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Abstract

We study a singular nonlinear ordinary differential equation on intervals [0, R) with
R < 40, motivated by the Ginzburg-Landau models in superconductivity and Landau-
de Gennes models in liquid crystals. We prove existence and uniqueness of positive
solutions under general assumptions on the nonlinearity. Further uniqueness results for
sign-changing solutions are obtained for a physically relevant class of nonlinearities.
Moreover, we prove a number of fine qualitative properties of the solution that are
important for the study of energetic stability.

1 Introduction

We consider the following ordinary differential equation:

W'(r)+ 2l (r) = () = F(u(r) in (0,R), (L.1)

u(0) =0, u(R)=sy, (1.2)
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where R < +oo, p and ¢ are constants satisfying
p,q <R, ¢>0, (1.3)

and F : R — Ris a C' function which vanishes at 0 and at s4+ > 0 (see Figure 1). In (1.2),
we use the standard convention u(4o0) := lim,_, 4o u(r) = 54 if R = +eo.

F(t)

S+t

Figure 1: A graph of a prototypical nonlinearity F.

The ODE (1.1) is the Euler-Lagrange equation of the energy functional:

Eu;1 :%/I[rp|u'(r)|2+qrpzuz(r)—f—rph(u(r)) dr, (1.4)

where I C [0,+o0) is an arbitrary interval and
t
h(r) ::2/ F(s)ds, 1€R. (1.5)
0

The main aim of this paper is to study the existence, uniqueness and qualitative proper-
ties of solutions to the boundary value problem (1.1), (1.2). The main difficulty in exploring
the ODE satisfied by u is the general type of nonlinearity F () on the right hand side. For
example, existing techniques for dealing with equations of the type (1.1) in [10, 17, 24]
are not applicable in our setting. One way of appreciating the effect of the nonlinearity is
by noting that for u € [0, s, ], the function F does not, in general, satisfy the Krasnosel’ski
condition (see e.g. [9, 20]), unlike in the standard Ginzburg-Landau case [24]. Furthermore
the Pohozaev-type approach frequently used for proving uniqueness fails in this case.

We start by stating our existence and uniqueness result in the class of non-negative
solutions, which was announced in [19].

THEOREM 1.1. Assume that p,q are given constants satisfying (1.3) and F : R — R is a
C! function satisfying

F(0)=F(sy)=0, F'(s1) >0, (1.6)
F(t) <0 ift€(0,50), F(t) >0 if t € (s4,+oo). '
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Then there exists a non-negative solution u of the boundary value problem (1.1) and (1.2),
which is unique in the class of non-negative solutions. Moreover, this solution is strictly
increasing.

If in addition we restrict the class of nonlinearities, we can show variational properties
of the solution:

COROLLARY 1.2. Assume that p,q are given constants satisfying (1.3)and F : R — Risa

C! function satisfying (1.6) and

F(t)+F(—t)
2

Then the solution u in Theorem 1.1 is locally energy minimizing with respect to the energy
Ein(1.4), ie.

Fyen(t) := <0fort > 0. (1.7)

E[u; 0] < E[u+ ¢; 0] for any @ C [0,+e) compact interval and ¢ € C.(®).

Conversely, if a function u € Hllo -(O,R) is locally energy minimizing with respect to E and
satisfies u(R) = sy, then u is necessarily the non-negative solution of (1.1) and (1.2) ob-
tained in Theorem 1.1.

The proof of Theorem 1.1 is split into two parts: existence and uniqueness. The ex-
istence part is done by constructing energy minimizing solutions on finite intervals and
letting the length of the interval tend to infinity in the case R = +oo. Fine local estimates
of the behavior of u near the origin combined with an energy argument ensures the non-
flattening of the solution obtained in this limit. The uniqueness part is more delicate to
prove. To do this, we construct comparison barriers through a scaling argument and use
suitable versions of the maximum principle together with a detailed understanding of the
asymptotics at the origin and at infinity (in the case R = +o0).

One can further ask if the uniqueness result holds for nodal solutions (i.e. solutions
that may change signs). In general, if one assumes only (1.6) then in addition to a non-
negative solution there might exist sign-changing solutions, see Proposition 5.2. However,
under additional assumptions, relevant to the physical problem detailed in subsection 1.1,
we prove the following uniqueness result for nodal solutions.

THEOREM 1.3. Assume that p > 0,q > 0 are given constants and F : R — R is a C' function
satisfying (1.6). Assume in addition that there exists s_ € |—s,0) such that:

F(t) <0 if t € (—oo,5_),F(t) >0 if t € (s—,0),

F(t F(— (1.8)
§])+ (ttz)go fo<t <t <|s_|.
1 2

Then there exists a unique solution u of the boundary value problem (1.1) and (1.2).

3



REMARK 1.1. We also prove the above uniqueness result when p = 0 under additional
assumptions on nonlinearity F: either we assume in addition that F is a C* function (see
Remark 3.2), or we impose a stronger version of (1.8) for the C! function F, namely, there
exists ot > 1 such that

F(l‘l) n azF(—tz)

, . <0 forevery0 <t <t <|s_| (1.9)
1 2

(see Remark 3.3). For p < 0, numerical simulations (see Figure 4) suggest that the unique-
ness result in Theorem 1.3 does not hold in general (see Remark 3.4).

REMARK 1.2. The physically relevant nonlinearity (see Section 1.1) of the form

b2 2 2
F(t):—azt—?tz-l-%ﬁ, reR (1.10)
satisfies (1.6) and (1.8) if a*,c*> > 0 and b*> > 0. See Figure 2. In particular, for F(t) =
—t+83(teR)and p=1and g=n*nc Z\{0} in (1.1), we recover the uniqueness result
for nodal solutions of the standard Ginzburg-Landau model shown in [17].

F()

Figure 2: A graph of a physically relevant nonlinearity F.

1.1 Physical relevance and fine qualitative properties

Our analysis of the boundary value problem (1.1) & (1.2) is motivated by the study of the
energetic (in)stability of the radially-symmetric solution for a system of partial differen-
tial equations used for modelling nematic liquid crystals. This article is the first one in
a series of two papers addressing this issue. In the current paper we prove the existence,



uniqueness and fine qualitative properties of the radially symmetric solution that is com-
pletely determined by the scalar solution u of (1.1) & (1.2), as explained in the remainder
of this subsection. These properties will play an important role in our second paper [18]
that focuses on proving the energetic stability.

Let us consider the following energy functional

F10;Q] :/Q [L1|VQ|2+L2VjQikaQij+L3VjQiijQik+fbu1k(Q) dx, (1.11)

where Q € H!(Q,.%),Q C R? with

S ={QeRY, 0= u(Q) =0}
denoting the set of the so-called Q-tensors (here and in the following we assume summation
over the repeated indices i, j,k = 1,2,3). It is known that the gradient part of the energy
is bounded from below (and coercive) if and only if certain relations are assumed between
Li,Ly,L5 (see [11, 22]). The Euler-Lagrange equations associated to the above energy are:

2
2L1AQij + (Ly +L3) (V;ViQu + ViViQjx) — §(L2 +L3)V Vi Qi 6ij

(9 fou(Q) i (O foun(Q) N
a ( aQ >ij+ 3t ( aQ )’ l7jvl7k—172,3. (112)

In general the bulk potential f,;(Q) is required to satisfy the physical invariance fp,;x(Q) =
Jouk(ZOZ") with Z € SO(3), hence it is a function of the principal invariants of Q (see
[51), which are tr(Q?) and tr(Q?) (taking into account that tr(Q) = 0 in our case). A typical
form of the potential often used in the literature is:

Sou(Q) = ——\Q|2 — —tr( 3) + —IQ!4 (1.13)

where a2,¢2 > 0, b2 > 0 and |Q]® £ tr(Q?) (see e.g. [23] and references therein).

We are interested in studying a radially symmetric solution on balls Q = Bg(0) C R?
with R € (0,+4oo] (with the convention that @ = R? if R = +4-o0). This solution is relevant in
the study of topological defects in liquid crystals (see [23]). More precisely we say that a
matrix-valued measurable map Q : Q — .74 is radially symmetric if

Q(%Zx) = % Q(x) %' for any Z € SO(3) and a.e. x € Q. (1.14)

(For other type of symmetry in Ginzburg-Landau setting, see [3] .)
The above definition of the radial symmetry provides a solution which is invariant with
respect to coordinate rotations. It is a natural definition of radial symmetry, similar to the
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one considered in the case of the Ginzburg-Landau equation in arbitrary dimension (see for
instance [16]). This radially symmetric solution has a particular relevance to the study of
point defects in liquid crystals. It is a prototypical type of a point defect that is encountered
in similar forms in several competing theories of liquid crystals. Moreover, numerical
results indicate that such radially symmetric solution is a local minimiser of the Landau-de
Gennes energy (1.11) in a suitable physical regime [27].

It will be shown in Appendix A that such a solution of (1.12), called “the” melting
hedgehog, can be written as :

x _x 1
H(x) = u(|x]) (—@———Id). (1.15)
e[ 3
In the case of the potential (1.13), u : R, — R — the scalar profile of the melting hedgehog
—is a solution of (1.1) with p =2, = 6 and

2 2
2
F(u(r)) =— (—azu(r) — —u(r)®+ % u(r)3> , >0, (1.16)
where o = 2L + w, see [11] and [22].
As a direct consequence of Theorem 1.3, we obtain the following result which is new
for the liquid crystal community: the uniqueness of radially symmetric solution of (1.12)
is proved in the general class of nodal scalar profiles.

THEOREM 1.4. Assume that o« = 2L + 4(L23—+L3) > 0. Consider the equation (1.12) with

the bulk potential (1.13) on the domain Q = Bg(0) with the boundary condition '

X x 1
Q(x) = s+ (— ®— — —Id) for x € dBg(0).
[ el 3
where s 1= L4Vb 2da’c Vb:jzy'“zcz. Then there exists a unique radially-symmetric solution of the
above problem.

One of the important physical questions is related to the stability of this radially sym-
metric solution as a critical point of the energy (1.11). Corollary 1.2 shows that the melting
hedgehog is locally energy minimizing within the class of radially symmetric tensors, un-
der suitable assumptions on the nonlinearity. The corresponding question of local energy
minimality for the melting-hedgehog solution (1.15) with respect to arbitrary perturbations
(with respect to the general energy (1.11)) is a considerably more challenging task and the
main motivation for the current work. For the case of physically relevant potential (1.13)

'The boundary condition is limy oo |Q(x) — 85y (ﬁ—‘ ® ﬁ — %Id) ’ =0if R = 4 (i.e. Q =R?).
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and Q = R, it was shown in [13] that for ¢® large enough the melting hedgehog is not lo-
cally stable (hence not locally minimizing) and conjectured, based on numerical evidence,
that for a* small the melting hedgehog is locally stable. In our forthcoming paper [18] we
prove this conjecture. The crucial step for obtaining the result in [18] has been a thorough
understanding of the fine qualitative properties of the unique solution u of (1.1) & (1.2). In
particular, in [18] we extensively use the following result that we prove in Section 4:

THEOREM 1.5. Let u be the unique solution of (1.1) and (1.2) where R = 4o, p=2,qg=06
and the right-hand side F (u) is given by (1.10). If we denote w(r) := - ") and flu)= Flw)

u(r) u

then, for every r € (0,+c0), we have

u(r) > uo(r), where ug solves (1.1)-(1.2) with F given by (1.10) and a*> =0,  (1.17)

u'(0) = 0 and u” (0) > ug(0) > 0, (1.18)
u’ + (—3—u+§> u' >0, (1.19)

u r

b? 2

2

2a +?u>—;f(u), (1.20)
%(W—2)(W—|—1)<f(u)<%(W—Z)(2W+3)<O, (1.21)
0<w(r)<2, (1.22)

1 _u'(0) ,
W > 4S+ r. (123)

1.2 Related literature and organization of the paper

Let us now review the existing mathematical literature where similar problems were consid-
ered. The differential equation (1.1) is a generalization of the equation that describes scalar
profiles for Ginzburg-Landau type of equations, as analyzed for instance in [10, 17, 24].
This type of equations was extensively studied in the last twenty years. Below we mention
only few of the papers that are most relevant to our study.

One of the first results about existence and uniqueness of the solution of Ginzburg-
Landau type profile was obtained in [17]. The authors considered the 2D case of the
Ginzburg-Landau type equation (1.1) with the nonlinearity F(u) = —u(1 —u?) and p = 1,
g = n? for integers n > 1. Using the shooting method and the maximum principle they
obtained existence and uniqueness of the solution for the problem. The generalization to
higher-dimensional cases was studied in [12], taking p =n—1, ¢ = k(k+n—2) for integers
n >3 and k > 1. Both papers [17] and [12] investigate nodal solutions.

For general nonlinearity F (u), existence and uniqueness of positive solutions are shown
in a recent work (see [2]) only for the case p = 1. The authors turn the differential equation



into a suitable fixed point equation, and use fixed point methods and a sliding method to
show existence and uniqueness of the positive solution. Moreover they also obtain some
results on a qualitative behavior of the solution.

The profile of the radially symmetric solution for Landau-de Gennes problem has been
recently studied in [21]. Using Pohozaev-type arguments the author showed the mono-
tonicity and uniqueness of the energy-minimizing solution of equation (1.1) in bounded
domains for F(u) of type (1.10).

In this paper we consider the equation (1.1) with p,q € R, ¢ > 0 and general non-
linearity F(u) on bounded and unbounded domains. We show existence and uniqueness
of positive solutions with very light and natural restrictions on F(u). Moreover, we also
show uniqueness of general nodal solutions for p > 0 under more restricted assumptions
on nonlinearity F(u). Using the mountain pass theorem, we provide a counterexample to
uniqueness of nodal solution when F(u) does not satisfy these assumptions. Finally, we
investigate fine properties of the solution corresponding to the radially symmetric profile of
the melting hedgehog in Landau-de Gennes model of liquid crystals. These fine properties
are of utter importance in the investigation of the stability of the melting hedgehog that we
perform in the forthcoming paper [18].

The paper is organized as follows. In Sections 2 and 3 we gather the arguments for
proving Theorem 1.1 on the existence and uniqueness of positive solutions to (1.1) & (1.2).
The proof of Theorem 1.1 is provided at the end of Section 3. Corollary 1.2 on locally
energy minimizing solutions is shown in Section 3.2, where we also prove Theorem 1.3 on
the uniqueness of nodal solutions. Theorem 1.5 is proved in Section 4 where certain refined
properties of the solution corresponding to the nonlinearity (1.10) are studied. Section 5
is devoted to proving the existence of a sign-changing solution of (1.1) & (1.2) for certain
types of nonlinearities (see Proposition 5.2). In Appendix A we provide some properties
of radially symmetric Q-tensors. Finally, in Appendix B we present versions of maximum
principle that are needed in the body of the paper.

2 Existence and behaviour near 0 and oo

In this section we prove the existence of solutions of the problem (1.1)&(1.2) under (1.3).
When R is finite, this is done via an energy minimization procedure. The case R = +oo
is obtained by a limiting process. A delicate issue will be to ensure that the solution thus
obtained in the limit does not become trivial and has the desired asymptotic behaviours at
0 and +-oco.



2.1 Existence on finite domains

For F : R — R with (1.6) we associate £ : R — R to be any C' function such that
F(t) = F(t) fort > 0 and Fg,e, (1) satisfies (1.7). (2.1)

(For example, we can define F by F(—t) = —F(t) fort > 0.) Let

~ t ~
fr) =2 / F(s)ds.
0
Note that, by (2.1), we have
h(—|t|) > h(Jz]) forall r € R, (2.2)

and so, by (1.6), h is bounded from below.
Consider instead of the energy E defined by (1.4) the following modified energy:

E[u;(0,R)] = % /O i [rp|u/(r)]2 +grPu(r)? +rpzz(u(r))] dr. 2.3)

Since F = F in [0,+o0), all non-negative critical points of £ coincide with non-negative
critical points of E and vice versa, as can be seen by looking at the corresponding Euler-
Lagrange equations. In other words, if we are interested in positive solutions of (1.1) we
can always assume that F' satisfies (1.7).

LEMMA 2.1. Assume (1.3), (1.6) and (2.1). Then for every R € (0,+o0), there exists a
global energy minimizer ug of E over

My = {u: (0,R) > R : P2 P2~V e L2(0,R), u(R)= s+}.

Moreover ug satisfies (1.1) and 0 < ug(r) < s for all r € (O,R).

Proof. We split the proof in several steps.

Step 1: Reduction from Mg to My where
My ={ue Mg :0<u(r)<s,,re(0,R)} C ..
We claim that
inf £ = inf E.
AR My
To this end let us take u € A4y \ 4. Set

i(r) =|u|(r), r € (O,R).
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Then &t € ./, and by (2.2),
El; (0,R)] < E[u: (0,R)]. (2.4)

We define now

i(r) = min(a(r),sy).
Then ii € .4} and thanks to the fact that ¢ > 0 and 7'(¢t) = 2F(t) = 2F(t) > 0 for t > s
(by (1.6)) so h(it) > h(i) in (0,R), we have

E[i; (0,R)] < E[@; (0, R)]. (2.5)
The claim follows from (2.4) and (2.5).
Step 2: inf J/Z,QE > —oo, Indeed, if p > —1, this step is clear since & = A is bounded in
the interval [0,s] and the function r — r? is integrable on (0,R). In the general case, for

p € R, we argue as follows. Since F(0) =0 and |F'| < Cj on [0,s4] with C; > 0, we have
|F(t)] < Cyt for 0 <t <s,. Hence

h(1)] < C1]e|* forr €[0,s4]. (2.6)
Moreover, by (1.6), we have for ¢t € [0,s] :

0> ht 2/F ds>2/ F(s 2.7)

Setu € M. For 0 < r <Ry = (3&)"/%, by (2.6), we have rPh(u(r)) > —4rP~2u(r)?, while
for Ry <r <R, we have by (2.7):

Ph(u(r)) > 2max(R?, R?) / F(s)ds =: —C»,
with C > 0. It follows that
rPh(u(r)) = =22 (1) = Gy, Vr € (O.R).
Thus, the function
T (u)(r) .= rPh(u(r)) + gr’ 2u*(r) + C, > 0, r € (O,R) (2.8)

is positive and therefore, we have E (u) > —C,R/2 > —oo for every u € .4, %» which finishes
Step 2. Note that inf M E < oo since every configuration u € .4}, with u =0 near r = 0 has

finite energy £ (u) < oo.
Step 3: Existence of a minimizer of E over .#}. Indeed, by (2.8), the direct method of cal-

culus of variation using Sobolev’s embedding and Fatou’s lemma establishes the existence
of a minimizer of E over ./}. We omit the details. [
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REMARK 2.1. Let us point out that since the potential F satisfies the condition (1.7), we
can use the uniqueness result given by Corollary 1.2 (to be proved in the next section) and
show that argmin_, E = argmin //fz/eE and it contains one single element.

To complete the proof of the existence in the case of a finite domain, we need to show
that ug(0) = 0. In fact, we prove stronger asymptotic estimates in the next subsection.

2.2 Local behaviour near the origin

Note that the homogeneous linear equation associated with (1.1) is a Fuchsian ODE at
r =0, see e.g. [8]. Let ¢ denote the solutions of the indicial equation, i.e.

_1=pEV(p=1)+4q 2.9)
: . .

As g > 0, we have that v, > 0 > y_. Thus, if u is a bounded solution of (1.1), then we
expect that u “behaves like 77+ at the origin.

Y-

PROPOSITION 2.2. Assume that condition (1.3) holds and F is a C' function satisfying
F(0) =0. Let u be a (nodal) solution of (1.1) on (0,R) with R € (0,4o0] such that u is
bounded near the origin.
( )( i) Then the function v(r) := % is differentiable up to 0 and v'(0) = 0. In particular
u(0) =0.
(ii) If in addition, F satisfies (1.6) andu>0in (0,R) and u(R) € (0,s], then 0 <u < s
on (0,R). Moreover v is decreasing and in particular

W(r) < W‘T(’”) on (0,R). 2.10)

Note that if F satisfies (1.6) and the first condition in (1.8), then every solution u of
(1.1) with u(R) = s is bounded (i.e., s— <u < s in (0,R) by the maximum principle) and
therefore, Proposition 2.2 implies that u satisfies (1.2).

Proof. Assume that |u(r)| < M for r € (0,6) for some & € (0,R]. Standard regularity
result for ODEs implies that u € C*(0, R).

Step 1: We first show that
lu| < Cr’" in (0,8) (2.11)

with C > 0 depending only on M. Indeed, denoting uy := max{0,+u}, we prove (2.11)
for both u. Since F is C! with F(0) = 0, we have |F(t)| < C|t| for t € [-M,M] with the
constant C > ||F'| 1=(-m,m) = 0 depending only on M; in particular,

F(—u_)<Cu_ and —F(uy)<Cuy in(0,5).
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Then, by (1.1), we deduce:

Luy :=—u| — Euﬁr + (% —C)uy <0 as measure in (0,8).
r r
By theory of ODEs with a regular singular point (see for instance [8]), there exist functions
wi, wp such that wy (r) = r¥ +o(r"*) and wo(r) = r"=+o(r¥-) as r — 0, and Lw; = Lw, =
0. By choosing &y > 0 smaller if necessary we can assume that wi,w, > 0 on (0, &) and
4 > C on (0, ). Note now that for any constant g it holds:

L(pw; —uy) > 0= Lw,.

Choosing p > 0 such that p;(8y) > M > uy(8y) we can apply Lemma B.1 and obtain
paop > uy on (0,8). The estimate for u_ follows by the same argument (since Lu_ < 0
in the sense of measures on (0, 8)). Noting that u depends only on M (and not on u), we
obtain the claimed (2.11). In particular, u(0) = 0.

Step 2: We prove that v is differentiable up to r = 0. In view of (2.11), we deduce from
(1.1) that

W'+ Py %u = |F(u)| < Clu| <Cr in (0,8).
r r
Denote
Lou=—u"—Lu' + %u
r r

Then we have

—Cr? < Lou < Cr" in (0, &).
Note that Lor** =0 and Lo(r"*2) = =2(2y; + p+ 1)r"* with 2y, 4+ p+1> 0. Set &+ :=
u+t mrﬂﬂ. Then Loii™ <0 and Loa~ > 0in (0, 8). Let s € (0,8y) and note that
we are in the framework of Lemma B.1 (with wy = r?~) applied to

L()(,LL:H”Y+ :Fftj:) >0 on (O,S>

where {1+ = i (s) € R is determined by p.s™ := +ii*(s). We deduce:

:t~:|:
+it(r) < ! (S)r7+, 0<r<s.
T+
It follows that ( ) )
u\r u\s 2 2
42 -2 <ot~ ) (2.12)

for 0 < r < s. Since s was arbitrarily chosen in (0,d), we have that (2.12) implies the
existence of a limit of v at the origin. Dividing (2.12) by s — r and passing to the limit
r — 0, followed by s — 0, we obtain v/(0) = 0. Since u is C? away from 0, we conclude
that v is differentiable up to the origin which ends the proof of (i).
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Step 3: Proof of (ii). Assume that the stronger hypothesis in (ii) holds. First, by (1.6), we
note that Lou > 0 in (0,R) and u > 0 in (0,R); thus, by the strong maximum principle, if
u achieves the value 0 inside the interval (0,R), it must be identically zero which would
violate u(R) > 0. So, u > 0in (0,R). Second, note that u < s in (0, R) because otherwise,
u would achieve a local maximum at some ry € (0,R) where u(rp) > s+ and

" P q (1.6
0> —Lou(rg) =u"(ro) + %u (ro) — o u(ro) = F(u(rg)) > 0,
0

which is absurd. Third, note that Lou+ F (1) = 0 < Lo(s+) + F (s4). Therefore, we obtain
M(sy—u):=Lo(sy —u)+a(r)(sy —u) >0

where M is a linear elliptic operator with a a bounded continuous function defined by a(r) =

%&%(r» if u(r) # s+ and a(r) = F'(s) otherwise. As above, the strong maximal
principle applied for M and s — u > 0 implies that u < s on (0,R) (because of u(0) =0
which prevents u being identically constant to s..).

It remains to show that v decreases. For that, note first that v satisfies

(PP = p2retp (v” + 2 tp +pv'> = tr <u" y Py %u) =r"*PF(u). (2.13)
r r r
Using (1.6), we obtain (r2¥+*7v/)’ < 0 on (0,R) because 0 < u < s on (0,R), meaning
that 72+ *Py/ is decreasing on (0,R). Noting that 2y, + p > 0 and v/(0) = 0 (by step 2), it
follows:
lim 2% PV (r) = 0. (2.14)
r—0
Therefore, it follows 2*+ P/ < 0 on (0,R). So we conclude that v/ < 0, i.e. v is decreasing
on (0,R). Estimate (2.10) is now straightforward. O

COROLLARY 2.3. Assume (1.3) and (1.6). For every R € (0,+c), there exists a non-
negative solution u of (1.1)&(1.2) that is a minimizer of the energy E defined in (1.4) over
the set of non-negative configurations {v € Mg : v(r) >0, r € (0,R)} where .4 is defined
in Lemma 2.1. Moreover, 0 < u < s in (0,R) and u is increasing on (0, R).

Proof. The first part of the statement is a direct consequence of Lemma 2.1 and Proposition
2.2 since the energy E coincides with the energy £ for non-negative configurations in ..
The fact that u is increasing is a consequence of Lemma 3.7 that we postpone the proof for
Section 3. ]
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2.3 Existence on infinite domain
Let us now prove the existence of solution to (1.1)&(1.2) in case R = —+oo.

PROPOSITION 2.4. Assume (1.3) and (1.6). For R = +oo, there exists a non-negative in-
creasing solution u to (1.1)&(1.2). Furthermore, 0 < u < s in (0,R) and u is locally
minimizing with respect to the energy E defined in (2.3).

Proof. We proceed in several steps:

Step 1: Constructing a solution of (1.1) on (0,+) We denote by u, a global energy
minimizer of the energy E obtained in Lemma 2.1 on the interval (0,7) and in the space
My that satisfies u, € [0,54+]. We extend u, to the function &, on [0,4ec) by letting
_ uy(r) ifre(0,n)
tin(r) = sy ifr>n

in L=(0,4o0). Let I C (0,+) be a compact interval and ny € N so that I C (0,ny). By
standard regularity arguments for the ODE (1.1), one can show that (ii,),>p, is uniformly
bounded on C3 (I). Since I is arbitrarily chosen, by Arzela-Ascoli’s theorem, we deduce
that (i) converges (up to a subsequence) in C7 (0,4o0) to some U € C2(0,%0) which
satisfies (1.1) and u. € [0, s ].

. Obviously, the sequence (ii,),en is uniformly bounded

Step 2: Behaviour of u. at 0. Since u.. satisfies (1.1) and u.. € [0,s], Proposition 2.2
implies that ~7 is differentiable up to the origin. In particular u..(0) = 0.

Step 3: Behaviour of u.(r) as r — +oo. We know that i, are non-decreasing functions
on (0,4o0) by Corollary 2.3. Then the limit function u. is also non-decreasing. Since
0 < ue < s, then there exists

Soo 1= rl_lgloouoo(r) € [0,s4].

Claim: s € {0,s4}.
Proof. Assume by contradiction that 0 < 5. < s4. Recall:

1 u
(P Y = o=
s (ru.,) 9 + F (oo ).
As r — 400 we have Uoo(r) — Seo, F (Ueo(1)) — F(5) < 0; hence, for € > 0 small enough
there exists Ry > 0 so that

1
—(rPy Y < —
rp(r u,) < —e forr>Ry.
If p = —1, we integrate the above inequality on (Ry, r) to obtain:
/ /
R
Heol) < u”]g o) _ €(logr—1logRy) — —oo  as r — oo,
r 0

14



We deduce that u.,(r) < O for r large enough, which contradicts the fact that u. is non-
decreasing. Consider now p # —1. As before, integrating on (Rp,r), we obtain:

€
p+1

rPul(r) < Ru.(Ro) = —— ("' = ™). @15

We have now two cases:
Case p > —1. Asbefore, rPT! — 400 as r — o0 and (2.15) implies rPu’_(r) < 0 for r large
enough, obtaining again a contradiction.

Case p < —1. Relation (2.15) implies

RETY /4l (R € £
) < B (MRl ) -

rP Ro p+1 p+1r.

By Proposition 2.2, we deduce that u’_(r) < ¥“ ( ) < %25 on (0,R). Therefore, we choose
now Ry large enough such that

/
o< =l &
- Ry 2(p+1)

Rg+1 e
Then =5 [Z(p—i-l)
enough, which contradicts the fact that u. is non-decreasing. In all the cases, we obtain
that s. € {0,s+} which concludes the Claim. ]

_ ﬁ” — —oo as r — +o0 and we obtain again u.,(r) < 0 for r large

Step 4: u, is locally minimizing w.r.t. energy E. Let @ C (0,-+c0) be a compact interval
and ny € N so that ® C (0,n9). Since u, is a global minimizer for E[-; (0,n)], we have for
any n > ng that E[u,; ®] < E[u, + ¢; 0] for any ¢ € C(). As u, — e in C>(®), we can
pass to the limit in the above inequality and obtain that u.. is locally energy minimizing.

Step 5: Showing that u. # 0 and s = 5. We assume by contradiction that u. = 0. Since
it is locally minimizing, we have for any compact interval @ C (0, 4-oo) that

E[0;0] =0 < E[@; 0] for any ¢ € CZ* (o). (2.16)

Let us pick an arbitrary ¢ € C°(0,1) with ¢ # 0 and ¢ € [0,5,]. Set @,(r) := ¢(5) for
every r > 0 so that ¢, € C°(0,n). We have

ZE[QDn;(O,n)]:2E[(pn;(0,n)]:/0n {r ((p( )) tgrP™ 2(p2( )+ rPh(g ]dr

1
= P! [%( )?+qt" 97 df) + /0 tph(w)dt] :
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However, fol h(o(t))dt <0ash <0on (0,s4), so

%(/0] (f”<<p’)2+qt”‘2¢2)dt> < '/O]t”h(fp)dt

This implies E[@,; (0,n)] < 0 for n large which contradicts (2.16). So, u. #Z 0. Since U is
non-decreasing, it means that s.. > 0 so that by Step 3, we conclude that s, = 5.

Finally, by Proposition 2.2, we deduce that u. € (0,s+) on (0,R) and by Lemma 3.7,
we conclude that . is increasing on (0, R). O

for n large enough.

2.4 Local behaviour near infinity

On infinite domains, we study the asymptotic behavior of a solution # near R = +-co.

PROPOSITION 2.5. Assume (1.3) and (1.6). If u is a non-negative solution of (1.1) &(1.2)
with R = +o0, then

u(r) :s+—%+0(r_2) asr— +oo (2.17)

where gss
= . 2.18
B F'sy) (2.18)

REMARK 2.2. If we assume (2.17) then the value of B in (2.18) can be formally computed
by matching the powers ofrl2 in(1.1)asr— 4o,

Proof. We divide the proof in several steps.
Step 1. A change of variables. Define

1
y(t) =54 — u(;), vVt >0.

Then y(7) € (0,54 ) for T > 0 since u € (0,54 ) on (0,R) by Proposition 2.2. A straightfor-
ward computation shows that y(7) satisfies the equation

p—2

- o qs+ o F/(S+) +Z(W(T)) W(T)a

q
II/I(T) + ?W(T) - 2 ™

—y (1) + >0, (2.19)

where
F(si) = F(s+—5)

—F/(S+>, s € (Over)‘
S

z(s) ==

Obviously, lim,_,0z(s) = 0 and lim;_,o w(7) = 0 (by (1.2)). We will prove that y(7)/72
converges as T — 0.
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Step 2. Upper bound of w(t)/7>. We denote

R 2
g(8):= ax, g7 +z(y(7))]. (2.20)

By Step 1, we have limg_,€(8) = 0. Then, by (1.6), there exists a & > 0 so that

F'(sy) —€(9)

’6_2p’< 52 )

V6 € (0,6). (2.21)
Fix now 6 € (0, dp) and set

P2y Y (ss) ()

Then (2.19),(2.20) and y > 0 imply that

Ly :=—y"+

Ly(1) < qj—j,vo <r<8. (2.22)

An upper bound on vy is provided by means of a suitable comparison function and the weak
maximum principle in Lemma B.1 applied to L (see also Remark B.1). We take

qs4 v(9)
(s+)—€(8) —[6—2p|6*" &2

¢(t)=Dt*> for D=D(8):= max{ }>0. (2.23)

Then, by (2.21),

F'(sy) —£(5)

g, (2.22)
Lo(x) = D(=6+2p+ ————) > T3

> Ly(t), Y0<71<8.

T2

Also, by (2.23), ¢(8) > y(6). The weak maximum principle in Lemma B.1 applied to the
operator L and (¢ — y) implies that

w(1) < ¢(1) =D7*, V1€ (0,9).
Step 3. Lower bound of w(t) /7. Analogously, we have

- -2
Ly(2)i= —y" + P2y 4 B (50 +6(8) = L5, vee(0,9).

Thus, if we denote ¢(7) = Dt? with D = D(8) := min{ F,(S+)+£(q;)++‘672p|62, Wg)} so that

DF/(s) +£(8) _gss
72 72’

Ly(t)=—-2D+2D(p—2)+ vt € (0,6),
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then we can apply Lemma B.1 to arrive at
w(1) > ¢(t) = D7*, Ve (0,9).

Together with Step 2, we conclude that

D(8) < KI) <D(5), forall0<7T<d < . (2.24)
T

Step 4. We prove that the limit lim;_,q @ exists. We denote

y) o mo_ Y(T)
= andﬁ._hrrnj(l)lp a2

B := liminf
7—0

We let p;p — 0 and P, — 0 be sequences such that limy_( % = B and limy_.¢ WI(JI;") = E
k — k

We assume without loss of generality that py.| < Py < pg, vk € N. Replacing T = P, and
0 = py in (2.24) and letting k — o0 we obtain:

7 qs+
< . 2.25
B < max( 7 B) (2.25)
Likewise we have gs
. + =
—_— <B. 2.26
min{ 775 By < B (2.26)
One can easily see that (2.25) and (2.26) imply E = B thus proving our claim that the limit

B :=lim;_o @ exists.

Step 5. We prove (2.18). If we know in addition that T2y” or Ty’ converges to zero
as T — 0, (2.18) can be derived immediately from (2.19). Since we do not assume such
convergence, we proceed as follows. Let us denote T, := 2% and observe that by mean
value theorem there exists oy € (Tx 1, Tx) so that

V() — v(Tr1) V(%) z V(Tiy1)
2

/
o) = =2 —5-— T — 0 as k— Hoo, (2.27)
14 ( ) Tk — Tps k T]g +1 Tk+1
where we used Step 4. We multiply (2.19) by 72, integrate over [0}, 0] and by parts,
obtaining:
ok o Ok z(y(t
v e+ [ (ampr Py Jar
Okt2 Opta 7 Ok+2 T
Oy F'
- (qs+ - (§+ ) y/(r)) dr. (2.28)
Ok+2 T
Dividing (2.28) by 0y — Ok.2, using (2.27), the existence of f =lim;_, @ and lim;_,0z(7) =
0 and then letting k — o0, we obtain gs — F'(s ) = 0. O
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3 Uniqueness and monotonicity

3.1 Uniqueness under positivity assumption

In our argument, it is more convenient to consider solutions (1.1)-(1.2) which satisfy in
addition that
u>0in (0,R). (3.1

See subsection 3.2 for a discussion on this condition.
The following result gives a statement regarding the range of u.

LEMMA 3.1. Assume (1.3) and (1.6). If u is a solution of (1.1)-(1.2) and u satisfies (3.1),
then
0<u<syin(0,R). (3.2)

Proof. The proof was done in Step 3 of Proposition 2.2. 0

A key ingredient in our argument is a comparison principle for the nonlinear ODE (1.1).
We adopt the following definition for sub/super-solutions of (1.1).

DEFINITION 3.2. A locally Lipschitz, piecewise C* function y defined on a non-empty
interval I is said to be a super-solution (or sub-solution) of (1.1) if it satisfies in I

v (r)+= V/ ) ll/ F(y(r)),
(o W Ey )——w NZFy(r) )
wherever it is C2, and if, whenever the first derivative of W jumps, says at ry € I, there holds
V() > v (rg)  (ory'(r) <y (rg))-
We prove:

PROPOSITION 3.3. Assume (1.3) and (1.6). Assume that u is a locally Lipschitz, piecewise
C? super-solution of (1.1) and u is a locally Lipschitz, piecewise C* sub-solution of (1.1)
in [0,00). Assume furthermore that

Il
Q =
RIS
i
+
Q
—
~N
R
F:
Isz
~
=
+
Q
—
S
=
N—
IS}
[
N
k=

ﬁ:s+—3r_2+0(r_2>&=s+ Br- 24o(r~ )asr—>0<>,

where o > 0, E > 0 and
E > . (3.3)



Then
u>uin (0,00).

Moreover, if equality happens somewhere in (0,00), then u = u.

Proof. Step 1. We first prove the result under an additional assumption that
o> o (3.4)

We will use the logarithmic sliding method, a variant of the method of moving planes,
developed through the works of Alexandrov [4], Serrin [26], Gidas, Ni and Nirenberg [14],
[15], and Berestycky and Nirenberg [6, 7]. Before we begin, we note that, by the argument
that led to (3.2),

u>0andu < s in (0,). (3.5)

o (r) — ("

ug(r)=1u ( 7 ) :
Using 0 <u < s, itis easy to check that, for 0 < 1, ug is a super-solution to (1.1). In fact,
by (1.6) and (3.5), for 8 < 1, uy is a strict super-solution in the sense that

For any 6 > 0 we define

wy(r)+ T (r) — 3 0(r) < F(Hg (1)) (36

wherever g is C.
Our aim is to show that iig > u for any 8 € (0, 1]. As consequence, one has i > u.

Step 1(a). We prove that there exists 6y > 0 such that tg > u in (0,0) for any 0 < 6 < 6y.
By hypotheses, for any 0 < p < min(@, j3), there exists & = do(p) > 0 such that

u(r) > (a@—p)r** and u(r) < (a+p) r'+ for r < &y, (3.7)

u(r)>si—(B+p)r?andu(r) <sy — (B-p) r—2 for r > % (3.8)

Replacing &) by some smaller 8o < & if necessary, we can further assume that
1 o _
8 <3 max{@—p,a+p}d +(B+p)&; <5 (3.9)

From now on, we fix p (and so &). For & € (0, &), define

&(8) = inf u(r).

rE(&%)
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Figure 3: A schematic graph of u.

Since u is locally Lipschitz, (3.5) implies that
&(6) > 0 forany 6 € (0, ). (3.10)

Using (3.7), (3.8) and (3.9), one has

£(8) = min (£(&), (@ p)87 51 — (B+p) & ) = min (&(&), (@~ p)8" ) .6 < &.
3.11)

Claim 1. There exists 6y such that, for 0 < 0 < 6y, there holds g > u in (0,00). In fact,

T\ w4\ 2T —p\ /2
Gozzmin<502,<a P> ,(a p) ,<g_p> 7
a+p a+p B-+p

<£<6o>>2”+ (5(5@)% S+ = SUP, g, lr)
a—p "\a+p B+p

) (3.12)

(Note that 6y > 0 thanks to (3.5).)
Proof. Let 8 = 8%. We check the inequality 7y > u on different intervals:
e For r € (0,8%), we have 5 €(0,6) and so (3.7) and (3.12) give

r rY+

tig(r) = (3 ) = (@—p) g > (@+p)r"" Zulr).

e For r € [83,87), we have 5 €16,1) and so, by (3.7), (3.11) and (3.12),

Tig(r) = 1( 3 ) = £(8) = min (&(&), (@—p)d™ ) = (@—p)5"
> (@ +p)8* > (o +p)r'* > u(r).
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e Forr € [5%,5), we have 4 € [1, §), and so, by (3.8) and (3.9),

r

tig(r) =1( 5 ) = min (£(&),54 — (B+p) &) > (@+p)8" = ur).

e Forre |9, %), we have 5 > % and so, by (3.8) and (3.12),

r — 2 —
i () =(5) 2 50— (B+p) g > 52— (B +p)8 > u(r).

e Finally, for r € (%,OO) we have 5 > % and so, by (3.8) and (3.12),

- _ 2 _
ug(r) :ﬁ<5> >s+— (B +P)?—2 >S4 — Erzp > u(r).

We have thus shown that iy > u for any 6 € (0, 6p) which ends the proof of Step 1. O

Step 1(b). Define

0 =sup{0 <1:us>uin(0,0),V0<oc<6}.

Evidently, 6 is well-defined, 6y < 6 < 1 and g > u in (0,). To complete the proof, we
need to show that 6 = 1.

Claim 2. If 6 < 1, then there exists ro € (0,00) such that g (ro) = u(ro).

Proof. Arguing indirectly, assume that 7z > u on (0,c0). To get a contradiction, we show
that there exists to > 0 such that ug p=u forany O < u < . Select e >0and 0 < u; <

1 — 0 such that
o—¢€

m>g—l—€and (B+8)(é+ﬂ1)2<ﬁ—8. (313)

Such € exists thanks to (3.3) and that 8 < 1. By (3.7), we have for 0 < r < 8 &(€) and
0 < u < u that

r r’+ :
Tou) =T (gy) = @O gy > (@) 2 ulr)

Likewise, by (3.8), we have for r > ﬁg) and 0 < u < py that

r — _ 2.
ﬁé+“(r):ﬁ<é+u> 2s+—(ﬁ+6)@(3>13)s4__([3—8)
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On the other hand, since %z > u in [0 (€), %], which is compact, we can select up > 0
sufficiently small such that for any 0 < pt < L, there holds thatug, , > u in [0 (¢€), %]
Altogether, we just showed that if 0 < u < o = min(u;, i), then

ﬁg+“ > uin (0,00).

This contradicts the maximality of 6. Therefore, there exists rg € (0,0) such that g (rp) =
u(ro). O

Claim 3. If 6 < 1 and there exists ro € (0,00) such that ug(ro) = u(ro), then 6 = 1.

Proof. Recalling the definition of super/sub-solutions, the equality #g(rg) = u(ro) forces
the first derivatives of #g and u to be continuous across ry. Consider the function w =
ug — u. Then w has a local minimum at rg, is C I_continuous at ry and possesses left and
right second derivatives at r(. In addition, as g is a super-solution while u is a sub-solution,
we deduce that w”(r) < 0. This forces w”(ry) = 0. Hence w is C? across ry and so in a
neighborhood, say (r_,r;), of rg. Observe that w satisfies

W'+ By — %w <c(x)w, w>0in(r_,ry) and w(rg) =0,
r r
where ¢(x) = %(}C) The strong maximum principle then implies that w = 0 in

(r—,r4). In other words, g = u in (r—,r4). It is readily seen that this statement implies
that g = u in (0,0). In particular, #g is a solution of (1.1) in (0,0). Recalling (3.6), it
follows that & = 1. This ends the proof of Claim 3. [

By Claims 2 and 3, we deduce that # > u in (0, 0). The rigidity statement follows from the
proof of Claim 3. We have thus proved the assertion when (3.4) holds.

Step 2. To complete the proof, we prove (3.4). Assume by contradiction that & < . Define
iig(r) = u(r/6) as above. We have seen that, for 0 < 6 < 1, 7g is a super-solution.

Select 0 such that 9% = o. Applying the result obtained in Step 1 for & := ug and u,
we obtain i > u.

Let v=1ii—u > 0. Then v satisfies

W Py %v—f—c(r)v <0and lim — = 0,
r r r—0ri+

where c is some function which is continuous in [0,c0). Let w = ry%, then w satisfies

p+2y+

w' +c(r)w <0 and w(0) = 0.
-

/!
w'+

Since w > 0 and p+ 2y, > 1, Lemma B.2 implies that w = 0, i.e. & = u. This forces 6 =1
and so u = @i = u, which contradicts the assumption that @ < . We have thus proved (3.4)
and completed the proof of the proposition. [
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REMARK 3.1. The conclusion of Proposition 3.3 remains valid if one replaces the condition
_ -2 -2
u=siy—Br+o(r-)asr—oo

by the condition
limsupu < s4.
r—yoo
As a consequence of the argument in Step 2 of the proof, we have the following Hopf-
type lemma:

COROLLARY 3.4. Assume that u is a super-solution of (1.1) and u is a sub-solution of
(1.1) in [0,R) for some O < R < oo such that both can be factored as a product of r'+ and a
continuous function at r = 0. If u > u in (0,R) then
.u .u _
either lim — > lim — or u = u.
=0t " =0l

The following results are variants of the previous comparison principle on different

intervals.

PROPOSITION 3.5. Assume (1.3) and (1.6). Assume that u is a locally Lipschitz, piecewise
C? super-solution of (1.1) and u is a locally Lipschitz, piecewise C* sub-solution of (1.1)
on some interval & C (0,00).

(i) Assume that .% = (0,R) with R < c. Furthermore assume that

where o > 0. Then

O S ﬁ?ﬂg S+,
ﬁ(rl) > 072(’1) = 07
i=sy—Br24+o(r ) u=s.—Bri+o(r ) asr— oo,

where 3 and B satisfy (3.3). Then
u>uin (ry,).

Moreover, in either case we have that if equality happens somewhere in ., then u = u.

24



Proof. (i) The proof goes exactly the same, but simpler, as in that of Proposition 3.3. The
key difference is that g (0 < 8 < 1) is defined by

10 (r) = u(5) for0<r<6R,
O\ = s, forOR<r <R.

‘We omit the details.

(ii) Again the proof is a variant of that of Proposition 3.3. First extend u by setting
u(r)y=0for0<r<ry.

Note that the extended function u is a sub-solution of 1.1 on the whole interval (0, ). Next,
define -
ug(r) = ﬁ(é) for 0r) <r < oco.

Then g is a super-solution of (1.1) in (6 r,e0) for all 8 € (0, 1). The proof of Proposition
3.3 can now be applied to reach the conclusion. We omit the details. 0

Combining Propositions 2.2, 2.5, 3.3 and 3.5 we obtain the following uniqueness state-
ments.

PROPOSITION 3.6. Assume that p and q satisfies (1.3) and F satisfies (1.6). For any 0 <
R < oo, there is at most one non-negative solution u to the BVP (1.1)&(1.2).

To conclude the section, we turn to monotonicity properties for solutions of (1.1)&(1.2).

LEMMA 3.7. Forany 0 < R < o, if u is a solution of (1.1)&(1.2), and ry € [0,R) is the last
zero of u (i.e. u(ry) =0 and u(r) > 0 for r € (r1,R)), then u is strictly increasing in (r,R).

Proof. Let us consider first the case when ri = 0 and R = . By Proposition 2.2, u can be
expressed as a product of ¥+ and a continuous function at r = 0. Recalling (3.2), we can
apply Corollary 3.4 to obtain

.u
Iim — > 0.
r—0 r¥+

ug(r) = u(%) .

Using (3.2), it is easy to check that ug is a super-solution of (1.1) for 0 < 6 < 1. Keeping in
mind Proposition 2.5, we can apply the comparison principle in Proposition 3.3 to # = ug
and u = u to conclude that

Now, for any 6 > 0 we define

ug(r) > u(r) forany 0 <r <eocand 0 < 6 < 1.
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In particular, for 0 < r < s < oo,

u(r) <ur(r)=u(s).
This completes the proof for the case R = oo.

The proof in the case | = 0 and R < o= is similar: One applies the comparison principle
in Proposition 3.5 to u = u and u = ug where this time ug is defined by

(r) = u(g) for0<r<6R,
“olr) = sy forOR<r<R.

We omit the details.

Assume now that r; > 0. We present the proof for the case R = o. The case R < o can
be done similarly.
For any 6 € (0, 1) we define

ug(r) = u(%) for r > % .

Then ug is a super-solution of (1.1) in (r;/0,e0). On the other hand, if we set

(r) = { 0 for r € (0,ry),

“ u(r) for r € [ry,e0),

then u is a sub-solution of (1.1) in (0,e0). We can then apply Proposition 2.5 and the
comparison principle in Proposition 3.5 to u = ug and u to conclude the proof. [

We can now gather previously developed arguments to present:

Proof of Theorem 1.1. The existence of the solution for the case R < o is a consequence
of Lemma 2.1, where the solution is obtained as a global energy minimizer of the modified
energy E defined in (2.3). In Corollary 1.2 next section it will be noted that if the nonlinear-
ity F satisfies condition (1.7) then the solutions thus obtained are global energy minimizers
of the standard energy (1.4).

In the case of infinite domain, R = oo, the existence of the solutions is obtained in
Proposition 2.4 as limit of solutions obtained for finite R, as R — oo. The most delicate
part is to ensure that the solution thus obtained satisfies the boundary conditions at O and
oo, In order to study the behaviour at 0 we use Proposition 2.2, while in order to study the
asymptotics at oo we use the monotonicity results of Lemma 3.7 together with an energy
argument which also shows that the the solution thus obtained is locally energy minimizing.

In order to prove uniqueness we first show in Lemma 3.1 which provides that a non-
negative solution is actually positive and stays away from s, and use these in the study
of sub-solutions and super-solutions in Lemma 3.3. Combining this last lemma with the
detailed behaviour at 0 obtained in Proposition 2.2 and the one at o« obtained in Proposi-
tion 2.5 we obtaine the uniqueness of positive solutions stated in Proposition 3.6. [l
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3.2 Uniqueness without positivity assumption

In this section we consider two different types of additional assumptions under which we
can obtain the uniqueness of solutions for (1.1) and (1.2), without the positivity requirement
on u.

The first condition is imposed on the solution while the second one is a condition on
the nonlinearity. In either case we show that in fact a nodal solution must necessarily be
positive and then the uniqueness result in class of positive solutions will provide us the
more general uniqueness result.

We start by noting that positivity is implied by the requirement of local energy mini-
mization, as stated in Corollary 1.2. We now show:

Proof of Corollary 1.2. We claim that assumption (1.7) implies that the solution u obtained
in Theorem 1.1 is locally energy minimizing. Indeed, as in Section 2.1, since F satisfies
(2.1), then Lemma 2.1 provides the claim in the case of bounded domains (0,R), R < 0. In
the case of unbounded domain, the solution u., obtained in the proof of Proposition 2.4 is
locally energy minimizing.

We consider now the converse: we take u € HllOC (0,R) that is a locally energy minimiz-
ing solution of (1.1) with respect to the energy (1.4) and satisfies u(R) = s

Arguing similarly as in the proof of Lemma 2.1 we have u and |u| are both minimizers
for E on (0,R’) for all sufficiently large R’ < R such that u(R") > 0. Thus |«| is a non-
negative solution of (1.1). As shown in Step 3 of the proof of Proposition 2.2, this implies
that |#| > 0 in (0,e0), and, as u has constant sign, we have u > 0 in (0, 00).

We also claim that u < s in (0,R). Indeed, if u(R") > s for some 0 < R’ <R, let
i(r) = min(u(r),u(R")),0 <r <R’

As in the proof of Lemma 2.1, the fact that F > 0 in (s4,c0) implies that E[i; (0,R')] <
E[u;(0,R")] where equality holds if andy only if u = u(R’) in (0,R’). Since u is minimizing
in (0,R’) this implies that u = u(R’) in (0,R’) which is impossible in view of equation (1.1).
The claim is proved.

We have proved that 0 < u < sy in (0,R). Since u is bounded, then Proposition 2.2
implies u#(0) = 0. The uniqueness part in Theorem 1.1 now shows that « in fact coincides
with the solution of (1.1)&(1.2) obtained therein. []

Moving on to imposing conditions on the nonlinearity, we note first that a simple con-
dition on the behaviour of the nonlinearity on (—eo, 0] allows to deduce the positivity of any
solution of (1.1) and (1.2). Indeed, if F satisfies F(¢) < 0 for r < 0, then (3.1) can be proved
using the maximum principle. However this is not satisfied for the physical potential F' of
the form (1.10). To obtain conditions for showing the positivity of solutions for physical
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type of nonlinearities ', we need to impose more constraints on F, namely the ones in
(1.8). We now show:

Proof of Theorem 1.3. We present an argument that is reminiscent of the one in Proposition
31in [17] . For simplicity, we will only present a proof when R = co. The other case requires
only minor modifications. By Step 3 in the proof of Proposition 2.2, we show that u < s
in (0,00). Using the first line of (1.8), the same argument shows that u > s_ in (0,0).
We claim that u > 0 on (0,0) and therefore, by Theorem 1.1, u is unique. Arguing by
contradiction let us assume that u is negative somewhere. Since u(r) — s as r — oo, there
is some r| € (0,00) such that

u(r1) =0 and u(r) >0 forr>ry.

In particular, u” + 2u’ — Su = F(u(r)) < 0 in (r1,). By the Hopf lemma, we have
u'(r1) > 0. (3.14)
Hence there exists ry € [0,r]) such that u(rg) = 0 and u(r) < 0 for r € (rg,r1).
We now define r, =2r; —rg and y(r) := —u(2r; —r) for r € (r1,r2). Then y is positive
in (r1,72), w(r1) = w(r2) = 0 and v satisfies the ODE:
" 14 q
_ _ — _F(— )
v 27’1—1"’/ (2r1—r)2v/ (=), re(m,n)

In addition,
() =u(r) =0, ¥ (r) =u'(r) > 0, %' (r1) = —u"(r1) = 2 (r1) > 0.

8

Thus, for some € € (0,r] —rg), we have ¥ > u on (ry,r; +€). Let r3 € (r1,r2) be the
maximal point where ¥ > u on (ry,r3), so that y(r3) = u(r3) (this is possible because
y(r2) =0 <u(rp)). On (r1,r3) we have

1o r_ q q F(u)  F(-y) P p
(wy uWI) —uy r2 (2r;—r)? +\ u + Vo ru v (2r1—r) y'u
<0 f(;;r>r1 <0 l:}IF(I.S)
p / /
< — )
< oy =y Wy —uy) (3.15)

where for the last inequality we used that «’ > 0 (see Lemma 3.7), y,u > 0 on (ry,r3) and
p > 0. If we denote §(r) :=u/'(r)y(r) —u(r)y/(r) and f(r) := 2r1p—r then (3.15) implies

&'(r) < f(r)&(r) on (ry,r3). Noting that f is integrable on (ry,r3) and {(r;) = 0 we have
by Gronwall’s inequality that { < 0 on (r,r3). We obtain thus that £ is non-increasing on

(r1,r3). This leads to a contradiction since ul/ < lin (ry,r3) while u(r3) = y(r3) >0. O
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REMARK 3.2. Let us point out the modifications needed in the previous argument if p = 0.
We now assume that F is of class C> and we note that this together with (1.8) implies
F(IHF(I_;)_ZF(O) < 0 for t small enough, hence F"(0) < 0. Then following the previous
proof we first note that W' (ry) = —u'' (r) = 0. In order to compare the behaviours of ¥ and
u at 0, we need to compute higher order derivatives as 0. We have W' (r;) =u""'(r;) =0 and
v () = —u®(r) =— —‘:—?u'(n) +F”(0)]u']2] > 0. The proof continues similarily as
1
before.

REMARK 3.3. We point out an alternative approach for dealing with the case p = 0 under a
different assumption on the nonlinearity. Namely in addition to (1.6) we require that there
exists o > 1 such that (1.9) holds. Then in the proof of Theorem 1.2 we take a different
definition of W namely y(r) := —u((0t+1)r; — ar). We denote ry := L [(a+1)r| — ro]
and observe that Y(ry) = 0. We obtain that y satisfies the equation:

v — apy’ qo’y

(@i n =) (@rn—ap = CFEw)

and y(ry) = u(ry), ¥ (r1) = o/ (r1) > 0 hence y'(r1) > u'(r1) and thus W > u on some
maximal interval (ry,r3). Moreover we have

2 2
/ N q a~q F(”) a F(_W)
_ — 2 _ <0
W'y —uy’) =uy | 5 ((Oz+1)r1—06r)2+ — v <0 on(ry,r3)
<0 for 1€fr1 ] <0 by (1.9)

and this shows that u/y is non-increasing of (r1,r3). We reach thus a contradiction be-
cause u/y < 1 on (r1,r3) and u(rz)/y(r;) = 1.

REMARK 3.4. If p < 0 numerical explorations show that there can be several sign changing
solutions. See Figure 4.

4 Refined qualitative analysis

In this section we prove several refined qualitative properties of the positive solution in the
physically motivated case. Throughout this section we assume r € [0,00), p=2,9=6, F
will take the form (1.10) and we denote

ru' (r)

u(r)

u(r) is the unique solution of (1.1)-(1.2) and w(r) = 4.1)
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0.5 /
0 -

-0.51

Figure 4: A plot of several different solutions for F (1) = —u+ %u3 and p=—1,9=3.

Define
L F(M) _ 2 b2 2C2 2
f(u) = » = —da —?u-i-Tu 5
? / ) 2 2.2
fw):=f(wu+f(u)=—a —Tu+2c u-.
Then
2 6
W' +=u' — —u=uf(u), 4.2)
r r
2 8 12 A
W+ =u" — s+ Zu=fu)d. (4.3)
r r r

Note that, by Proposition 2.2, v(r) = ) i decreasing on the interval r € (0,o0) and as
a consequence the function w(r) satisfies 0 < w(r) < 2 for all r € (0, o).

LEMMA 4.1. For the function w(r) defined in (4.1) the following inequalities hold
2ww—2) <rw <w(w—2) <0in (0,).
In particular, w(r) and zw_—rff are strictly decreasing and zw_—rﬁv is strictly increasing on (0,00).

Proof. We first show that w is decreasing. Straightforward calculations using (4.2) and
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(4.3) give

w':—%(w—2)(w+3)+rf(u), 4.4)
W= 2 o= )0 1)(w43) + () — 30w, @5)
g ' /! 4 3_'_ 2+3 / 4 b2 /

:%w +r—2%w —r—3(w—2)(w—|—1)(w—|—3)+?u w. (4.6)

Since 0 < w < 2 we see that on (0,0) the function w'(r) satisfies

4
W) —p(r) (W) —q(r)w > —r—3(w -2)(w+1)(w+3)>0 4.7)
where p(r) = WW/ and q(r) = %% > 0.
By Proposition 2.2, r% is decreasing and differentiable up to » = 0 and its derivative at

01s 0. Thus

/
-2
hmZ%L:a>Omm02hm{ﬂQ}:hmugﬂww) )
r—0 r r—=0 | r r—0 r r
It follows that
limw(r) =2 and limw'(r) = 0. (4.8)
r—0 r—0

Also, using definition of w and (2.17) we derive that

lim w'(r) = 0.

r—roo

We can then apply the maximum principle to (4.7) to conclude that w' < 0 on (0, o).
We now want to show the upper bound for rw’(r)

x(r) :=m —ww—-2)<0.

The idea of the proof is essentially the same as before: we find the differential inequality
for x(r) and employ the maximum principle. A calculation gives
x =" +3w —2ww/,
x// =" 4w —2ww — 2|W"2
4
> (rp 422 —w)w" + rqw’ —2|w/|* — r—z(w —2)(w+1)(w+3)

2(2 — / 2 _2w+4 11
:M%’+ _314_3(5”} 5 w+ ) X+—2W(W—2)2,
r rw r<w r
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where in the first inequality we have used (4.7). Recalling that w’ < 0 and 0 < w < 2 on
(0,00), we see that y satisfies

P
A A r—zvv(w—Z)2 >0

where p = w and § = —=7- —|— (Swr—iWH) > 0. In addition, by (2.17), (4.8) and the
expression for w we have hmrﬁo )(( ) =0 =lim, . x(r) = 0. Applying the maximum
principle we obtain Y (r) < 0 on (0,00).

Finally, we show that
Zi=rw —2w(w—2)>0.

We compute

7 =" +5w —dww/,

4 b?
2= p+203-2w))w" +rqw — 4w |2——(w 2)(w—|—1)(w+3)—|—?rulw.
Recalling the definitions of f(u) and f(u) and equation for w” we have

b* b? > yo 2
?ru w= ?uw < [f(u) =3f(w)]w?* =ww —r—zw(w—Z)(w+1)(w+3).

Using the above inequality and combining the terms we obtain

~

2" < (rp+32—w)W' +rgw —4w|)? — 2 (w 2)(w+1)(w+3)(w+2)

m+32—-w) ., 5w 8w —33w +10w—127
e P |2

r w rw
6

- 5w=2) 2(3w? —3w+1).

Recalling that 0 < w < 2 and an upper bound for w’ we see that

VRN 6
2P —ax <—Sw—2Bw —3w+1) <0
r
where p = M and § = S—WI B 33W2;VHOW 12 5 0. As in the previous case we
also have hmr_>0 x(r)=0= hmrﬁw % (r) and so the maximum principle gives ¥ > 0 on
(0,%0). O

REMARK 4.1. From the estimate for w', we see that on (0,)

f—z(w—z)(wH) < Flu) = %w’+ri2(w—2)(w+3) rl (w—2)(2w+3) <0.
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. ' —u) . . . 2(s2 —u?
LEMMA 4.2. The function 5 — Ase—u) strictly decreasing and the function "% — Usiw)
u2 S+u M3 52+u2

2u(s? —

u?) Su> 2u(sy—u)

. : . : . 2
is strictly increasing. In particular, o o

Proof. Let us define y =w — 2(s+—+”) =w—-2+ 2—”. Using the upper bound on w’ we have

2u' 1 2u o 2u, 2u o
/
= — < D+ —=—(y——)+—=—vy.
v/ N —w(w— )+y+ (v S+)+S+ 4
=1 (x+w(w=2))
It follows that l’;’ is decreasing. It is clear that y(e) = 0 and therefore > 0. Since u >0
we have
iy 2u(sy —u) ‘
rs+
The monotonicity of the other function and upper bound on u’ can be proved similarly. [J

LEMMA 4.3. The following inequality holds

Pl =350 > =2 flw)
Proof. Let us define
Y= 2 S 0= 2) (w4 3) = () — 3 )+ 2 ()

In the proof we will refer frequently to equations (4.4),(4.5) and (4.6) without explicitly
mentioning. A simple calculation gives

2 2w —5w—6 4 b?
V/Z[K—i——]w/’——zww’—?(w 2)(w+3)+ ?u/w.
wor r w r
Using the following inequality
b’ b? y 2 w2
?ru w—?uw < [f(u) =3f(u)]w” =ww —ﬁw(w—2)(w—|—1)(w+3),

W 24w 2 2 2w —5w—6
v | (v 2 3)) - R

— 5w =2)(w+3)(w +w+2)

w24 wi 2WP 6w=2 2
[ 2y 2R 02 24 3)
LW r _ r w r w r
w24+ w 2w! 2
— _— 3 2 2 3
< W+ . _l// rzw(w+ ) (w— )—|— (w )(w—I— )
w24+ w
<|— v,
w r
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where we used w' < w(w —2) < 0 in the last two estimates. Recalling that w = ’7”/, we see

that
, w2 . d y
v < [_+——|——} Y, or equivalently — —
w o r u drrewu

It follows that r2llv/vu is a decreasing function. Since %— — 0 as r — oo infinity, we conclude

that y is positive. The statement of the lemma follows. U

As a consequence of the above results, we have the following lower and upper bounds
for the solution

COROLLARY 4.4. Assume that u(r) = or’>+o(r*) as r — 0 and u(r) = s, — Br2+o(r ?)
as r — oo. Then u(r) has the following upper and lower bounds

2
s.,.OCr
> 4.9
u(r) > PR (4.9)
2.2
sLr
<2t 4.10
u(r)_s+r2+ﬁ, (4.10)
2
a
u(r) < — . @.11)
\ o2+ 5%
Proof. Using Remark 4.1 we have
6 2> 1, 6
u"—l—ru’—ﬁu:uf(u)g ’Z’ —;u'—r—zu

It follows that u” + (—27“/ + 3)u’ <0, which is equivalent to dir% < 0. Integrating this
inequality and using the fact that

iy =g i =
we obtain ) e
z < e < P (4.12)
The second inequality in (4.12) implies that % (% — #) > 0, and integrating it from r

.1 1 1
to oo we obtaln;—mga,

implies that £ (£ — £ ) <0, which leads to (4.10).

which implies (4.9). Similarly, the first inequality in (4.12)

u
To prove (4.11), we again use Remark 4.1. We have
>ﬂwF_3, 6

2 6
u"—l—;u’—r—zuzuf(u) >

u r r2
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It follows that
u”+(——+—)u’>0, (4.13)

u r B
which is equivalent to d alTd ” > 0. Using the same argument as before we obtain
r5u’ S22 . dl ' Yoo
u3 a2 e E»<_2_ 062r4) =
1

Consequently iz — 274 = 7> which implies (4.11). [

In Corollary 4.4, the lower bound of u depends on u”(0) which is a priori unknown.
The following result gives an lower bound which is independent of u”(0).

LEMMA 4.5. There holds

u(r) > u(r) =

b? o

ﬁ( 3602)(}"4—1— 124c4)

Proof. Let ugy denote the positive solution of (1.1) corresponding to a = 0. Let us observe
first that we have:

forr e (0,00).

uo(r) < u(r),vr>0. (4.14)

This follows from the comparison principle in Proposition 3.3, Remark 3.1, the fact that ug
is a sub-solution of (1.1) for a > 0 (in the sense of Definition 3.2), and
b2+ Vb 42422 b?
u(eo) =54 = * 4;_ LN ke up(eo) whenever a > 0.
Therefore, it suffices to show that uy > u. Using Remark 1.2 in the introduction, it
suffices to check this for e.g. b = ¢ = 1. In that case, a lengthy computation shows that

2

u +

%u/ - gu—f (w)u= 36/ X
re T (21 36)3 (4 + 124)?

2_
.
x (278628139008 + 90296156161 4 85100544r* — 373248r° — 5184r8 +417'9),
where fo(u) = u + 3u It is straightforward to check that

278628139008 +9029615616r% 4 85100544r* —373248r% — 518418 + 4171 > 0 on (0, 0).

In other words the function « is a sub-solution of (1.1) with a = 0.

Notice that
1 18 1 18
u(r) = ) +o0(r~2) and ug(r) = ) +0(r %) as r — oo,
where we have used Proposition 2.5. Taking into account the behaviour of u at 0 we can
apply again Proposition 3.3 to obtain that u(r) < uy(r),Vr > 0. O
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To close the section we give the proof of Theorem 1.5.

Proof of Theorem 1.5. First, (1.17), (1.18), and (1.23) are consequences of (4.14), Lemma
4.5 and Proposition 2.2. Second, (1.20) and (1.21) are the content of Lemma 4.3 and
Remark 4.1, respectively. Next, estimate (1.19) is precisely (4.13). Finally, inequality
(1.23) is a consequence of the second inequality in (4.12) and the fact that u < s.. [

5 Existence of sign-changing solutions

In Section 3, we show that, for F satisfying (1.6), the problem (1.1)&(1.2) has a unique
positive solution. Furthermore, under more stringent conditions on F, that solution is the
unique solution of the problem (1.1)&(1.2). The goal of this section is to give examples of
nonlinearities F (which satisfy (1.6)) such that, for any finite interval (0,R), the problem
(1.1)&(1.2) has another solution besides the positive solution. This additional solution is
necessarily sign-changing (in view of Theorem 1.1) and is of mountain-pass type.
For simplicity, we set
p=2 and g=6.

The problem (1.1)&(1.2) becomes

2, 6
“u — 2u=F(u)in (O,R
u +ru U (u) in (0,R),

u(0) =0,u(R) = s.

Let u, be the positive solution obtained in Theorem 1.1.

5.1 Minimizing properties

We have seen in Corollary 1.2, proved in Section 3.2 that if F satisfies (1.7), then for
R € (0,00) the function ug (the solution of (1.1)&(1.2) obtained in Theorem 1.1) is actually
a global minimizer of the energy E defined in (1.4), in the introduction. It is natural to
ask if ug is actually a global minimizer for £ when F does not necessarily satisfy (1.7). In
general the answer is negative. For example, for the nonlinearity F (u) = u* — u, the energy
E is unbounded from below. However, we prove:

LEMMA 5.1. Assume p =2, g =6, R € (0,0) and F satisfies (1.6). Let u, be the positive
solution in Theorem 1.1. Then u is a strictly stable local minimizer for E|[-;(0,R)].

Proof. Consider the second variation of E at u,:
R
Qo] := / [rzlv’|2 +6v2+ P F'(u,) vz] dr,
0
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where v belongs to

My = {v: (0,R) = R

' € L2(0,R),v(R) = o}.
It suffices to prove that, for some 6 > 0,
R
o] > 5/ P Pdr =: 8|v|? for all v € .
0

By a standard density argument, it suffices to prove the above for v € CZ°(0,R).
To this end, note that «/, satisfies

)"+ Z0h) = il e = F ()i, in (0.R).

Furthermore, by Lemma 3.7, « is non-negative.
Fix v € C(0,R) and write v = u/, w. We have

R -
O] = [ [P utwy P+ 6l P+ P (), P?) dr
oL

Rr 12
- / PU(ow) [P+ 6l P + (Pul) = 8, + = Jul w?| dr
0 L r

R a2 r22 120,
:/ rolu 7w = 2|u | Tw + — il ow ]dr.
o L r
Recalling (2.10) and noting that y; = 2, we obtain
R R
O[v] 2/ [r2|u;|2|wl|2+4|u;|2w2] er/ 4?2,
0 0

Since 0 < uy < s, F'(uy) > —Cy for some Cy depending only on F. It thus follows
that

R

R 1
||v||2 < Q] —/ rzF/(u*)vzdr < Q] +C0R2/ V< —(4+C0R2)Q[v],
0 0 4

as desired. [
5.2 Mountain pass solutions

In this subsection we obtain a mountain-pass solution for the BVP (1.1)&(1.2) on finite
domains when the nonlinearity F satisfies a certain growth condition.
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PROPOSITION 5.2. Assume p =2, ¢ =6, R € (0,00). Assume that F satisfies (1.6) and, for
some 7> 0,0 < A <4 and C >0 we have F(t) = sa* + F(t) with F satisfying

IF()| <C(A+|t|*) fort € R, (5.1)

Then besides the positive solution obtained in Theorem 1.1, the problem (1.1)&(1.2)
admits a sign-changing solution.

For example, we note that the nonlinearities F(u) = u* + 2u> — u?> — 2u and F (u) =

u* — u? satisfy all hypotheses of Lemma 5.2.

Proof. Let us consider the set
M= {u :(0,R) =R : ru/,uc L*(0,R), u(R)= s+}.

It is easy to check that u € ./ is a critical point for E if and only if v =u, —u € .# is
a critical point of

N = % /O i [rzw+6v2+r2(zF(u*)v+h(u* ) —h(u*))} dr,

where £ is given by (1.5).
Note that ./ is a Hilbert space with respect to the inner product (vi,v2) = [ 2 V| vy dr
The (Fréchet) derivative of [ is given by

R
(I'v], @) :/0 [rzv'(p’+6v(p—}—r2(F(u*)—F(u*—v))(p] dr. (5.2)

By Lemma 5.1, 0 is a strictly stable local minimizer of I and 7[0] = 0. In addition, for
v >0 and v # 0, we have I[tv] — —oo as t — oo thanks to (5.1). We would like to find a
second critical point of / via the mountain pass theorem (see e.g. [25]). To this end, it
remains to show that / satisfies the Palais-Smale condition. More precisely, we need to
show that, if v, is a sequence in .# satisfying

I[v)) <Cand I'[v,] — 0,

then v, has a convergent subsequence. Note that, by standard elliptic estimates, it suffices
to show that the sequence v, is bounded in ..

Let A, = [X[r2|V,|? + 6v2] dr and fix some & > 0 small.

First, taking @ = v,/ in (5.2) and noting that I'[v,] — 0, we can find some &, — 0 such

that
—& V An S /

[r2|v:1|2 + 6v,2, + rz(F(u*) — F(uy —vp))vy | dr.
{vn>0}
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Thus, by (5.1),
—en\/Ang/{ }[ﬂyvg\2+6vﬁ—(1—5)%r2|vn\5 dr+C, (5.3)
v, >0

where here and below C denotes some constant that may vary from line to line but is always
independent of the sequence v,,.
Next, using the boundedness of /[v,] and (5.1),

R
C>A, +/0 [2F () vn + h(us — vy) — h(us)] rdr

ZAn—/ 2—}t(1—|—5)r2v,51dr—C.
{v>0} S
Thus, by (5.3),

This implies the boundedness of A, as desired. The mountain pass theorem can then be
invoked to assert the existence of a second critical point of /, thus of E, which is a solution
of (1.1)&(1.2). Since positive solution of (1.1)&(1.2) is unique, this second solution must
be sign-changing. [

A Lifting for radially symmetric O-tensors

In this appendix, we classify radially symmetric matrix-valued maps by using only one
degree of freedom, the scalar u(|x|), also called lifting.

LEMMA A.1. If Q : BR(0) — A is a radially symmetric measurable map, then there exists
a measurable function u : (0,R) — R such that

Q(x) = u(|x|)H(x) fora.e. x € Bg(0). (A.1)

where H(x) := <|jc‘—| ® ﬁ - %Id). The function u is given by

u(|x]) = %tr(Q(x)ﬁ(x)) a.e. in  Bg(0). (A2)

If the origin 0 is a Lebesgue point of Q, then it is also a Lebesgue point of u, and Q(0) =0,
u(0) = 0. Moreover, if Q is continuous on Bg(0), then u is also a continuous function on

[0,R) with u(0) = 0.
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Proof. Fix a point x € Bg(0) where (1.14) holds. Write x = rp for some p € S and r > 0.
Assume for now x # 0. Let G denote the subgroup of rotation matrices in SO(3) that fixes
x, i.e. Zx = x for all R € G,. By the definition of radial symmetry for tensors, we have

O(x) = Q(%x) = % Q(x) %' for any Z € G, . (A.3)

Observe that for x # 0, Spec(H(x)) = {—%, —%, %} and the eigenspaces corresponding to

the eigenvalues —1/3 and 2/3 of H(x) are given by the plane (Rx)' and the line Rx,
respectively. In view of (A.1), it is then natural to prove that:

Claim 4. Q(x) cannot have three distinct eigenvalues. Moreover, Q(x) = u(x)H(x) for
some u(x) € R.

Proof. First, observe that

if v is an eigenvector of Q(x) then Zv is also an eigenvector of Q(x)
for all Z € G, (with the same eigenvalue). (A.4)

Indeed, Q(x)v = Av in view of (A.3) implies
Qx)%v =R Q(x) %' Rv = L Rv.

To prove our Claim, we distinguish the following two cases (since Q(x) is a symmetric
matrix, so that R? is a direct sum of eigenspaces of Q(x)):

Case 1: Q(x) has an eigenvector v which is neither parallel nor perpendicular to x. Then
(A.4) implies that the whole R? is an eigenspace of Q(x) corresponding to a single eigen-
value. Since Q(x) is traceless we deduce that Q(x) = 0, i.e., all eigenvalues of Q(x) are
zZero.

Case 2: Q(x) has an eigenvector v which is parallel to x and two linear independent eigen-
vectors vy and vy which are perpendicular to x. Let Aj, Ay and A3 be the corresponding
eigenvalues. Then (A.4) implies that A, = A3. By tracelessness of Q(x), A, = A3 = —%M.

Furthermore, Q(x) has the same eigenspaces as H(x) so that Q(x) = u(x)H(x) for some
u(x) € R (here, u(x) = —31,).

In both cases, we obtain the representation Q(x) = u(x)H(x) which proves our Claim. [

To finish the proof of our lemma, notice that H(%x) = ZH(x)%" for all Z € SO(3) and
(1.14) also holds at every point & = %x for every rotation % € SO(3) (since (1.14) holds
at x by our assumption). Combined with Claim 4, it follows that u(x) = u(Z%x) for all
Z € SO(3) which entails that u is indeed a function of |x|, i.e., (A.1) holds at x. From here,
it is easy to see that (A.2) also holds at x.

40



Assume now that x = 0 is a Lebesgue point of Q, i.e., there exists a matrix Q* such that

lim |0(x) — Q| dx = lim |Q(Z%x) — QF|dx=0

r—0 B,(0) r—0 B,(0)
by the change of variable X := Zx for some #Z € SO(3). Since for a.e. x € Bg(0), Q(x) € S
we deduce that O* € .%. Since (1.14) holds a.e. in Bg(0), we deduce that

lim 10(x) — %' Q" %) dx = 0,

r—0.JB,.(0)
so that Q* = Z'Q*% for all # € SO(3). Since Q* is a traceless symmetric matrix, it
implies that Q* = 0. Relation (A.2) allows to obtain that O is also a Lebesgue point for u
and u#(0) = 0. For the last assertion, assume that Q is continuous. Obviously, (1.14) holds
everywhere in Bg(0). By (A.2), since H is continuous away from 0 and bounded near 0,
the continuity of u on (0,R) immediately follows. Since Q is assumed to be continuous

at 0, by (A.2), we deduce that u can be continuously extended to u : [0,R) — R by setting
u(0) =0. O

B Some maximum principles

In this appendix, we present some maximum principles which were needed in the body of
the paper.

LEMMA B.1. For R € (0,00], p,q € C(0,R) with q(r) > 0,Vr € (0,R) we denote
Lw := —w" — p(r)w +q(r)w.

Assume that there exists a nonnegative function wy € C? (0,R) with Lwg > 0 and lim,_,owo(r) =
oo, If w € W5 (0,R)NL™(0,R) and Lw > 0 in the sense of distributions (or measures) in

loc

(0,R) with liminf,_,gw(r) > 0 then
w(r) > 0,Vr € (0,R).

Proof. The result of the lemma and its proof are well-known to experts, but we provide the
proof here for completeness. We pick an arbitrary € > 0. There exists &y(€),Mp(€) € (0,R)
so that

w(d) > —ewp(0) > —ewp(d)—€ and w(M)>—€>—ewy(M)—¢ (B.1)

forall 0 < § < d(€) and My(€) < M < R. Hence, by the usual weak maximum principle
applied to L on the interval (6,M) we get w > —ewg — € in (6, M) for any 0 < & < Oy(€)
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and My(g) < M < R. Indeed, if we denote by v := w + gwp + € we obtain that Lv > 0 in
the sense of distributions in (0,R). Set v_ := max{0, —v} and P € C'(0,R) be a primitive
of p,i.e., P = pon (0,R). Noting that 0 < efv_ € CC((S,M)) (due to (B.1)), and using it
as a test function we obtain

ozAMwa+ao@>ﬁder

and conclude that v_ =0 on (J,M). Since we can choose any 0 € (0,0(€)) and M €
(My(€),R), we have in fact w > —ewg — € in (0,R). Since € > 0 was arbitrary we can let
€ — 0 and obtain the conclusion. [

REMARK B.1. The above maximum principle was used in two specific cases, namely:

e For p(r) = £,q(r) = % with wo(r) = r¥- where y_ is the negative Fuchsian index of
(1.1) (see (2.9)).

e Forp(r)= _P*Z,q(r) = %, A >0 withwy(r) = rBIB(\/TX) where B= (p—1)/2 and

r

Ip is the modified Bessel function (see for instance [1], p. 375, 9.6.10 and p. 377,
9.7.1) that satisfies the modified Bessel’s equation

1 B?
Ip(t) + ;Ilg(r) —(1+ t—z)IB(l‘) =0, t>0.

and has exponentially growth at infinity.
LEMMA B.2. Assume that w € C*(0,R) NC[0,R) satisfies
Lw(r) :=w"(r) + W (r) + c(r) w(r) < 0 in (O,R)
r
for some constant a > 1 and some function ¢ € C[O,R). If w > 0 in (0,R) and w(0) = 0,
then w = 0.

REMARK B.2. The conclusion is not true for 0 < a < 1. For example, take w(r) = r'=¢
and c = 0.

Proof. Arguing by contradiction, assume that w % 0. By the standard strong maximum
principle, w > 0 in (0, R).
For some small positive €, consider the function
v =€~ (e~
We have, for 0 < 0 < €,

2a(e —r)

Liy—8)=—-2+ +o(r)[e2 -8 — (e 1)
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Since a > 0, there exists some € > A > 0 independent of & such that Ly > 0 in (0,1).

Pick pt > 0 such that py (A1) <w(A). Clearly there exists some 0 < A’ < A which might
depend on & such that w > p(y — ) in [0,A']. By the maximum principle, w > p(y — 6)
in [A’,A]. It follows that w > pu(y — 8) in [0,A] for all 0 < § < &, which implies that
w > pyin [0,A]. Since w(0) = y(0) = 0, this implies that

fimint ) > 1y’ (0) =2ue > 0.

r—0 r

In particular, there exists a sequence r; — 0 such that
w/(rk) > ue>0.

Recall that w and ¢ are continuous up to r = 0 and w(0) = 0. Thus, we can choose some

n > 0 such that |c(r)w(r)| < % for 0 < r < m. Thus, as Lw < 0,
ue
(r'w') < ur" for0 <r<n.
21
Fix some ry < 1. Then
1 € ery
w(r) > r_“ [r,?w'(rk) - ‘;—an+1 > %F]j for0 <r <.
Since a > 1, this implies that
limw(r) = —co,
r—0
contradicting our hypothesis that w is continuous up to » = 0 and w(0) = 0. [
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