70]. Specifically, if ug is a critical point of I and there is a
family of maps (ge) with a group structure such that I(ge(u)) < I(u) for u # ug,
then wug is the only critical point. In some particular settings the abstract method
of [70] can be interpreted as an infinitesimal version of our approach.

To show an application of Theorem [[.T] let us consider the following basic model
problem, which already contains most of the important ingredients. Let Q ¢ RY
be a regular bounded domain, 1 < ¢ < 2, and define the functional on the Sobolev

space H}(Q) by
1 1
I(u) := —/ |Vu|2d3:——/ |ul? dz .
2 Ja qJa

It is well known that I has infinitely many critical points; see for example [11],
Theorem 1 (b)]. However, there is only one positive critical point of I; see [623]
32,47 51L52]. Although T is not strictly convex on the cone of positive functions of
H}(2), we can verify the uniqueness of positive critical points using Theorem [I1]

with
v(t) = V(1 — t)u? + tv?.
Indeed, as ¢ < 2, one obtains that ¢ — |y(¢)|? is strictly concave, and therefore

the second term of ¢t — I(v(t)) is strictly convex. The first term is convex by
the general Lemma proved below. Intuitively, in our examples we employ a
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strong convexity property of the principal term to improve convexity properties of
the nonlinear part. Observe that the critical points of I are weak solutions of the
Euler-Lagrange equation

~Au=|u/%u in Q, wu=0 on 09,

and therefore the required local Lipschitz property follows from the comparison
of positive solutions u and v (see Lemma B.] below), and Theorem [[T] yields the
uniqueness.

Our abstract results apply in far more general settings, and here we focus on
models arising for example in physics, engineering, and geometry. We present sim-
plified and unified proofs of known results and we also present new uniqueness
results. Our goal is to present the main ideas and complications in a comprehen-
sible manner and to show the methods in a broad range of problems rather than
treating the most general setting or finding optimal assumptions. Our examples
include equations and systems with quasilinear or nonlocal differential operators on
bounded and unbounded domains with various boundary conditions.

In the first example we study a family of quasilinear problems
—div(h(|Vul?)|[VuP?Vu) = g(z,u),  p>1,

and under general assumptions on h and g we show new uniqueness results for
positive solutions. If h = 1 the uniqueness was already established in [37]. In this
case, the left hand side reduces to the well-known p-Laplacian operator (—A,),
which is a nonlinear counterpart of the Laplacian (p = 2). It is used to model
phenomena strongly characterized by nonlinear diffusion, and it finds application,
for example, in elasticity theory to model dilatant (p > 2) or pseudo-plastic (1 <
p < 2) materials. We show uniqueness results which in particular include sublinear
[37] and Allen-Cahn-type p-Laplacian problems, either with Dirichlet or nonlinear
boundary conditions. For the latter see [I5[I6] for the particular case of p = 2.

For p = 2 and h(z) = (1%2)~2 we obtain a problem involving the mean curvature
operator in Euclidean or Minkowski space

. Vu _
(1.2) Myu = —div (\/ﬁ) =g(z,u).

The operator M is important in geometry. We refer to [43] for classical results
on minimal surfaces and to [67,[68] for more references on boundary value problems
involving this operator. It also classically appears in the study of capillarity surfaces
(see [1]) and was proposed as a prototype in models of reaction processes with
saturating diffusion; see [53] and the references therein. The natural functional
space to look for solutions of (L2 with M is the space of functions of bounded
variations. We anticipate that our results lead to uniqueness of regular solutions.

The operator M _ appears in the Born-Infeld electrostatic theory to include the
principle of finiteness in Maxwell’s equations; see [9,[14L[18]. Solutions to (L2
must satisfy [Vu| < 1 and can be obtained by minimization of a functional in a
suitable convex subset of the Sobolev space W°(Q). Because of this, we need to
formulate an auxiliary problem using truncations which rely on fine quantitative
regularity estimates. Since the set of critical points of the transformed problem
might be larger than the original one, we need to exploit the fact that Theorem [l
also applies to proper subsets of critical points.
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Our abstract results can also be applied to obtain new uniqueness results for
non-local equations such as

(_A)Su(x) = 511—1% lz—y|>e % = g(x’U(x)) ’

where s € (0,1). The operator (—A)? is often called the (integral) fractional Lapla-
cian and it appears as an infinitesimal generator of a Lévy process. It finds ap-
plications, for instance, in water wave models, crystal dislocations, nonlocal phase
transitions, finance, and flame propagation; see [24,[36]. The fractional Laplacian is
a nonlocal operator, since it encodes diffusion with large-distance interactions, and
this nonlocality plays an essential role in the definition of the variational setting
and in the application of Theorem [Tl For instance, the nonlocal character of the
problem requires the path v to satisfy a convexity inequality for arbitrary pairs of
points in RY.

With respect to systems of equations we present a new proof of a known unique-
ness result [31L[63] for positive solutions of Hamiltonian elliptic systems in the sub-
linear case

—Au=pl" v, —Av=pufu, pg>0, p-g<l.

These systems can be seen as a generalization of the biharmonic equation, since
with ¢ = 1, u solves the fourth-order elliptic equation

APy = |ulPtu, 0<p<l.

Due to their structure, they pose many mathematical challenges, and they can be
treated by using several variational frameworks, each one with its advantages and
disadvantages (we refer to the survey [19] for more details). To treat Hamiltonian
systems by our methods, we define an appropriate functional by using the dual
method approach, which goes back to [27]. Then the principal part of the functional
contains the inverse of the Laplacian rather than differentials, and therefore new
convexity inequalities are needed. Another obstacle is a proper choice of a path ~
and the verification of the local Lipschitz property in a multi-component setting.

We include an example involving the quasilinear defocusing Schrédinger equation
(1.3) —Au — uAu® + V(z)u +u® = wu

on both bounded domains and on RY, where V is an appropriate potential and
w is either fixed or a Lagrange multiplier when the mass (i.e., the L?-norm) is
fixed. This equation appears when looking for standing waves of a Schrodinger-
type equation and is a particular case of a more general problem appearing in
many physical phenomena such as plasma physics and fluid dynamics or condensed
matter theory; see [29/[69] for a detailed list of physical references. The main
difficulty in the application of our main results when working in R" is to obtain a
comparison for positive weak solutions of (L3)), which is needed for the proof of the
local Lipschitz continuity of . Such comparison can be derived from new sharp
decay estimates,

u(zx) ~ ‘I|%67%|m‘2 as |z| — oo,

which are proved for a transformed problem with a simplified principal part.
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Finally, we show an application to the Gross-Pitaevskii system

k
(1.4) —Au; —l—V(m)ul—i—uZZ,B”uf = W;Uy;, i=1,...,k,
j=1

which arises as a model for standing waves of Bose-Einstein condensates [80] or in
nonlinear optics [3]. We treat the case when wy,...,wy are fixed, as well as the
case when the mass of each u; is fixed, and the parameters appear as Lagrange
multipliers. As in the previous example, when = RY we need the following sharp
decay estimates for positive solutions (uq, ..., ux) of (L4):

wi=—N 10,2
(1.5) ui(x) ~ |z| "7 e 217l as |x| — oo.

However, additional difficulties stem from the fact that critical points of the associ-
ated functional might have some trivial components and therefore are not compara-
ble. Moreover, when the mass of the u; is fixed, the parameters w; may depend on
the solution. In that case, the sharp decay estimates yield that positive solutions
are not comparable and our method does not apply, but we include an alternative
proof for completeness which also relies on ([3]).

The paper is organized as follows. In Section 2lwe prove Theorem [L.T]and Corol-
lary We collect general auxiliary statements and inequalities needed throughout
the paper in Section [Bl Section Ml contains applications to second-order problems,
and Section[5]to mean curvature operators. Problems involving the fractional Lapla-
cian are discussed in Section [6] and the problems regarding Hamiltonian systems
are in Section [l Our study of Schrodinger equations and Gross-Pitaevskii systems
can be found in Section

2. PRoOOF oF THEOREM [[.1] AND COROLLARY

Proof of Theorem [[1l (i) For a contradiction, suppose that there exist u,v € A
such that I(v) < I(u) and set N := I(v) — I(u) < 0. Then, with v as in the
hypotheses of this theorem, from the convexity assumption,

I(v(t)—I(v(0)) < 1-t)I(u)+tI(v)—I(u) =t (I (v)—1I(u)) for all ¢ € (0,1),
that is,

(2.1) w <N <0 for all ¢ € (0,1),

and in particular y(t) # u for all ¢ € (0,1). On the other hand, since 7 is locally
Lipschitz at 0, there exist § > 0 and C > 0 such that

(2.2) [lv(t) —ul| < Ct for all t € [0, 4].

Since I is Fréchet differentiable and w is a critical point, (1)) and ([22) yield

MO I) ~ @G0 —w)| | I60) ~ Iw)] _ ]
0= (&) —ul Ml S Y

which is a contradiction. Therefore, I is constant on A and (i) follows.
(ii) Let j:[0,1] — R be defined as j(t) = I(v(t)). For every ¢ € (0,1) such that
~(t) # v(0) we can write

3() =4O _ [L(v(#) = I(w) = I'(w) (v (£) = v(O))] v (#) = 7 (O)]

t EOERO] t
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and we infer that j/(0) = 0. Then j : [0,1] — R is convex, j(0) = j(1), j/(0) = 0,
and is therefore constant on [0, 1]. Indeed, since j is convex,
j(h) =3(0) _ j(t+h) —i(h)
h - t
Then, taking the limit as h — 07, using j/(0) = 0 and that j is continuous on [0, 1),
we infer that j(0) < j(t) < (1—1)7(0)+tj(1) = j(0). Part (iii) immediately follows
from (ii). O

for all t € (0,1),h € (0,1 — ).

Remark 2.1. Let B be a smooth Banach manifold modelled on a Banach space X.
Recall that u is a critical point of a functional I : B — R if and only if 0 is a critical
point of the functional I o ¢ : X — R, where ¢ is a local chart with ¢(0) = u.
Thus, in the case of Banach manifolds, the assumption [|v(t) — u|| < Ct should be
replaced by |[¢ ™! o(t) — 0]| < Ct. The proof of Theorem [l can then be adapted
to this framework by replacing I with I o ¢ (for an appropriate fixed chart ¢) in
all arguments that take place in a neighborhood of the critical point u.

Proof of Corollary [L2l Recall that u is a critical point of I|g if and only if there
exists A (depending on u) in the dual space of Y such that u is a critical point of
the functional J : X — R defined by

J=I—-XoR.

Then the proof follows by applying the arguments in the proof of Theorem [L.1] to
the functional J and taking into account that J o~y = I o v since y(t) € S for all
t € [0,1]. Observe that in the proof of Theorem [[T] the fact that v is a critical
point is not actually needed. ]

In case A contains a local minimum of I, we present a similar, but nonequivalent,
version of Theorem [[.T] Observe that in this version ¢ — I(y(¢)) is not assumed to
be convex and that one could also state the corresponding version of Corollary
within this weaker setting. The proof follows the same arguments as in the proof
of Theorem [[T] and it is omitted.

Theorem 2.2. Let X be a normed space, let I : X — R be a Fréchet differentiable
functional, and let A C X be a nonempty subset of critical points of I. Suppose
that given u,v € A, with u # v, there exists v € C([0,1], X) such that

(a) ¥(0) =u, v(1) =v.

(b) v is locally Lipschitz at t = 0; that is, ||y(t) — ul| < Ct for each t € [0,0]

and some 6 > 0.

(¢) I(v(t)) < (1 —t)I(u) +tI(v) for allt € (0,1).

Then,

(i) I is constant on A.
(ii) If A contains a local minimum ug of I and the strict inequality holds at
condition (c), then A = {ug}.

We point out that in Theorem the existence of a local minimum is sharp in
order to prove that A is a singleton. Indeed, let B C RY, with N > 1, be the unit
ball in RY centered at the origin and consider the Hénon equation [46]

(2.3) —Au = |z|*u|”%u in B, u=0 on 0B,
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with a > 0,2 < qif N € {1,2}, and 2 < ¢ < % if N > 3. Then the classical
solutions of (23] are critical points of

1 1
In(u) = 3 /B |Vu|? do — 6/B|x|a|u\qdac, u € H}(B).

Let o > 0 be large enough such that least energy solutions —L.E.S. for short—of
[23) are not radially symmetric; see [251[76]. Set A as either

{u; u is an L.E.S. of Z3)} or {u;w isan L.E.S. of 23) and u > 0in Q}.

Given u,v € A, with u # v, consider the path

{ (1—2t)u, te0,1/2],
() =
(2t — 1)v, te[1/2,1].

Taking into account the characterization of the Nehari manifold
Na = {u € Hy(B)\{0}; I},(u)u = 0},

we infer that all hypotheses (a)-(c) of Theorem are satisfied with the strict
inequality at condition (c). However, for N > 2 and nonradial u* € A, the set
A contains infinitely many critical points {u* o O; O € SO(N)} C A of I, which
are all of mountain pass type. Observe also that ¢ — I(v(t)) is not convex, and
therefore Theorem [[T]is not violated. Also, for vy, ve € {u*0O; O € SO(N)} there
is clearly a path between vy and ve along which I is constant, so mere convexity is
in general not enough to guarantee the uniqueness in Theorem [Tl

3. PRELIMINARY RESULTS

In this section we collect general results used throughout the paper that help to
verify the assumptions of Theorem [Tl and Corollary Let Q C RY be a domain
(bounded or unbounded) and fix u,v :  — R belonging to an appropriate space
W specified below. We consider paths v : [0,1] — W of the form

1(B)(2) = Q71 - )Q(u(2)) +1Q(v(x)),  te€0,1], zeQ,

where @ : [0,00) — R is an increasing, and therefore invertible, function. For
simplicity and without loss of generality we also assume that Q(0) = 0. Then we
have

(3.1) QY1) == (1 = 1)Q(u) +1Q(v),

where we suppressed the dependence on x for simplicity. The model function that
satisfies all assumptions below is Q(z) = 2P for p > 1.

First, we provide a general criterion for the Lipschitz continuity of v at ¢ = 0.
Note that even in the model case Q(z) = 2P for p > 1 we have to assume that u
and v are comparable; that is, for some § > 1 we have on (Q,

u
<-<9.
v

(3.2) u,v >0,

SR

Otherwise, if, say, u = 0, then y(t) = t%v, which is not a locally Lipschitz function
at t = 0. This comparability is assumed to be preserved by ) as specified in the
following lemma.
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Lemma 3.1. Let W stand for either LP(Q), W, 'P(Q2), or WhP(Q) with p > 1. Fiz
Q € C([0,00)) N C((0,00)) such that
(a) @ >0 on (0,00).
(b) For each co > 0 there is coa > 0 such that
lg Q1) < e whenever igﬁgco, 21,29 > 0.
2 Q'(22) co 22
If uy,v € W satisfy B2) for some § > 1, then v : [0,1] — W defined by B is
locally Lipschitz at t = 0, provided W = LP(). If in addition
(c) Q € C%((0,00)) and there is 61 > 1 and c3 > 0 such that

1 Q//(Zl)

!
— < = whenever 1< — <4y,
cg — Q"(22) 22

then ~y : [0,1] = W is locally Lipschitz at t =0, for any choice of W.

Remark 3.2. From the proof of Lemma .1l immediately follows that the statement
holds true for weighted Lebesgue and Sobolev spaces.

Proof. To simplify the notation we drop the dependence of functions on z. Clearly
7(0) = u, (1) = v, and, since @ is increasing, so is @~ and we have

min{u,v} < v(t) < max{u,v} for all ¢t € [0,1].

Let us prove that ||v(t) — u|lw < Ct for ¢t € [0,1]. By the definition of v we have
(whenever u(z) # v(z) and t # 0)

Q) - quuy = 20 =@ _ Q010 - Q) 5(t) ~
and by the Mean-Value Theorem

Qv) = Qu) = () (v —u),

Q(y(1) — Q(u)
() —u

where ¢ is pointwise between u and v, and 7 between u and v(t). In particular,

=Q'(n),

1 < min{u, v} < § < m:.ix{u,v} <5
0 ~ max{u,v} ~ n = min{u,v}
Thus from

t _ /
) —u_ QO

t Q'(n)

and (b), we have [|y(t) — ul|Lr(q) < Ct whenever u,v € LP(Q).

To treat the Sobolev spaces, first observe from (b), (¢), @ > 0, and the Mean-
Value Theorem that one has, for z; > 0,

|Q'(0121) — Q' (21
Q'(21)
01 — 1|Q" (21|
= C3 Q/(Zl) s

where the last inequality holds since z; < w < §1z1. Consequently for each z; > 0,

(3.4 Q%=1 < ¢

Q'(21)

(3.3)

Q)] 5y @) Q")

==y =) Q)

02—12

Z1

~—
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After differentiating (B.I) we have that
Q' (v()(V(t) = Vu) = (Q'(u) = Q' (v(1))) Vu+ Q' (v) Vo — Q' (u)Vu) = Ty + T
Since 7(t) and u, v are comparable, by the Mean-Value Theorem, (b), (B3), and
B4) we obtain
T _ QO lu-A) Q) Q) -

(Y1) T () ¢ Q) Q') ¢
where in the last inequality we used that ¢ lies between u and ~(t), and therefore
~(t), ¢, &, and n are all mutually comparable in the sense of ([B.2]). Finally,

—|T2| (% v
D@ < CUvul + Vo)

follows immediately from (b). In conclusion, we have
it -Vl

livul < ¢ Ul < vl

(IVul + Vo),

and the local Lipschitz continuity of v at ¢t = 0 follows when W is either W1 ()
or Wy P(Q). O

An immediate application of the previous lemma is the following.

Corollary 3.3. Let W stand for either LP(2), WyP(Q) or WP(Q) with p > 1
and take r > 1. Ifu and v satisfy B2) for some 6 > 1, then the path~y : [0,1] — W
defined by

1

V() = ((1 = t)u" + ")
is locally Lipschitz at t = 0.

Proof. Just apply the previous lemma to Q(z) = 2", with r > 1. O

Note that if u and v satisfy 0 < ¢ < u,v < C in Q, then ([B2) is clearly satisfied
for 6 = C/c. If uw and v attain zero Dirichlet boundary conditions, we have the
following well-known lemma, whose assumptions are usually checked with the help
of Hopf’s Lemma.

Lemma 3.4. Let 2 C RN, N > 1, be a bounded smooth domain. Suppose that
u,v € CH(Q) satisfy
(a) u,v>01in Q, andu=v =0 on 08

(b) %<0and@<0 on 0f).

v ov
Then there exists 6 > 1 such that 6~ v < u < v in Q.

Proof. The proof is standard and hence omitted. O

Next, we turn our attention to the assumption (c¢) of Theorem [[T] for paths of
type (3I). In our examples, the principal part of the functional I usually has the
form [, M(|Vu|), and the following result proves its convexity.

Lemma 3.5. Let u,v € WH(Q)NW with u,v > 0 in Q and let Q, M € C([0,0))
N CL((0,00)) such that Q(0) = 0 and Q', M’ > 0 on (0,00). Let y(t) =
Q7 1(1-t)Q(u) +tQ(v)) and denote

Fl=Q oQ %, Fy: =M1,
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If for some I" € (M(0),00] the function F : (21, 22) — Fi(z1)F2(z2) is concave on
(0,00) x (M(0),T), then for each |Vul|,|Vv| € M~1([M(0),T]) we have a pointwise
inequality

(3.5) M(V~@®)]) < 1 —=t)M(|Vu|) +tM(|Vv|)  for all t €[0,1],

and t — M(|Vy(t,-)|) is convex. If F is strictly concave on (0,00) x (M(
then for each t € (0,1), |Vu| € M~Y([M(0),T)), and |Vv| € M~*((M(0),T)), the
strict inequality holds in B0, and t — M (|V~y(t,-)|) is strictly convez.

=
=

—
—

Proof. By differentiating (BI]) we have

Q' (V) Vy(t) = (1 = )Q (1) Vu + Q' (v) Vv

and consequently, by using triangle inequality and the invertibility of @ and M, we
obtain

(3.6)
Q(y)VA(B)] < (1 = 1)Q" ()| Vul + Q' (v) [V
=(1-1)Q 0Q oM™ o M(IVul) +tQ 0 Q™! 0 Q(v)M
o M(|Vv])
= (1 = )P (Q(u) (M (|Vul])) + tF1(Q(v)) Fo (M ([Vo])) -
Since F' is concave on (0,00) x (M (0),T"), it is concave on (0,00) x [M(0),T], and
for any |Vul,|Vv| € M~1([M(0),T]) we have
(37) QGOITAO] < F((1 - Q) + Q) Fa((1 )M (Tul) + 1| Tr))
= B (Q(y(1)) Fa((1 = )M (|Vul|) + tM(|Vv]))
Q' (v())M (1 = )M (|Vul) + tM(|V])),
and (33) follows. Note that ([B.35]) also implies that [Vy(t)| € M~1([M(0),T]) for
each t € [0, 1].
To prove the convexity of t — M (|V~(¢)|), fix t1,t2,6 € [0,1] and set v =: vy,

to emphasize its dependence on the endpoints v and v. Then it is easy to verify
that

(3.8) Yuo((1 = 0)t1 + 0t2) = yu,u,(0), where U; is defined by Q(U;)
=(1-t)Qu)+tQ(v),i=1,2.
Then, by B3] applied to vy, v,,
M(|Vyuu((1 = )t + 0ta)]) = M(IVyu,0,(0)]) < (1 = 0)M(IVyu,0,(0)])
+ OM(|Vyo,u, (1))
= (1= 0)M(|[Vyuo(t1)]) + OM([Vyun(ta)])

and the convexity follows.
To prove the strict convexity, first observe that for each t € (0, 1),

(3.9) (1—t)F(2) +tF(2) < F((1 —t)z + t2),

where z € (0,00) x [M(0),T] and z € (0, 00) x (M(0),T'). Indeed, if not, then there
exist to € (0,1) such that equality holds in (8X9) with ¢ replaced by t9. Then, by
the concavity of F', we obtain that the equality holds in ([B.9) for each ¢ € [0, 1],
and therefore F' is linear along the segment connecting z and z. Since such segment
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(except one of the endpoints) lies in (0,00) x (M (0),T"), we obtain a contradiction
to the strict concavity of F'.

Finally, the strict inequality in (B3 is a consequence of the strict concavity in
B20), and strict convexity of t — M (|V~y(t,-)|) follows as above. O

Remark 3.6. To our best knowledge, a special case of the following lemma with
Q(z) = M(z) = 22 first appeared in [13]. The case Q(z) = M(z) = 2P was treated
in [37, Lemma 1]; see also [12] and [70, Chapter 2]. Note that our general results
require a completely different proof based on concavity, which is in a sense optimal;
see Remark [B3.7] below. In Section B we will consider the case M(z) = 22 and
Q(2) = f? where f is the odd function such that

1
£l = ———
®) V31+2f2(¢)
We work with classical derivatives to avoid methods of Orlicz spaces. However, the
arguments hold true whenever the expressions are defined; cf. the proof of Lemma
below for the discussion on weak derivatives.

in (0,00), f(0)=0.

Remark 3.7. Our assumptions are in some sense optimal, since if F' is not concave,
we obtain an opposite inequality in (BI) at some points. Besides the triangle
inequality, this is the only estimate used in the proof, and therefore (B3] is not
expected to hold true in general.

Remark 3.8. To verify the concavity of the function (21, 22) — F1(21)F2(z22), since
Fi,F5 > 0, one needs both F; and F5 to be concave and the determinant of the
Hessian matrix to be nonnegative; that is,

F\F/'FyFy > (FiF;)?,

where F; depends on z;. If F! does not vanish we require

am g () ) ((R)-),

where the first set of parentheses depends only on z;, whereas the second set de-
pends only on z,. Recall that Fy := M ~! is given by the problem, being associated
to the principal part of the functional.

As such BI0) provides partially optimal sufficient conditions on Q. Indeed, if
for given M the second set of parentheses changes sign, there is no nontrivial @
yielding the desired convexity. However, if for example the second set of parentheses
is bounded from below by % > 0, then we can explicitly solve the differential
inequality to obtain

1
Fy <ca((co+1)z1 + ¢q) 0t

for some constants ¢, ca > 0. Recall that F; = Q' oQ~! and we obtain a differential
inequality for Q:

Q < e+ DQ+e)@,  Q0)=0.
If ¢; = 0, or equivalently Q’(0) = 0, this inequality can be solved explicitly.

If the function (z,y) — Fi(z)Fz(y) from Lemma is concave but not strictly
concave the equality in (B3] is a much more subtle issue, and, in general, it is
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achieved at (u,v) with a nontrivial relation. However, we show an important ex-
ample that we can treat explicitly. Many of the ideas in the proof can be used also
in a more general setting.

Lemma 3.9. Take u,v € W, where W stands for either Wy (Q) or WHP(Q) with
p > 1, with u,v > 0 in Q. If Q(z) = M(z) = 2P and v is as in BI), that is,
v(t) = (1 —t)uP + tvp)l/p, then the weak derivatives satisfy

(3.11) VYOF < (L-8)[Vul? + Vo,

and t — |Vy(t,2)|P is convex. Moreover, if u,v € C(Q)NW with u,v being linearly
independent functions, then t — ||V7(t)\|ip(m is strictly conves.

Proof. Tt is easy to show that under our assumptions u?,v? € WH1(Q) and the
proof of Lemma can be repeated line by line with pointwise derivatives replaced
by weak ones.

Let g be the conjugate exponent of p; that is, ¢ satisfies 1/p+1/q¢ = 1. If F;
and Fy are as in Lemma [B.5] then Fy(z) = pzl/q and Fy(z9) = 22/p.

Clearly Fy' <0, Fy <0, and it is easy to verify that the Hessian is equal to

1.9 1_
2i T2l 1 =22 2z
H(z1,2) = 52—~ >
bq q ‘122 T2

with eigenvalues 0 and — (2% + 23) corresponding to the eigenvectors (z1, 29)7 and
(=29, 21)T respectively. In particular, (21, z2) — Fy(21)Fs(z22) is concave, and (B.11])
and the convexity of ¢ — |Vy(t,z)|P follow from Lemma However, it is not
strictly concave, and we need a careful inspection of the proof of Lemma to
prove that t — HV’y( )||Lp () Is strictly convex.

Since @ and Q™! are monotone and homogeneous (Q(\t) = APQ(t)), then the
linear independence of u and v implies that Q(u) and Q(v) are linearly independent,
and consequently Uy = y(¢1) and Us = (t2) are linearly independent for all ¢,,t5 €
[0,1] with t; # to. Hence, arguing as in (3.8) of the proof of Lemma[33] it is enough
to prove that

(3~12) ||v7( )HLP(Q ( - t)Hquip(Q + tHVUHLp Q) for all t € (07 1)~

Suppose that, for some ¢ € (0,1), (BI2) does not hold. Hence ||V~(¢ )HLP Q) =
(1- t)||Vu||Lp @ T tHVvHLp(Q First, the equality holds in the triangle inequality
(9 if and only if there is o :  — [0, 00) such that

(3.13) Vv =aVu.

Second, the equality holds in the concavity inequality (37 if and only if the vector
connecting the points (Q(u), M (|Vu|)) and (Q(v), M (|Vv]|)) is parallel to the eigen-
vector corresponding to the zero eigenvalue at the point (Q(u), M (|Vu|)). Equiva-
lently, there is 8 :  — [0, 00) such that

BPQ(u) = Q(v), B M(|Vul) = M(|Vv]).
With our choice of M and @) we have
Bu=wv, BIVu| = |V,
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and a comparison with (BI3)) yields « = . Therefore, since u,v > 0 and wu,v €
C(92), and consequently uniformly positive on compact subsets of €2, then o = 2 is
locally a C'(2) N W function. Furthermore, the weak derivatives of « satisfy

Vo — U (2) _ uVv—vVu _ (au —v) Vu ~0,
u u? u?
which shows by the Du Bois-Reymond Lemma that « is constant, and this concludes
the proof. |

4. GENERALIZED p-LAPLACIAN EQUATIONS

For a bounded smooth domain 2 C RY and p > 1, consider the equation
(4.1) —div(h(|Vul?)|VulP"2Vu) = g(z,u) in Q, u=0 on 090.
First, under general assumptions on h and g, we prove a general theorem (see
Theorem (1] below), and then in Section 1] we present a unified proof to many
classical uniqueness theorems involving quasilinear elliptic problems. We remark
that our results holds true for Neumann boundary conditions with straightforward
modifications in the proofs. In the particular case h = 1, the uniqueness was
already established in [37]. Our assumptions in particular include Allen-Cahn-type
p-Laplacian problems (see Example @3], and so extend some previous results of
[1516] for the case of p=2, h =1, g = ku — u?~! with ¢ > 2.

Set

(4.2) H(t) ::/O h(s)ds and G(z,t) ::/0 g(z, s)ds,

and assume:
(H1) h:[0,00) — [0,00) is continuous, bounded, and nondecreasing.
(H2) The map u + [, G(v,u)dz is Fréchet differentiable in W, ?(Q2), and its
derivative evaluated at v € W, P () is Jo 9z, u)v da.
(H3) For every x € Q, the function ¢ — G(z,t'/P) is concave on [0, c0).

We say that u € W,"*(2) is a weak solution of @I)) if

/ R(|Vul?) | VulP2VuVo de — / g(z,u)vdz =0 for all v € Wy P(Q),
Q Q

or equivalently, u is a critical point of the Fréchet differentiable functional
1
(4.3) I =+ / H(VuP)de — [ Gle,u)de, ue WIP(Q).
Q Q

Observe that by (H1) the function H is convex, but since we do not assume that
G is concave, I is not necessarily convex. We also suppose the following condition,
which is related to (32)).
(H4) (Regularity and global comparison) Every critical point v > 0 of {3) is
C (ﬁ) Given any positive critical points u,v of [{3)), there exists 6 > 1
such that 6 v < u < dv in Q.

Theorem 4.1. Assume (H1)—-(H4), let I be as in [A3), and let A be the set of
positive critical points of @3). If A # 0, then the following hold:
(i) I is constant on A.
(ii) If h is increasing or the function in (H3) is strictly concave, then A is a
singleton.
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(iii) If h >0 on (0,00), then A C {augp; o € (0,00)} for some uy € A.
(iv) If we assume (H4) only for u € A’ C A, then (i)—(iil) holds with A replaced
by A’

Remark 4.2.

(i) Note that h > 0 implies that H is strictly increasing. Also, if h is strictly
increasing, then H is strictly convex.

(ii) Hypothesis (H2) is satisfied for example if g : @ x R — R is continuous and
there exist C' > 0 and r > 0 with (N —p) < (p — 1)N + p, such that

lg(z,t)| <C(A+|t|") foralteR, xeq.
(iii) Theorem (1] can be trivially extended to differentiable functionals
we W — I(u) = H(|VulP) — G(u),

where W is Wy (Q) or W?(Q) and the critical points of I satisfy (H4).
Moreover, H : L'(Q) — R is nondecreasing (with respect to the cone of
positive function in L') and convex and G : W — R satisfies (H3) with G
replaced by G.

(iv) In the proof of uniqueness of positive solutions for ([&.I]), it is sometimes
assumed (see e.g. [37, (H2)]) that

g(z,t)
tp—1

is strictly decreasing in (0, c0),

which implies (H3).

(v) On bounded domains the global comparison of positive solutions (GC for
short) introduced in (H4) is a consequence of the Hopf Lemma. Indeed, if
gL < 0 and % < 0 on 99, then the GC follows from Lemma [3.4. However,
the Hopf Lemma is not suitable to obtain the GC if the problem is posed
on RN, In this case the argument needs to be replaced by sharp decay
estimates, as presented in Section 8]

(vi) The result of Theorem H] holds true under slightly weaker conditions,
where we require (H1)—(H3) only on the range of v and Vu (when we have
a priori estimates). This version will be used in Section

To prove Theorem ]| from Theorem [[LT] we need the following lemma, which
generalizes Lemma

Lemma 4.3. Let W be either Wy P(Q) or WP(Q) and let & : W — R be given
by ®(u) = [, H(|Vu|P)dz with h as in (H1). Let u,v € W such that u,v > 0 in Q

and ’y( ) (1 = t)uP + tvP)Y? fort € [0,1]. Then:

(i) t = D(y(t)) is convex on [0,1].
(ii) ¢+ ®(y(t)) is strictly convex on [0,1] if u,v € C(Q) NW, u # v, and h is
ncreasing.
(iii) t — D(y(t)) is strictly convex on [0,1] if u and v are linearly independent,
u,v € C(Q)NW, and h > 0 on (0, 00).
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Proof. From (H1) we know that H : [0,00) — R is nondecreasing and convex.
Then, from (3I1), given ¢1,t2 € [0,1] and 6 € (0, 1),

(4.4)  D(y((1 = 0)ty +0t2)) = ; H(IVy((1 = 0)t1 + 0t2)|")da

</ H((1 = 0)|Vy(t1)[P + 6]Vy(t2)|P) da

< /Q (1 =0)H([VA(t)[P) + OH([Vy(t2)[P)] dz = (1 = 0)@(v(t1)) + 02(1(t2)),

and (i) follows.

In addition to (H1), if h is increasing or h > 0, then H : [0,00) — R is increasing
and the first inequality in ([@4]) is strict if v and v are linearly independent, and (iii)
follows. Otherwise, u = awv, and if in addition h is increasing, then H is strictly
convex and the second inequality in (4] is strict unless |Vy(t1)| = |V~y(t2)]. Thus
a=1and u = v, and (ii) holds true. O

Proof of Theorem E1L Let I : Wy (Q) — R be a Fréchet differentiable functional
given by ([£3) and let A be the set of positive solutions of (£I]). It is enough to
show that conditions (a)-(c) of Theorem [[T] are satisfied.

Suppose that u and v, with u # v, are positive solutions of (1] and set v(t) =
(1 — t)uP + tvP)Y/P. Then, from (H4) and Corollary B3] we infer that + satisfies
the hypotheses (a) and (b) of Theorem [[J] From Lemma A3l (i) (where we use
(H1)) and (H3) we obtain that t — I(y(t)) is convex on [0,1], as it is the sum of
two convex functions. Therefore (¢) of Theorem [[] holds and (i) follows.

To prove (ii), observe that by Lemmald3] ¢ — I(y(t)) is strictly convex on [0, 1] if
either H is strictly convex (equivalent to h being increasing) or the strict concavity
holds at (H3).

Finally, (iii) follows from by Lemma [A3] (iii) if © and v are linearly independent,
and hence A C {aug; a € (0,00)}.

The proof of (iv) immediately follows after replacing A by A’. O

4.1. New proofs for classical equations. Throughout this section Q C RY,
with N > 1, is a bounded smooth domain and p > 1. Some of the results, namely
Examples @4 and [A.6], already appeared in [70, Sections 2.5.4 and 2.5.5], where the
author uses a different approach and the uniqueness is proved via strict variational
subsymmetry transformation groups; see [70, Section 2| for more details.

Example 4.4 (p-sublinear problems with Dirichlet boundary conditions). Consider
@EI) with h =1 and g(z,t) = [t[972t with 1 < ¢ < p, that is,

(4.5) ~Apu=|ul"%u in Q u=0 0Q.

Then, by [38,56], any weak solution is C*(Q). Since G(t) = %|t|q, then G(t'/7) =
%|t\q“’ is strictly concave on [0,00) as ¢ < p. Condition (H4) is satisfied by com-
bining Hopf’s Lemma [82 Theorem 5] with Lemma B4l Hence, by Theorem [T

problem (3] has at most one positive solution. On the other hand, it is standard
to show that in this case ([@I]) has a positive solution (a global minimizer of I).
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Remark 4.5. An alternative proof of the result above is presented in [37], where
the path v(t) = ((1 — t)u? + tvP)'/? is used to prove the integral monotonicity

—_ 1/p 1/p
(4.6) / ( Apul? | Apv ) (u — v)dz > 0.
Q

ulP—=1)/p v(=1)/p

Alternatively, it is simple to show that D = {v > 0;0/? € W,P(Q)} is a convex
cone and as proved in [12, p. 230] (see also [50]), the functional

v I(0YP) = J(v)

is strictly convex on D. Therefore, since I has a global minimizer u € Wy (Q) with
u > 0, J has a global minimizer on D, and the uniqueness of positive minimizers
of I follows from the uniqueness of a minimizer for J; see also [55, Lemma A.4]
for an application to a Gross-Pitaevskii energy functional. However, the proof of
uniqueness of positive critical points requires more attention, as showen by our
example (L)), since I might have more critical points than J, and the cone of
positive functions in VVO1 "P(Q) has empty interior if 1 < p < N.

Example 4.6 (Simplicity of the first p-Laplacian eigenvalue). The first eigenvalue
of the p-Laplacian operator is given by

(4.7) A, = inf 22
weWs P @O0} [y Py
Q
Moreover, the first eigenfunctions can be characterized as the nontrivial critical
points of

1 A
I(u) = —/ |Vu|Pdz — —p/ lulPdz, ue W,P(Q)
pPJa P Ja
or as nontrivial solutions of
(4.8) —Apu=Aylulfu in Q u=0 0Q.

It is standard to show that (A8]) has a positive solution (a global minimizer of I).
Then the simplicity of A, is a consequence of Theorem [A.1] (iii), with h(t) = 1,
g(z,t) = A,|t|P~2t, and A defined as the set of positive solutions of ([@SF). Note
that h is not strictly increasing and that G(tl/ P) = %t is not strictly concave. See
[78LB3L58L72] for alternative proofs and [12/22] for similar proofs.

Example 4.7 (Nonlinear boundary value problems). Consider the equation
ou
v
Here we prove that (£9) has at most one positive weak solution; see [17, Theorem

1.2] for the existence of infinitely many sign-changing weak solutions.
The weak solutions of (£9) are defined as the critical points of

(4.9) —Apu+|uf2u=0 in Q |Vuf 2= =u/?u on 99, 1<q<p.

(4.10) I(u) = 1/ (IVul? + |u|?) dx — 1/ luldS, u e WhP(Q).
pJa 4 Jon

Note that since ¢ < p the boundary integral is well defined. By [B8,56], any weak
solution of @) is C*(2). By [82, Theorem 5], any nonnegative nontrivial critical
point v of ([@I0) satisfies v > 0 in €. Set

A= {u € W"P(Q);u is a positive weak solution of (@IJ)}.
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The positivity on Q for any u,v yields (H4), and from Remark with

- 1 ~ 1
H(v)z}—j/vdm, G(U)ZE/ |U|de—/ 0|7 dS,
Q Q o0

and the strict concavity of G, we infer that A has at most one element. Again it is
standard to show that A is not empty (contains a global minimizer of I).

Example 4.8 (Nonlinear Steklov problem). The arguments from Examples
and [£7] can be applied to prove that the first eigenvalue of

—Apu+[ufP2u=0 in Q, |Vu\p*2% = AuP"?u on 99
v

is simple; see [62] for an alternative proof based on arguments from [58, Appendix]
on the strict convexity of the function

zeRN, 2z 2P

Example 4.9 (p-Laplacian Allen-Cahn problems). Let ¢ > p > 1 and consider the
equation

(4.11) w>0in Q u=0 on 09,
and let A, be as in @Z). Set X = WyP(Q) N LI(Q) with the norm [ulx =
IVull L) + l|ulla(o), and define I : X — R by

q P
I(u):l/ |Vu\pdx+/ <M—k|u—) dx.
pJa a\ 4 p

The weak solutions of ([ IT]) are defined as the nontrival nonnegative critical points
of I. By testing (.I1]) with v we infer that (411} has no weak solution if k£ < A,,.
So we consider k > A,. By testing (@I1]) with (u— k'/97P)* we can show that any
nonnegative solution satisfies ||ul| gy < k*/(2~P) and by [38)56], u € C*(€2). Then
the Hopf Lemma, as in [82) Theorem 5], combined with Lemma B4 guarantees
(H4). Then, from Theorem ] by setting

A= {ue X;u>0is a weak solution of (£11)}

and noting that h =1 and G(t) = §|t|p - %|t\q with G(t!/P) being strictly concave
on [0,00), we infer that ({11 has at most one (positive) weak solution (Corollary
B3 guarantees that (t) = ((1—t)u? —tvP?)'/? is locally Lipschitz at t = 0). Finally,
with k& > A, it is simple to show that A contains a global minimizer of I. See
[15, Theorem 4] and [16, Theorem 6] for alternative proofs in the case of p = 2
and ¢ = 3. For the general case ¢ > p > 1 an alternative proof follows using the

arguments in [37] based on the relation (Z.4).

{ —Apu = klulP72u — [ul?"%u in

5. MEAN CURVATURE TYPE OPERATORS

5.1. Mean curvature operator in Euclidean space. In this section we inves-
tigate solutions of

V14 [Vul?
where Q C RY, with N > 1, is a bounded smooth domain. Note that problem
(1) has the structure of @) with k() = (1 +t)~2, but h does not satisfy

(5.1) —div <l> =g(z,u) in £, u=0 on 0,
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(H1) since it is a decreasing function. A model nonlinearity in this section is
g(z,u) = AP~ with p € (1,2), A > 0; however, in this case it is known [44.[54]
that there are multiple nonnegative solutions of (EII). Even in this case, our method
yields the uniqueness of solutions in certain subsets of the state space, specifically for
functions with an additional bound on the gradient. We remark that the existence
of small C'-solutions was proved in the one-dimensional case in [20,/44] and the
existence of small solutions in higher dimensions in [67]. Our uniqueness results
provide new insights into the bifurcation diagrams obtained in [20, Figure 2] and
[44, Figure 1]. Observe that our results also apply to Allen-Cahn-type nonlinearities
like g(z,u) = k|u|P~2u — |u|?"?u with k > 0, ¢ > p, and p € (1,2).

Theorem 5.1. If there exists p € (1,2) such that the function t — G(x,t%) is
concave and (H2) (from Section H) is satisfied, then there exists at most one positive

solution of ([BJ)) in the set
1/2
[e9) 2—
Z = {u e W3 (Q); [Vl o) < (Z?I;) }

Proof. We verify assumptions of Theorem [[T] with the curve ~ defined for any
u,v € Z, u,v >0 by

y(t) = ((1—tu? + 1)y,  teo,1].

Note that solutions to (Bl) that belong to Z are critical points of the Fréchet
differentiable functional

I:W,P(Q) =R, I(u) ::/ V1+|Vul? = G(z,u) dz.
Q

To prove the convexity of t — I(y(t)) we use Lemma [3.5] with
1/2
9 _
(8)").
p—1

Then Fi(z) = pz%pil)/p for any z; € (0,00) and Fy(22) = /25 — 1 for any 29 =
M(z) € [1,1/v/p—1). It is easy to check that Fj(z2) < 0, F}'(z1) < 0 for any
(21, 22) € (0,00)x(1,1/4/p — 1). The strict concavity of F on (0,00) x (1,1/+/p — 1)
now follows by (BI0) from

(G- (G-

Note that this is the only step where we need a restriction on the gradient. Thus
from Lemma we have that ¢ — M(|V~(t)|) is strictly convex whenever at
least one of |Vul|, |Vu| is positive. Here and below, the gradient of a function
is understood in a weak sense. Clearly, M(|V~(-)]) = 1 if |Vu| = |Vv| = 0. If
|Vu| = 0 almost everywhere, then w is constant and therefore zero by the boundary
conditions, a contradiction to v > 0. Thus |Vu| > 0 on a set of positive measure,
and on that set ¢t — M(|Vy(t)|) is strictly convex, and consequently for each
u,v >0,

Q(z) = 2P, z€(0,00), and M(z) =1+ 22, z €

t— / M(|V~(t)]) dz is strictly convex in [0,1].
Q

Since t — G(x,7(t)) is concave, the strict convexity of ¢t — I(y(t)) follows.
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Moreover, any solution in Z of (B satisfies a uniformly elliptic equation, and
consequently it is smooth by elliptic regularity and moreover satisfies the maximum
principle and Hopf Lemma. Thus by Lemma .4 and Corollary we obtain
condition Theorem [[T] (b), and the uniqueness follows. O

5.2. Mean curvature operator in Minkowski space. We now consider a quasi-
linear Dirichlet problem involving the mean curvature operator in Minkowski space,
namely,

(5.2) —div (L) =g(z,u) inQ, u=0 on 04,

V1= |VuP?

where Q C RY, with N > 1, is a bounded domain. Existence of positive solutions
can be found by minimization of

I(u) := /Q (1 - m) — G(z,u)dx,

where G(z,t) := fotg(:z:, s) ds on the convex set
Ko = {u e Wh(Q);|Vu| < 1, u =0 on 99},
under suitable assumptions on g; see for example [14].
Set
diam(Q) == sup{|z —yl;z,y € Q}, M := %@7
and we have that
(5.3) llullpe) < M forall u € K.

Our main contribution is the following new uniqueness result.

Theorem 5.2. Let Q C RY be a bounded smooth domain and assume that

(G) for every x € Q, the function t — G(x,~/t) is concave in [0, M?].

(g9) The function g : Q x [0, M] — R is continuous and of the form g = g1 + go,
with g;(2,0) =0 fori = 1,2, where t — g1(x,t) is Lipschitz continuous in
[0, M] uniformly in x and go is continuous and nonnegative in Q x [0, M].

Then ([B2) has at most one positive classical solution; that is, the set
A= {u e C**(Q);u >0 in Q and u satisfies (5.2)}
contains at most one element.

Remark 5.3.

(i) (g) is used to show (H4) from Section [

(ii) If one assumes (g) and that g(z, -) is nonincreasing in [0, M| for every z € Q,
then (B.2)) has only one solution by the convexity of the energy functional
(see [9, Proposition 1.1]).

(iii) If the concavity assumption (G) is dropped, then there are results on mul-
tiplicity of nontrivial nonnegative solutions. In particular, [I4, Theorem
3] shows that (5.2) has at least two nontrivial nonnegative solutions if
g(z,u) = k|u|P~2u — u, p > 2, and k > 0 is large enough.
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Let Ay denote the first Dirichlet eigenvalue of the Laplacian in Q. Theorem
and standard existence arguments imply the following result, which applies in
particular to g(z,u) = ku — |u|P~2u with k > 2\, p > 2, or to g(z,u) = |u|7%u
for g € (1,2).

Corollary 5.4. Let Q ¢ RN, N > 1, be a bounded smooth domain. In addition
to (G), (g) from Theorem B2, assume that g is Holder continuous in € x [0, M],
g(-,0) =0 1in Q, and
G(z,t)
t2
Then ([B2) has a unique positive classical solution.

(5.4) >\ as t— 07, wuniformly in = € Q.

We prove first the main theorem of this section.

Proof of Theorem B2 By (&.3]) and [9, Corollary 3.4 and Theorem 3.5] there is
6 € (0,1) such that

(5.5) A CH{u e Ko; |Vu| <1-6}.
Let _
g(x,t) := sign(t)g(z, min{|t|, M }) for (x,t) € QA x R,
and G’(x,t) = fo g(z,s)ds. Note that ¢ is just a truncation of g extended as an
odd function. Moreover, let h € C([0,00)) be given by

1
ﬁ(t)—{ T telo,1-46],
B 1
+, t>1-9,

with 6 as in (55), and let H(t) := [ h(s)ds for t > 0. By (53) and (5.3), the
elements of A are critical points of

T HNQ) SR, F(u):= /Q % ~ G w)da

Clearly h satisfies assumption (H1), § satisfies (H2), and, by (@), for every z € €,
t — G(z,t) = G(x, V1) is concave on [0, M?], and so (H3) is satisfied. We now
show that (H4) holds for all elements in A. Note that these might not be all the
critical points of 1. We argue as in [30, Lemma 2.2]. Let u € A and note that u
solves the uniformly elliptic linear equation — Zgjzl ;ijOz,z;u — cu = p, where

(5.6) aij = a(|Vul?)d;; + 20/ (|Vul?)8y,udp,u - with a(s) == (1 —s) 72,

0;; is the Kronecker delta, c(z) := fol 91 (z, su(x))ds, and p(z) := ga(x,u(zx)) for
a.e. ¢ € Q. By (g) we have that p > 0 and ¢ € L*°(2). By Hopf’s Lemma we
obtain that g—?} < 0 on 09. Therefore, for every u,v € A there is 6 > 1 such that

$v < u < v. The result now follows from Theorem 1] (iv) and (i). O

Proof of Corollary B4l The uniqueness follows from Theorem We now show
that
A= {u e C**(Q);u > 0in Q and u satisfies (5.2)}

is nonempty. Here and below « € (0, 1) denotes possibly different Holder exponents.

Let
IiKy > R: f(u)z/ (1 - VI-[VaP) ~ G(au)d.
Q
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with G and § as in the proof of Theorem Since ¢ is continuous and bounded
in Q x R, [T4, Theorem 1] implies that I attains its infimum at @ € Ko N W2P(Q)
for some p > N with ||Vil|f~(q) < 1 and @ solves (5.2) with g replaced by g. By
(54) and the inequality 1 — /T —t < ¢ for t € [0,1], one has I(e@;) < 0 for € > 0
small enough, where ¢ is the positive eigenfunction associated to A; normalized
in L2(Q). Therefore, I(@) < 0 and hence @ # 0. Moreover, since t — G(z,1) is
even by construction, we have that I(|a|) = I(), and consequently o := |u| € Ky
is also a critical point of I (in the sense of [14]). Therefore [I4, Theorem 1] implies
that v € Ko NW?2P(Q) for some p > N with ||V f(q) < 1 and solves (5.2), since

9(@,v) = g(x,v) by E.3).

Arguing as in the proof of Theorem [5.2] —Zgj:l 0,2, 0 = 1 with a;; as
in (56) and 7(x) := g(z,v(x)). Since n € C**(Q) and v € C»*(Q) by Sobolev
embeddings, we have that a;; € C%*(Q). Then [42, Theorem 6.14] yields that
v € C%%(Q). Finally, v > 0 in © by the maximum principle. O

6. PROBLEMS INVOLVING FRACTIONAL LAPLACIANS

In this section we use Theorem [[.1] to obtain new uniqueness results for nonlocal
operators.
Let s € (0,1) and © C RY, N > 1, be a bounded smooth domain, and let

2 3
5(Q) =< ue L*(RN); 7// Jul@) Z @) 44,) " <
#3(0) {u @il = ([ [ O S0E ddy) < o0

and uw=0 inRN\Q}

denote the fractional Sobolev space of order s and

ul(e) — uly) u(z) — uly)
—A)’u(x) = PV. — 2 dy = lim — 77
(=8)u(@) o T =gz W ey

denote the fractional Laplacian of order s, where we have omitted any normalization
constant for simplicity. We say that u € C%*(Q) N H(€2) is a weak solution of

(6.1) (=A)°u = g(z,u) in £, u=0 in RV\Q,
if

©) L[ / =R =20ty — [ gt uw))ote) d

for all ¢ € H§(2). Let X be a subspace of H5(€2) such that the energy associated

to (6.1

Ik
(6:3) / / N 2 | dedy — | G(z,u(x)) dx forall u € X
RN JRN \x - | +2s o~

is well defined and Fréchet differentiable, where G is given by (2] and

(6.4) the derivative of u— | G(z,u)dx evaluated at v € X is / g(z,u)vde.
Q Q

The choice of X depends on the nonlinearity, and for most applications one can
consider X = H§(Q) or X = H§(Q) N LP(Q) for some p > 2. In the latter case we
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endow X with the norm ||u||x = ||u||zs +||u||Lr (o). We mention that this functional
setting was presented in [74].

Theorem 6.1. Let Q@ C RY be a bounded smooth domain, let s € (0,1), and
assume that

(G) for every x € Q, the function t — G(x,+/t) is strictly concave in [0,00);
(g) the function g : © x R — R is continuous of the form g = g1 + go, with
91(2,0) =0 and t — g1(x,t) is locally Lipschitz continuous in R uniformly
in x, and gy is continuous and nonnegative in Q x [0, 00).
Let X = H§(Q) or X = H{(Y) N LP(Q) for some p > 2 such that I as in (63)
is Fréchet differentiable in X and ([G4) is satisfied. Then (1)) has at most one
positive weak solution u € C%*(Q) NHF(Q).

Proof. Let X = H§()NLP(Q) be endowed with the norm [Jul|x = |u|| s +|lul L (o)
(the case X = H(Q) follows similarly). We use Theorem [T with A C C%*(Q)NX
being the set of nontrivial nonnegative weak solutions of (6.IJ). Observe that, by
the maximum principle (see, for example, [39,[48]), any element of A is positive in
Q. Fix u,v € A. For t € [0,1], let v(¢) :== ((1 — t)u® + tv?)2. We show first that
v :[0,1] = X is well defined and Lipschitz at ¢ = 0. We start with the H®-norm;
that is, we show that

Hv(t) —(0) H

(6.5) t

< Cllulla- +lollas)  forte (0,1]
HS

and for some C' > 0. Indeed, note that
y(t) —~v(0)  v?—wu? w? —1

= = U T
t () Fu (1 —t+tw?)z +1

— uz(w, 1),

-1
(1—t4t€2)541°
Q. Since u,v € C%*(Q), there exists M > 0 such that 0 < v < Md® in Q, where
§(x) := dist(x, RNV \Q). Moreover, u is a weak solution of (—A)*u—c(z)u = p, with
c(z) = fol g1 (z, su(zx)) ds, and p(z) := go(z,u(x)) for a.e. z € Q. By (g) we have
that p > 0 and ¢ € L*(Q2). Then, by Hopf’s Lemma (see [39]) there is m > 0 such
that v > md® in Q. Therefore w < % in Q. Moreover, for x,y € ,

u(@)z(w(@),t) — uy)z(w(y),t) = (u(r) — u(y))z(w(z),t)
— u(y)(2(w(y), t) — z(w(@),1)),

where w := Zxq, 2(§,1) := and yq is the characteristic function of

and by the Mean-Value Theorem
u(y)z(w(z),t) = 2(w(y), t)| < Cru(y)|w(z) —w(y)| = Cilv(z) —v(y)

< Co(fo(z) = v(y)| + [uly) —u(@)]),

where C; := sup |0wz(k,t)| < oo and Cy := C + %
kelo,M] tef0,1]

’m

On the other hand, if # € Q and y € RN\, then u(y) = 0 and
u(@)z(w(x), t) — u(y)z(w(y), t)] < Ciljw|| e (@)lu(z) — u(y)].
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These estimates readily imply (6.3]), and therefore + is Lipschitz at 0 with respect
to the H*-norm. Moreover, by Corollary [3.3] we have that ~y is Lipschitz at t = 0
with respect to the LP-norm, and therefore « is Lipschitz at 0 with respect to the
norm in X.

Finally, to prove the strict convexity of ¢t — I(y(¢)) it suffices (see (B8)) in the
proof of Lemma B3] to show that

(V) (@) = 7O} (®))* < (1 = t)(u(z) — u(y))® + t(v(z) —v(y)*  forz,y e RY
(recall that ¢ — — [, G(x,~(t)(x)) du is strictly convex by assumption (G)). Indeed,

after the substitution a = /1 —tu(z), b = V1 —tu(y), c = Vtv(z), and d =

Vto(y) this is equivalent to

< ((a—b)2+(c—d)2)%,

which follows from the Minkowski inequality. Thus all the assumptions from The-
orem [[T] are satisfied and the uniqueness follows. O

‘(GZ _1_62)% _ (b2 +d2)%

Remark 6.2. Note that whenever (H4) from Section [ holds, we can use the path

~(t) == ((1 —t)u”—l—tvp)i, p > 1, to show the uniqueness of a nontrivial nonnegative
critical point of the functional

Ju(w) ~ u(y) :
dzdy— | G(z,u(z))dz for all u € W5P(Q),
2p /RN /RN |z —y|N+5p Q (@, u(@)) 0" ()
where t + G(z,t'/P) is strictly concave; cf. (H3). This functional is related to the
fractional p-Laplacian (—A)s, s € (0,1). Assumption (H4) can be deduced from
a Hopf-type lemma, but, to our best knowledge, such result is established only if
p=2.

Let A; > 0 and ®; € C%*(Q) N H5(Q) be such that
(6.6) (=A)*®; =AP; inQ, ®; >0 inQ, ®; =0 in RM\Q;

see, for example, [48] Theorem 5.23]. Then Theorem [6.Iland standard minimization
arguments imply the following.

Corollary 6.3. Let Q ¢ RY, N > 1, be a bounded domain of class C?, let s €
(0,1), p > 2, and k > Ay. Then @) with g(x,u) = ku — [u[P">u has a unique
positive weak solution u € C%*(Q) NHE(Q).

Proof. The uniqueness follows from Theorem The existence follows from a
standard global minimization argument. We recall that X := H§(Q) N LP() is
(compactly) embedded into L?(£); see, for example, [36, Theorem 7.1]. Tt is stan-
dard to see that I is bounded from below and weakly lower semi-continuous, and
therefore a global minimizer v € X is attained. Moreover u is nontrivial because
the condition k > A; guarantees that I(e®) fQ (A — 5 %@fd)s%b% dr <0
for € ~ 0, by (60). Finally, since |u| € X and I(|u\) < I(u), we may assume that
u>0in RY.

It only remains to show that « > 0in Q and u € C*(Q). Let ¢ = (kP2 —u)~ €
X. Then (G2)), the fact that the positive and the negative parts of a function have
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disjoint supports, and u(k — [u[P=2)¢ < 0 yield

_1 (u(z) — u(y))(o(x) — ¢(y)) o
0= 2 /RN /]RN |z — y|N+2s dady — /QU(I)(k — |u(z)|P~?)p(x) dx

1 (¢(x) — ¢(y))? 2
> 5/RN /RN R dady /Qu(x)(k:— () P~2) () dz > 0.
Therefore ||ul| g~y < k=2, This implies that the right hand side of (6.1)) is

nonnegative and bounded. It follows by regularity (see [71]) that u € C%*(Q). The
strict positivity u > 0 in 2 follows from the maximum principle; see, for example,
[39,48]. This ends the proof. O

7. HAMILTONIAN ELLIPTIC SYSTEMS

Let Q C RN, N > 1, be a bounded smooth domain and consider the Hamiltonian
elliptic system
—Au= |y in Q
(7.1) —Av = |ulPlu in Q,
u,v=0 on 0f)
in the sublinear case, a notion which, for these systems, corresponds to
(7.2) p,g>0 and p-g<1.

The uniqueness of a positive solution to (T.Il) was proved in [3I, Theorem 3] (see
also [63]) using a Krasnoselskii [52] type argument. Here we present an alternative
proof based on Theorem [Tl

Theorem 7.1. If ([T2) is satisfied, then [I)) has a unique positive classical solu-
tion.

To prove Theorem [Tl we will treat (1)) by using the dual variational method.
We mention that this approach has been used in [27] in the case p > 1 and ¢ > 1;
see also [19] Section 3] for general p and q.

For any r > 0 define ¢, : R — R by
bp(t) = t|""'t, teR.
Then we rewrite (1)) as
u=(=A)"H (| ) = (=A)Hgg(v), v=(=A)TH(ulP ) = (—A) T Hep(w),
and after introducing the new variables f = |u[P~ u = ¢, (u) = —Av, g = |v|71v =
¢q(v) = —Au, we are led to the system
_ 1 _ _ 1 _

(73) (=)=l e =09, () g =IfP TN =0, ().

Define K := (=A)~!, X := L% () x L+ (). Since Jo [Kgdx = [, gK [ dz,
it follows that the system (73] appears as the Euler-Lagrange equations associated
to the action functional

@) o) = [ (SEA% 4 Ll Yo~ [ fRgds. (o) e x.

It is well known that (f,g) € X is a critical point of ® if and only if (u,v) =

(Kg,Kf)=(¢,"(f), ;' (g)) is a classical solution of (Z.T).
Within this framework, with ® as defined above, we prove Theorem [Tl with the

help of Theorem [[.T] We need some preliminary results.
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Theorem 7.2 (Generalized Minkowski inequality). Let F' : X XY — R be a
measurable function on a o-finite measure space X XY and let u, v be the respective
measures on'Y and X. Then, for any 1 < p < oo,

(/X (/Y |F|dﬂ(7i)>pd’/(f)>%</y</xdel/(f)>;dp(77),

For the proof of the above generalized Minkowski inequality we refer to [79] and
[45, Theorem 202].

Proposition 7.3. Let 3 > 1 and G1,Go € LP(Q) be nonnegative functions and let
K = (=A)~'. Then the pointwise inequality holds:

(7.5) (KG1)? + (KG2)?)s < K(GY+ G55 in Q.
Note that the variable x for KG;(x) and G;(x) is not indicated to simplify notation.

Proof. This is a particular case of Theorem Indeed, let G be Green’s function
of —A, that is, Kf = G * f. Then ([H]) follows from Theorem with p = 3,

dlu’(y) = G(.’E,y) dya v = 51 + 52, X = {1,2}, Y = Q, and F(Z,y) = Gl(y) U
Lemma 7.4. Let m >0, m# 1, and t € (0,1). Then the function
(7.6) g (1=t)m?+ 1)1, ¢ (0,00)

18 increasing.
Proof. Since the derivative of the function defined in (78] is
(1 = t)ym9 4 t)'/a <(1 —tmilnm  In((1 —#)m? + t)>
q (1 —t)me +¢ q ’
it suffices to prove the positivity of the term in parentheses. This is equivalent to

(T=tmi4+t)In((1 —t)m? +t) < (1 —t)mIInm? +tln 1,

and the monotonicity follows from the strict convexity of the function = € (0, 00)
zlnzx. |

Proposition 7.5. Let f; € L%(Q), g; € LqTH(Q), i = 1,2, be positive functions
and assume [T2). If (f1,91) # (f2,92), then for each x € Q,

0 ((1 -0r” +tf2%> K <<(1 — et +tgzq#> ‘”)

is strictly concave on [0, 1].

Proof. Arguing as in [B.8) of the proof of Lemma B it is enough to prove the
pointwise inequality

(7 (u_t)ff%”f;’#)m K(((l—t)g% +tg;%)w>

>(1-t)f1iKg +tfaKge, forallte(0,1), forallzel.

First observe that the condition p - ¢ < 1 is equivalent to 2= + - < 1. Set

p+1 q+1
a= p’# and let 8 > 0 be such that
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Then observe that 8 < %. Applying ([Z6) with m = ¢, for any @ > 0, b > 0
with a # b and ¢ € (0,1), the function r € (0,00) — ((1 — t)a” + tb")+ is strictly
increasing. Since K = (—A)~! is a strictly monotone operator, it is enough to
prove ([Z.8]) as a nonstrict inequality with % replaced by 3.

After the substitution

Fyi=(1-t)afy, Gy = (1—15)%91, Fy = ta fo, Go =17 go,
we obtain that (Z8) (with nonstrict inequality) is equivalent to
(FO + F) = K(G? + G5 > KGy + F,KGy,  t€(0,1).
By Holder inequality and Proposition [7.3],
FLK G+ Py K Gy < (FP +F§) s (KG1)P+(KGo)?) < (FP+F5) 7 K(G{+G3)7
as desired. O

Remark 7.6. If p > 0, ¢ > 0, and p- ¢ = 1, then (Z8) holds true as a nonstrict
inequality.

Remark 7.7. By setting f1 = efa, g1 = g2 in (L8) we have (after division by
fiKg1 >0)

1
(1= 1) +6)7 (1— ) +1)7 > ((1 —t)enth —|—t) .
Clearly the opposite (strict) inequality holds true if é + % > 1 and e,t > 0 are
sufficiently small. Thus p-¢ < 1 is an optimal assumption.

Proof of Theorem [[1l Let A be the set of positive solutions of ([ZI]) and let ® be
defined by (Z4).

Step 1. The set A contains at most one element.

It is enough to show that conditions (a)-(c) of Theorem [[1] are satisfied. Given
(fiyg:) with f;,g; > 0, for ¢ = 1,2, and such that (f1,91) # (f2,92), consider the
path

P

A(t) = (((1—t)f1p_‘°l +tf§_"l)“ , ((1—t>gf% +tg?)q“>, re 0,1,

which connects (f1,91) to (f2,g2), i.e., condition (a) from Theorem [Tl In addition,
from (7)) we infer that

t— ®(vy(t)) is strictly convex on [0, 1],

and condition (c) of Theorem [I[1] follows. On the other hand, any positive solu-
tion (f,g) of (Z3) corresponds to a positive solution (u,v) := (¢, (f), ¢, (9)) €
C?(Q) x C?(Q2) of ([I)), and by the Hopf Lemma, we infer that g—;f < 0 and g—z <0
on 9. Then by Lemma 3.4l we have §~'u; < up < duy and § vy < vy < v for
any positive solutions (u1,v;) and (ug,ve) of (Z)). Consequently 5 1f; < fo <46f1
and § g1 < g2 < dg1, and Corollary B3] yields condition (b) of Theorem [l

Therefore, A is empty or a singleton.



PATHS TO UNIQUENESS 7109

Step 2. Existence of a positive solution (global minimizer of ®).

Let (f,g) € L%(Q) X L%(Q) and let a, 8 be as in the proof of Proposition
[CHl Then, since ||Kg||rs < C||g||rs for any s > 0 we infer from the Holder and
Young inequalities (note that 8 < %) that for any € > 0,

p+

1 PES]
/Qngd:r < Clfllzelgllps < G(HfHLI;j + HgHL‘im )+ C(e),

and consequently ® is coercive and in particular bounded from below. Since
q+1 atl q
Kg e WQ%(Q) N Wol’ 7 (Q) and we have the compact embedding W2%1(Q) €

L%(Q) C LPTH(Q), we infer that ® is lower semi-continuous and thus attains its
global minimum, which is negative (indeed, taking ¢ a C'*°(Q) positive function,

(p+1)
D(ep, (ep) Z(Z+1>) < 0 for small € > 0) at a point (fo, go) with fo, g0 > 0 in Q. The
latter statement follows from the maximum principle. O

8. NONLINEAR EIGENVALUE PROBLEMS FROM MATHEMATICAL PHYSICS

In this section we apply our main results to elliptic equations and systems appear-
ing in mathematical physics. More precisely, we approach eigenvalue-type problems,
that is, problems which can be written in the form

Liuy = wiur, ..., Lpup = wiuyg (k>1),

where L; are nonlinear differential operators. There are two different kinds of nat-
ural questions: firstly, given wi,...,wk, does there exist a unique positive solution
to the problem? Secondly, does there exist a unique positive eigenvalue satisfying
the constraint [u? = 1?7 These questions are, in general, not equivalent: in the
second framework, the eigenvalues are not fixed a priori and appear as Lagrange
multipliers. We will deal with these issues in the case of a quasilinear Schrédinger
equation (Section B]) and for a Gross-Pitaevskii—type system (Section [82]), both
for  bounded and Q = RY.

8.1. Defocusing Schrédinger equation. Consider the equation
(8.1) —Au — uAu? + V(z)u+u® = wu in €,

where V(z) is the trapping potential || in case @ = RY or V € L>(Q) and u = 0
on the boundary if €2 is a bounded regular domain and N > 1. This equation arises
when looking for standing waves ¢(t,x) = e*“u(z) of the quasilinear defocusing
Schrédinger equation

i0;0 — Ap — ¢A|G)* + Vo +¢* =0 in (0,00) x €,

which serves as a model in many physical situations, for which we refer to [29.[69].

The first results for (81]) appeared in [60,69], where for = RY and w = 0, a
constrained minimization is used to prove existence of solutions. Difficulties arise
due to the presence of the term uAu? and are related to the existence of three
different scales in the equation. In the variational setting the term [ u?|Vu|? dz is
not well defined in H*(RY), while the natural set {u € H'(RY); [w?|Vu?dz <
oo } is not a vector space. To treat uAu?, a substitution u = f(v) (cf. (82)) was
introduced in [28,[59], which reduced [BI)) to a semilinear equation, with a more
complicated nonlinear zero order term. This reduction, which has also been used
for example in [IL29], allows one to work in the H'! setting.
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We will use the dual method as in [28]. Let f be the odd function such that

P 1
If u is a solution to (1)), by [28, §2], then v = f~!(u) is a solution of
B f) (f()°
RV EETEORNESTED
We recall from [28 Lemma 2.1] that
ft)

t
&—>1 ast — 0, L 5ot/ as t — +o0,

t Vi

and from [28, Lemma 2.2] that

in (0,00), f(0)=0.

(8.3) —Av + (V()

(8.4)

(8.5) %f(t) < ﬁ <f(t) foralteR.

For every fixed w € R, the solutions of (83) are critical points of the C*-action
functional A, : H — R with

Ao =5 [ IVePda+ 5 [ (Vo) =)@ de+ 1 [ ()t

Q
where H = {u € H'(RN); [on |u?|z|? dz < oo} with the norm

= [ 1Vul? + uf*faf da
RN

if @ = RN, and H = HZ(Q) with the standard norm if 2 is a bounded regular
domain. Observe that A, € C1(H,R) since (B3] implies that f2(¢)+2f4(¢) < 4¢2.
On the other hand, we can consider the constraint

M= {v € H; /Q(f(v))2dx = 1}

and the energy £ : M — R,

_1 ’U2$ l x ’U2J) l ’U4l‘
ew)i=g [ VoPdo+ 5 [ V@@)Pde+ g [ () de.

In this second framework, one looks for critical points of £| ¢, and w appears as a
Lagrange multiplier.

When 2 is bounded we prove uniqueness of positive critical points both for A,
and &|, while for Q = RY | we deduce uniqueness of positive critical points of A,,.
The following statements are, to the best of our knowledge, new.

Theorem 8.1. Let Q be a bounded reqular domain of R, with N > 1, and assume
that V€ L>°(Q). Then:

(i) For each w € R fized, there exists at most one positive solution to (81
with uw = 0 on 0%); that is, A, has at most one positive critical point, which
exists if and only if w > A\y. Here Ay stands for the first eigenvalue of
(—A+ V()] HL(S).

(ii) There exists exactly one positive critical point of E|m.



PATHS TO UNIQUENESS 7111

Theorem 8.2. Let Q = RN, with N > 1, and take V(x) = |z|?>. For each w € R
fized, there exists at most one positive solution of [Bl), that is, at most one positive

critical point of A,,, which exists if and only if w > \y. Here Ay stands for the
first eigenvalue of (—A 4+ V(x)I, H).

In order to prove Theorem [B.2] we will need to deduce the sharp decay at infinity
for all positive solutions of (83). Since v = f~1(u) and f(t) ~ t as t — 0, this
also gives the sharp decay result for positive solutions of our original problem (BI]).
Since we believe this to be of independent interest, we state these results as a
theorem.

Theorem 8.3. Let v € H be any positive solution of the problem

3
(86) —Avt(af—w)—tW GO gy
VIH2P() | J1+20)
Then
w—N _ﬁ
(8.7) v(x) ~|z]72 e 2 as |z| = oo;
that is, there exist C1,Cy > 0 such that
w-N _|z|? w-N _|z?
Cilz|z e 2 <w(x) <Chlz| = e 2 for large |z|.
Consequently, if u is a positive solution of
—Au — uAu? + |z)u + u® = wu in RN,
then
w—N _ |z|%
u(x) ~ x| 2 e 2 as |x| — oo.

Let us proceed to the proof of the main results. Next, we will build suitable
paths to set the proofs of Theorems Bl and in the framework of Theorem [l
and Corollary The first step is to verify some convexity of the gradient of these
new paths.

Lemma 8.4. Let u,v € HNWY2°(Q) such that u,v > 0 in Q. Set

(8.8) A(t) = f1 (\/(1 ) f2(u) + tf2(v)) for all t € [0,1].
Then v : [0,1] = H is well defined and, pointwise in €,
(8.9) te |Vy()|* s convex on [0, 1].

Proof. First observe that min{u, v} < ~(t) < max{u, v} for all ¢ € [0, 1] since f? is
increasing. Then, once ([89) is proved, we infer that v(¢t) € H for all ¢ € [0, 1].

We use Lemma and so we show that its hypotheses are satisfied. In this
case we have Q(z) = f2(z), M(z) = 22, and we prove that (z1,22) — F(21,22) =

1/2
Fy(21)Fy(22) is concave on (0, 00) x [0, 00) where Fj(21) = Q" 0Q ™ !(z1) = (HQQZZW

by 82) and Fy(z2) = 25/2. It is simple to verify that Fy and F» are concave and,

! I
by direct computations, (%) —1=1and (?gzi;) —1=148z > 1. Hence, as
2 1

observed in Remark 3.8 F' is concave. |

Next, we use Lemma [B.1] to prove that v defined by (8] is locally Lipschitz at
t = 0 whenever v and v are comparable.
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Lemma 8.5. Consider u,v € H such that
(8.10) u,v >0 in Q andthereis §>1 such that STlv<u<év in Q,

and let v be as in BF)). Then, v :[0,1] — H satisfies v(0) = u, v(1) = v, and v is
locally Lipschitz at t = 0.

Proof. Tt is obvious that 7(0) = u, y(1) = v, and so we just need to verify conditions
(a), (b), and (c) of Lemma Bl Take also into account that we can argue as
in (33) to infer that ~ is locally Lipschitz at ¢ = 0 with respect to the term
w > [on |2[*|w]? dz in the case of @ = RY.

In this case we have Q = f? and so, by 82), Q'(z) = %, which implies
condition (a), and Q"(z) = w Then (b) and (c) follow from (84) and
ED). 0

Now, once the paths are built and their convexity properties established, we
prove Theorem 11

Proof of Theorem [B1l Here we take either
Ay ={ue H;u>0and A, (u) =0} or Ag = {u € M; u>0and &|p(u) =0}
Step 1. Sets A, and Ag are empty or singletons.

Let u,v € A, or u,v € Ag (to shorten the proof, we will prove both statements of

the theorem at the same time). By combining Lemma [84] with the strict convexity
of the map t + t2, we immediately have for v defined in (88) that for u # v,

t— A,(y(t)) and ¢— E(y(t)) are strictly convex on [0,1]

and y(t) € M for every t € [0,1] provided u,v € M. Thus, in order to apply
Theorem [LT] for A, and Corollary for Ag, one needs to prove that « is locally
Lipschitz at 0. For that, we will prove a comparison result like (81I0). Let @ and ©
solve ([83), which (for a positive solution) can be written in the form

) P .
wy/1+2f2(w) w1+ f2(w) '

Then Hopf’s Lemma implies that 1/6 < o/a < § on Q as we desired, and so we can
apply Lemma

Step 2. If w < Ay, then A, is empty. This follows after testing (81 by w.

—Aw+a(w)w =0, with a(w)=(V(z)—w)

Step 3. The set Ag is not empty. Moreover, if w > Ay, then A, is not empty as
well.

Observe that both A, and Ag contain a global minimum of the corresponding
functionals. In fact, both functionals are bounded from below and are coercive:
EW) > 1 [, [Vv|> dz+C1[Q|, while A, (v) > L [, [Vv|? dz+C5|Q|, where C; and Cs
are respectively the absolute minimum levels of the polynomials ¢ — — 4[|V |[oot® +
sttand t = —1(|V]o + w)t? + 1¢*, and we have compact embeddings of H{(£2)
into L%(£2). By combining w > Ay with the behavior of f close to t = 0, we can
prove that e — A, (ep1) is negative for e ~ 0, where ¢, is a positive eigenfunction
of (~A+ V(x)I, H}(Q)), and therefore ming A, is negative. O

In order to prove Theorem R2] we need first to show the sharp decay of the
positive solutions of our problem as in Theorem B3l This result is a consequence
of the following very general result.
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Lemma 8.6 ([64, Proposition 6.1]). Let N > 1, v < 2, and fix p > 0 and a
nonnegative function W € C1([p,00)). If

(8.11) lim W(s)>0 and lim W'(s)s'™ =0 for some 8 >0,
s——+00

s——+00

then there exists a monnegative radial function h : RN \ B,(0) — R such that

W2(|xl)
[

. ||
lim (\x|)\x|NT_Z exp / W(f) ds | =1.
|z]—o0 o S2

Proof of Theorem B3

—Ah(z) + h(z)=0 for all z € RN\ B,(0)

and

Step 1. We claim that v(xz) — 0 as |z| — oco.
Observe that

0, 1w
vy/1+2f2%(v) vy/1+2f2(v)

and therefore v solves

f)
vy/1+2f2(v)

—Av + (|z)* + 1) =(14w)

—Av +a(v)v < (1 +w)b(v)v,
with ,
_f® /(1)
alt) = ty/1+ 2f2(t) " t/1T+2f2(t)
By (84)) and (83]), we have

a,b e L*(0,00), and a is bounded away from 0.

I
t/1+2f%(t)

In particular, there exist k1, k2 > 0 such that
—Av+ K0 < ko in RV,

Now a classical Brezis-Kato/Moser Iteration Scheme yields that v € L>(RY) (see
[65, pp. 1264-1265]). Moreover, reasoning as in [42 Section 3.4] we have |Vu| €
L*°(R™), which, combined with v € H and the Mean-Value Theorem, implies the
claim of this step.

Step 2. As an intermediate step, we prove that there exist C' > 0 and R > 0 such
that
z|?

(8.12) v(z) < Ce= 5" for all |z| > R.
Rewrite (8.0) as

f() )
8.13 ~Av+ (|2 —w)v = (|z* —w) | v — - .
(8.1 (e oy = (af —) (0 - L) - L
Since v — 0 as |z| — oo, by B4, for each € > 0 there exists R > 0 such that the
right hand side of (BI3) is less than or equal to (|z|> — w)ev outside Br(0), and
consequently

~Av+ (Jz* —w)(1 —e)v <0 in RY\ Bg(0).
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Set p := max{R,2y/w}. Then W(s) := /(1 — s 2w)(1 — ¢) satisfies (81T, since
W'(s) ~ Cs™3 as s — 0o. Then we apply Lemma with v = —2, obtaining the
existence of a positive function h satisfying

—Ah(z) + (Jz]* —w)(1 —e)v =0 in RV \ B,(0)

and
~ ||
h(z) ~ |z|” 2 exp <—/ Vi (Sz—w)(l—a)d8> as |x| — oo.

Thus, for |x| sufficiently large, we infer that

'5\2

h(z) < Ce™ %, |z|>R.

By replacing h by ah(z), where a is a sufficiently large constant, we can assume
that v(xz) < h(z) on OBR(0). Hence, by the maximum principle, v(z) < h(z) on
RY \ Bg(0), and thus the claim ([8IZ) follows.

Step 3. Finally, we show that the sharp decay (81 holds.
By (84, for small v the expressions

__ J) )
vy/1+2f2%(v) vy/1+2f2%(v)

are bounded by cv? < Ce~17°/2, Hence we have, for some C' > 0, that

|z|2 |z|2

~Av+ (Jz]* —w—Ce™ 1) <0, ~Av+ (Jzf —w+Ce” 1) >0

in RN \ Bg(0). Observing that W (s) := \/1 — 52w+ Cs 2T satisfy the as-
sumptions of Lemma B8, with W’(s) ~ s73 as s — oo, for a p > R sufficiently
large, there exist positive functions hy, h_ with

|z|2

—Ahy + (2> —w = Ce” 3 )he =0 forall |z| > 5,

and

. ja
hi(x) ~ |x|~2 exp (—/ Vs?2 —w+ Ces2/4 ds) as |z| — oo.
p

Thus, by the maximum principle, there exist positive constants a4 and a_ such
that
arhy <u; <a_h_  forall |z| > p.

Since
Vs —w— Ce 2/ > \/s2 —w— \/Ce—s/4
and
Vs2 —w+ Ces2/4 < \/s2 — w4/ Ces*/4,
and e=*"/2 is an integrable function, we get the existence of two constants C7, Cy > 0
such that

||

||
Cl|x|_% exp (— \/SQ—wds> §ui(x)§C’2|x|_% exp (— \/52—wds) ,
p p
and the statement now follows from

||
Vst —wds= 1 (|x|\/|x|2 —w—wlhn(y/|z]2 —w+ |x|)) +C(p)

2
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and
2 > fa|V]z? —w > 2P =M, |z 2 ]|z —w > m|z]
for appropriate M, m > 0 depending on w and all sufficiently large |x|. O
Proof of Theorem B2 Take
Ay, ={veH; v>0 and A, (v)=0}.
Step 1. We claim that A, is empty or a singleton.
Suppose u,v € A, with u # v. As in the bounded domain case we have that
t— A,(y(t)) is strictly convex on [0,1]

with v defined in (8]). It remains to show that, given u,v € A, there are C;,Cy >
0 such that

;1 < v(@) <Oy forall zeRY,

which follows from Theorem B3]

Step 2. We show that A, is not empty if and only if w > Ay
Since V() = |z|? implies a compact embedding H — L?(R"), we infer that
Vol? + V(x)v?dx
>\V — lnf f]RN‘ | ( ) ,
veH S~ v2dz
the first eigenvalue of (—A + V(z)I, H), is positive.
By testing (81]) by u we see that A, is empty if w < Ay.
Now, if w > Ay, as in the bounded domain case, we have that m := infg A, is
negative. Moreover, observe that

1
Aur) > / IVof? da + C3|B(0, V[,
RN

where Cj is the minimum of the function ¢ — —3|w[t? 4+ 1¢* for ¢ € [0,00). Next,
we prove that there exists a positive function v € H that satisfies A, (v) = m =
infg A, hence v € A,. Observe that, unlike for 2 bounded, it is not immediate
that minimizing sequences are bounded in ||-|| 7, due to the term [,y [z|*(v(z))? d
in the definition of the norm.

However, since A, is bounded from below, there is a minimizing sequence (v,,) C
H of A,. Since A,(|v]) = Au(v), we can suppose that v, # 0, v, > 0, and
A, (vy) < 0 for all n € N. In addition, since A, (v*) < Ay (v) for all v > 0 in
H'(RY), where v* stands for the Schwarz symmetrization of v, we can assume that
vy, are Schwarz symmetric.

From

Au(vn) = l/ ‘VU"‘de + l/ (|33‘2 - W)(f(vn))Q dz + 1/ (f(vn))4d55 <0,
2 RN 2 RN 4 RN
we infer that

1 1 1
3 [ Vnldres [ el —wl( e de+ 5 [ (7o)t de

<[ @ BP0 e

< 1/|x2<w(f(vn))4 dx 4+ Cp(w) < é/ (f(vn))t dz + Co(w)

=38 .
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for some Cp(w) > 0, and hence
(8.14) %/RN \vvn\zdmé/ﬁw ||x\2—w|(f(vn))2dx+é/RN(f(vn))‘*dx < Colw).
From (8I4) we infer that
[wordes [ (e [ (o - o)) da
RN |z|2>2w

|z|? <2w W

(8.15) < Ci(w) + / (f(vn))* do

RN
S 02 (w) .

Hence, from (8.14) and (RIH) one has

(8.16) %/RN \an\zdx—k%/RN(\xF—Fl)(f(vn))zdx—k%/RN(f(vn))‘ldx§C’g(w).

Since v, € HY(RY) is Schwarz symmetric, then v, € C(RV\{0}), and so v, (1) =
M,, is well defined. As v, is decreasing in the radial direction, (8I0) implies that
M, < Cy(w). Indeed,

(F(M)) B (0)] < / ) e £805(0).

From (B4 there exists a positive constant Cs(w) such that ¢ < Cs(w)f(¢) for all

t € [0,C4(w)]. Hence, from (BH) and BI6]),

/ \x|2v3dx:/ |:c\2@,21dx+/ |z|?v2 da
RN |z|<1 |z|>1

2 2 2 2
- /|x<1vndx+05(w) / 22(f (va))? da

Jz|>1

< /z|<1[(f(vn))2+2(f(vn))4]d3:+052(w) / () d < Cole).

lz|>1
In particular, (v,) is uniformly bounded in H, and standard arguments show that
a weak limit v is a global minimizer of A,,.

Therefore, we conclude that v € H is such that v > 0 and realizes m := infg A,,.
Then, by the maximum principle, we infer that v € A,,, as desired. O

Remark 8.7. All results proved in this section can be extended to
(8.17) —Au — [u|* 2ul|ul® + |z u + [ulP e = wu in Q,

with & > 1, p > 1, and v > 0, a generalization considered in [I] (without the
trapping potential and in the defocusing case). The only difference in the proof of
Theorems [R.] and would be the definition of the energy functional

e =5 [[1Vofde=3 [t o+ 5 [P @7+ =5 [ 1r@P

Q p—|—1

and the action functional
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where f is the odd function which solves

"(t) = —1 in (0,00 =

Remark 8.8. We end this section by observing that Selvitella in [73] proved existence
results for some general problems that include (8I7), proving some decay estimates,
which turn out to be nonoptimal in our setting.

8.2. Defocusing Gross-Pitaevskii system. Consider the following system with
k equations:

k
(8.18) —Au; + V(z)u; + u; ZﬁijU? =w;u; in Q, 1=1,....,k,
j=1

where V(z) = |22 if Q = RY or V € L>(Q) if @ C RY is a bounded regular
domain and N > 1. Such a system arises when looking for standing wave solutions
¢i(t,x) = eitu;(x) of the following Gross-Pitaevskii system:

k
(8.19) 109 — Adi + ¢4 Zﬂiﬂéﬁﬂ? =0.

j=1
We will assume that
B = (Bi;)ij symmetric, and either positive semidefinite or positive definite.

The symmetry assumption on B makes the problem variational. The positive
semidefiniteness implies that §;; > 0 for ¢ = 1,...,k. In the case B; > 0, for
every i = 1,...,k, it is usually said that the self-interacting parameters are of
defocusing type.

Remark 8.9. Assume that fi1,..., 0k > 0. With & = 2, (5;5)i; being positive
semidefinite is equivalent to 87, < B11822. For a general k, this assumption is
fulfilled for instance when the off-diagonal terms §;; (i # j) are small with respect
to the diagonal ones (3;;.

These systems appear as a model in the physical phenomenon of Bose-Einstein
condensation or in nonlinear optics (see for instance [26,[75,[80] and references
therein for an easy-to-follow physical description). From a mathematical point of
view, there has been intense activity in the last ten years, both regarding existence
results (check for example the introduction of [77] or [I0,[66] and their references)
as well as the regularity and asymptotic study of solutions as the competition in-
creases, namely, (;; — +oo for i # j (see the recent survey [78] for an overview
of this topic). One of the interesting features of these systems is that they admit
solutions (u1,...,ux) with trivial components; that is, u; = 0 for some .

In order to consider solutions of (8IS]), there are two (nonequivalent) points of
view. The first is to consider w = (wy,...,wy) € R* fixed and look for solutions as
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critical points of the action functional

k k
A, ug) = %Z/(|Vui|2+(V(x)—wi)uf)dac—i—z%/ﬂufda:
i i=1
+Zﬂz]/u

1<J

1 2 — wW; u2 €T
_ 5;/ﬂqvw +(V(z) —wiud)d

1
+—/[u%...ui]B[u?...uz]de
4 Ja

defined in H, where H = {u € (H*(RYN) N LYRN))*; |

en UZlz|? dz < oo for all i}
and

k

12k 1/4
i = 30 ([ 9o e ) 30 ( [ i)
i=1 \JRY

if Q =RY or H = (H () N L*(Q))* and
k

12k 1/4
[wl| g = Z (/Q |Vu2dx> + Z (/Q uf dx)
' i=1

i=1
if Q is bounded.
The second point of view consists of fixing the L?norm (i.e., the mass) rather
that the w;’s:

M={(uy,...,up) € H; [ v?=1, foralli=1,...,k}
Q
and to look for solutions of (BI8) as critical points of the energy functional

—Z/ (|Vu; > + V() +Zﬁ”/ +Zﬂ”/

1 1
>3 [0vul + Vi) + 4 [ - ad1Bld )"
i=1

constrained to M. Among these critical points, minimizers of £| y( are called ground
state solutions. Within this second framework, the parameters w; in (8I8)) are not
fixed a priori but appear as Lagrange multipliers. These solutions are physically
relevant since both the energy and the mass are, at least formally, conserved along
trajectories t — (¢1(t), ..., ¢r(t)) of the solutions of system (8I9)).

In what follows, we will say that (ui,...,ux) is positive if u; > 0 for every
i =1,...,k. Using the first point of view leads to the set

(8.20) A, ={(u1,...,ux) € H; u; >0 forall 4, Al (u, ..., u,) =0},

E(ur, .., up)

while the second leads to
(8.21)  Ag ={(ug,...,ur) € M;u; >0 for all 4, E'Nm(uy, ..., ux) = 0}.

These sets in principle do not coincide, since two critical points of £|prq, or even
two ground states, may have different associated Lagrange multipliers.
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Observe that if the set A, is not empty, then necessarily w; > Ay for at least one
i € {1,...,k}, where Ay stands for the first eigenvalue of (—A + V(z)I, H). The
equivalence is not clear since the functional A, admits, in general, critical points
with trivial components.

On the other hand, the set Ag is nonempty if B is positive semidefinite, con-
taining necessarily a ground state solution, that is, a minimizer of £|p¢. In fact,
the level minag € is clearly achieved by (u;, ..., ux), a critical point of £| ¢ with all
positive components (by eventually taking |u;| and using the maximum principle).
Observe that H € L?(f2) in both cases 2 = RY or Q2 bounded.

Let us first discuss the case 2 bounded. Using Theorem [Tl and Corollary [[.2]
our contribution is the following new result.

Theorem 8.10. Let Q be a bounded regular domain and let B = (B;)i; be a
symmetric matrizx.

(i) Assume that B is positive definite. Then, for wq,...,wr € R fized, the
functional A, has at most one positive critical point; that is, system (8I8])
has at most a positive solution.

(ii) Assume that B is positive semidefinite. Then there exists exactly one pos-
itive critical point of E|pm. In particular, the ground state is unique, up to
sign.

Remark 8.11. As will be illustrated in the proof of Theorem B.I0, if B is not positive
definite, then in item (i) the only thing we can conclude in general is that either
A, = 0 or there exists u = (uy,...,ux) € A, such that

(8.22) Ao, C{(aruq,...,apuk); o; >0  for every i}.

Observe that the strict convexity of Lemma is essential in this case. There
are particular cases when B is positive semidefinite, det(B) = 0, and A, is not
a singleton: if for instance Q is bounded with A (Q) < 1, V(z) = 0, k = 2,
wi =wy =1, and B;; = 1 for every 4, j = 1,2, then (taking also into account (8.22)
and Example [L9)):

3

AOZ{(%U’OQU); —Au=u—u’, u>0 1in{,

u=0 ond, ai+ai=1, aj,a; >0}.

The result of Theorem (i) was proved in [4, Theorem 4.1] by using different
techniques. The proof there consists of using the identity obtained when one mul-
tiplies the i-th equation of (8I8) by %u,((%)2 —1), where u and v are two positive
solutions.

Remark 8.12. If w; > Ay for every i, it is straightforward to prove that A, # 0,
and thus this set is a singleton if B is positive definite. In fact, the level ming A, is
clearly achieved, and if it were achieved by a vector with some trivial components,
say for e.g. (0,us,...,uy), then by taking ; an eigenfunction associated with Ay
and using the fact that w; > Ay, it is easy to show that

Ao, ug, .. ur) < Ay (0, ug, ... ug),
a contradiction.

As an immediate consequence of the second statement of Theorem [R.I0 we have
the following classification result.
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Corollary 8.13. Assume that  is a bounded regular domain, V(z) = 0, B =
(Bij)ij is a symmetric positive semidefinite matriz, and there exists 3 such that

k
Zﬂij:ﬂ foralli=1,... k.
j=1

Then the unique positive critical point of E|pm is uw = (U,...,U), where U is the
unique positive critical point of E|g, where

~ 1
E(w) = —/ |Vwl|?dz — é/ wt,  we HH (Q),
2 Ja 4 Jo
and S = {w € Hg(Q); [, w?dz = 1}.

In the case = RN (with trapping potential), our results are the following.
Theorem 8.14. Assume that B = (B;;):; is a symmetric matriz, Q = RY, and
V(x) = |x|?. Then,

(i) Assume that B is positive definite. Given wy,...,wr € R, the system ([BI)
admits at most one positive solution.

(ii) Assume that B is positive semidefinite. There exists a unique positive crit-
ical point of E|pm. In particular, the ground state is unique, up to sign.

The first result is a generalization of [2, Theorem 1.3(1)] for systems with an
arbitrary number of equations. Moreover, our proof seems simpler. The second
result is a generalization of [2, Theorem 1.3(2)] (which holds for two equations).

In the proof of the previous theorem, a key step is the sharp decay at infinity of
the solutions of (BIJ]).

Proposition 8.15. Let (uy,...,u;) € H be a positive solution of

k
—Au; + |$‘2Ul + u; Z Biju? =w;u; n RY.
j=1
Then, for everyi=1,...,k,
wi—N 12
ui(z) ~ 2|77 e 2P s |z = oo

This result will replace Hopf’s Lemma (not available when working in RY) and
imply a global comparison principle between positive solutions; this will be used
in the proof of item (i). Since the decay depends on the Lagrange multipliers
w;, in order to prove (ii) we will not have at our disposal a global comparison
between solutions, and instead of using Corollary we will combine the sharp
decay information with the strategy previously used in [2].

Let us proceed to the proofs of the results.

Proof of Theorem BI0. Let A be either (820) (for item (i)) or (821]) (for item (ii)).
Given u = (u1,...,uk),v = (v1,...,v;) € A with u # v, take

Y(t) = (), .. (1),  with v() = /(1 — t)u? + tv?.

By the standard Hopf Lemma, we have that the comparison condition ([B2]) in
SectionBlis satisfied for each pair (u;, v; ), and Corollary B3l yields that + is Lipschitz
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continuous at 0. The assumption that (5;;) is positive semidefinite ensures that the
quadratic form

R* » R, 2+ 2B2T = Zﬁ”zf + 2252‘]‘%23‘
i i<j
is convex, and, using Lemma [3.9] we infer that

t— A,(y(t)) and t— E(y(t)) are strictly convex on [0,1].

Indeed, it is clear that ¢ — A, (7(t)) is strictly convex if B is positive definite. In
the second case, with u,v € M and since u # v, there exists ¢ € {1,...,k} such
that u; and v; are linearly independent and, in this case, the strict convexity of
t — E(v(t)) follows from the strict convexity of the gradient term given by Lemma
B9 Therefore, in the case of (i) the conclusion follows by Theorem [Tl and we
infer that Ag is empty or a singleton by Corollary L2l As above, recall that A,, # 0
by standard compactness arguments. ]

Proof of Proposition [8I5. The proof closely follows the proof of Theorem R3] and
we only highlight the differences. First of all, observe that u;, |Vu;| € L (RY),
and u; — 0 as |z| — oo. In fact, note that the potential |x|? is bounded on the ball
By \/w—i(O), being bounded away from zero outside, and the Moser iteration scheme
applies. Next, as in Step 2 in the proof of Theorem B3] one has that for each 1,

—Au; + (|z]* — w; — k)u; <0,
and analogously one obtains
z 2
Wz) < Ce 5, o >R,
for some C, R > 0. Then,

|z|2

k

E Biul| < ae” 2
¥y = 9

Jj=1

and therefore

—Au; + (|z]* —w; — ae_%)ui <0, —Au; + (Jz]* —w; + ae_%)ui >0,
in RY \ Br(0). The proof now follows as in the proof of Theorem B3 with obvious
modifications. 0

Proof of Theorem BI4l (i) We can repeat the proof of Theorem RI0(i) almost word
for word, with the exception that now, instead of using Hopf’s Lemma, we get the
comparison condition ([B:2) in Section Bl for any two possible positive solutions of
BI8) from the sharp decay of Proposition

(ii) Our main results, Theorem [[[Tland Corollary [[L2] cannot be directly applied
in this case, since two critical points u and v can have different Lagrange multipliers
w and therefore different decay at infinity. In such a situation it is not clear how to
choose a path v which is Lipschitz continuous at the endpoints.

Instead, our strategy will basically follow the ideas of |2 Theorem 1.3(2)] (see
also [ Theorem 4.1]), and we refer to it for the exact computations and more
details. Our main contribution here is an extension to k equations and weaker
assumptions on B. The key step is a use of the sharp estimates of Proposition

For any two positive critical points u, v we claim that

(8.23) E(uy, ... ur) =E(v1,...,v5) + Flwy, ..., wg),
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where w; := u;/v; and

k
|Vw;|?v?
F(wy,...,wg) = / —_—t
i:zl RN 2

1

+ Z/RN [U%(w% -1).. U}i(w% - 1)]B[U%(w% -1). ..v,%(w’% _ 1)]T_

Assume that (u;) and (v;) satisfy (B8] respectively with Lagrange multipliers
(w;) and (u;). By using integration by parts, we have, for every R > 0 fixed,

u?
/ —Avivg(w? —1) +/ ;i (—z - 'Ui)
Br(0) dBR(0) v;

= / (|Vvi|2(wi2 — 1) + 2v;w; Vv - V) .
Br(0)

Observe that, since Vv; € L*° and

—-N pi—N

wiz) ~ |z 77 e 3l (@) ~ 2

1 2
—5|T
= 3lel®

then
2
/ dyv; (& - 'Ui)
dBR(0) V4

Consequently, since u solves (8.18)

Hi—N

_N— _R2 _ pi=N 1 p2
<CORN-IRwi—N="5=c=F5 L ORN"'R™ 7 e 2 50

as R — oo.

/ (| Vi |2 (w? —1) 4 20;w; Vvg - V) = —/ (|2 |2v2 + Bivl +v2 Zﬁijv?)(wf—l),
RN RN Y
J#

where we used that u; and v; have the same mass, that is, (u1,...,u), (v1,...,0%) €
M, and therefore

quﬁﬁ—n:m/<ﬁ—@:u
RN RN

Now, by using this identity in E(uq, ..., ux) = E(viwy, ..., vewy), we get (B23).
Since B is positive semidefinite, F'(wy, ..., wy) > 0 and 823) yields E(uy ..., ug)
> E(vy...,v;). By interchanging v and v, we have E(uy ..., ug) = E(vy ..., v),

and thus F(wy,...,w;) = 0. This, in turn, gives w? = «;, for some constant «;.
Actually oy = 1, since [pn u?da = [pn v do = 1.
Once again A, # () by standard compactness arguments. O
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