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Some results on the Chern-Simons-Schrédinger equation

Alessio POMPONIO!

Abstract. In this review paper we present some results on the Chern-Simons-Schro-
dinger equation obtained recently in several papers.

1. INTRODUCTION

In this review paper we present some results on the following Chern-Simons-
Schrodinger system

iDo¢ + (D1 Dy + DaDa)¢ + [6|P 1 =0,
Qo Ay — 01 Ag = Im(¢D19)
(1.1) oAy — By Ag = —Im (D1 9) |

1 2
5 16

Az — 024,

This system describes nonrelativistic matter interacting with Chern-Simons gauge
fields in the plane, under a suitable ansatz. For the reader convenience, in Section
2, we will give the physical motivations of this model, following [7].

This model was first proposed and studied in [15, 16], and sometimes has received
the name of Chern-Simons-Schrédinger equation. The initial value problem, well-
posedness, global existence and blow-up, scattering, etc. have been addressed in
[2, 12, 14, 22, 24] for the case p = 3. See also [21] for a global existence result in
the defocusing case, and [6] for a uniqueness result to the infinite radial hierarchy.

The existence of stationary states for (1.1) and general p > 1 has been studied
in [5] for the regular case (see also [7, 13, 25, 26]). Very recently, in [4] the case
with a vortex point has been taken into account. Consider the ansatz:

¢ =u(r)e!™NOHD Ay = Ag(r)

A= -2 hey Ay=TLhir)
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Here (r,0) are the polar coordinates of R?, and N € N U {0} is the order of the
vortex at the origin (N = 0 corresponds to the regular case).
In [4] it is found that u solves the equation:

2 — N2
—Au(z) +wu + (hu(lz) = N)® |L)‘2 N) u+ Ao(|z))u(z) = [u(z)|P tu(z) , x€R?,
where
1 " 9
(1.2) hy(r) = B /0 su“(s)ds,
and

T hu(s) =N
—U

S (s)ds , E€eR.

Ao(r) =€+ [

T
The value £ above appears as an integration constant. Observe that, as usual in
Chern-Simons theory, problem (1.1) is invariant under gauge transformation,

¢— g™ | A, — Ay —0ux,
for any arbitrary C'°° function x. Therefore, without loss of generality, we can

assume & = 0; otherwise it suffices to use the gauge invariance with y = £t. Then,
our problem becomes:

—Au(x)—l—wu—i—Wu—&—
(CSS)
+00hu(8)_]\[u25ds>ux:uxplux
+</|Z| L= 2 5)ds | () = ()P ()

Observe that (CSS) is a nonlocal equation. In [4] it is shown that (CSS) is indeed
the Euler-Lagrange equation of the energy functional I, : H — R,

I,(u) = % /R2 (|Vu(z)|” + wu*(z)) do+

+% /R w@) g ) = NF dm—zﬁ /]R () [P d

2 |zf?

The Hilbert space H is defined as:

(1.3) H= {ueHj(RZ) : /}R

endowed by the norm

Julle = [ IFut) + <1 " @) W (2) do

Let us observe that the energy functional I, presents a competition between the
nonlocal term and the local nonlinearity of power-type. The study of the behavior
of the functional under this competition is one of the main motivations of this paper.
For p > 3, it is known that I, is unbounded from below, so it exhibits a mountain-
pass geometry (see [5, 13] for the case N = 0 and [4, Section 5] for N € N). In
a certain sense, in this case the local nonlinearity dominates the nonlocal term.
However the existence of a solution is not so direct, since for p € (3,5) the (PS)

u®(z)

2 [zf?

dx<+oo} ,
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property is not known to hold. This problem is bypassed by combining the so-called
monotonicity trick of Struwe [29] with a Pohozaev identity.

A special case in the above equation is p = 3: in this case, solutions have been
explicitly found in [5, 4] as optimizers of a certain inequality. An alternative ap-
proach would be to pass to a self-dual equation, which leads to a Liouville equation
in R2, singular if N > 0.

Whenever p € (1,3), the nonlocal term prevails over the local nonlinearity, in
a certain sense. This case has been considered in [25], for N = 0, and in [18], for
N # 0, where in particular the authors have studied whether I, is bounded from
below or not. The main purpose of this review paper is to present the conclusions
of [18, 25]. As we shall see, the situation is quite rich and unexpected a priori,
and very different from the usual Nonlinear Schrédinger Equation. We shall show,
in particular, the existence of a threshold value wgy such that I, is bounded from
below if w > wy, and it is not for w € (0,wp). But, in our opinion, what is most
surprising is that wg has an explicit expression, namely:

~(p=1)/2(3-p)
3P a(p-1)/2(3-p) 92/(3-p) (’”2(3+P)) ' '
3+p p—1

+00 _ 2/(1-p)
m = / 2 cosh? pil r dr .
oo \PT1 2

Let us give an idea of the proofs. It is not difficult to show that I, is coercive
when the problem is posed on a bounded domain. So, there exists a minimizer w,,
on the ball B(0,n) with Dirichlet boundary conditions. To prove boundedness of
Uy, the problem is the possible loss of mass at infinity as n — +o00. The core of our
proofs is a detailed study of the behavior of those masses. We are able to show that,
if unbounded, the sequence u,, behaves as a soliton, if u,, is interpreted as a function
of a single real variable. The proof uses a careful study of the level sets of u,,, which
take into account the effect of the nonlocal term. Then, the energy functional I,
admits a natural approximation through a convenient limit functional. Finally, the
solutions of that limit functional, and their energy, can be found explicitly, so we
can find wg. See Section 2 for an heuristic explanation of the proof and a derivation
of the limit functional.

Regarding the existence of solutions, a priori, the global minimizer could corre-
spond to the zero solution. And indeed this is the case for large w. Instead, we
show that inf I, < 0 if w > wy is close to the threshold value. Therefore, the global
minimizer is not trivial, and corresponds to a positive solution. The mountain pass
theorem will provide the existence of a second positive solution.

If w < wy, I, is unbounded from below, and hence the geometric assumptions
of the mountain-pass theorem are satisfied. However, the boundedness of (PS)
sequences seems to be a hard question in this case. Solutions are found for almost
all values of w € (0,wp), by using the well-known monotonicity trick of Struwe [29]
(see also [17]).

The main results are the following:

Theorem 1.1 ([18, 25]). Let N € NU{0}. For wg as given in (4.11), there holds:

(1) if w € (0,wyp), then I, is unbounded from below;
(i) if w = wo, then I, is bounded from below, not coercive and inf I, < 0;
(140) if w > wo, then I, is bounded from below and coercive.

Wo = )

with
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Regarding the existence of solutions, we have the following results:

Theorem 1.2 ([18, 25]). Let N € NU{0}. There exist @ > @ > wqo such that:

(1) if w> w, then (CSS) has no solutions different from zero;
(i) if w € (wo,w), then (CSS) admits at least two positive solutions: one of
them is a global minimizer for I, and the other is a mountain-pass solution;
(130) for almost every w € (0,wp), (CSS) admits a positive solution.

We finally recall a result contained in [7] which deals with the case N = 0 and
shows that (CSS) admits many solutions, as we want, if we take w sufficiently
small. This result can be obtained as a particular case of [7, Theorem 1.1], see also
Remark 1.2 therein.

Theorem 1.3 ([7]). Let N = 0. For every n € N there exists w, > 0 such that,
for every w € (0,wy,), equation (CSS) admits (at least) n distinct solutions.

Remark 1.4. Hence, by means of Theorems 1.2 and 1.3, we have now a more
precise picture on the existence of solutions of (CSS), in the case N = 0. There
exist, indeed, wy < @ < @ and a decreasing sequence (wy, )n>1 such that the following
happens

for all w € (wpt1,wy) | for a.e. w € (w1,wp) | for all w € (wp,@) | for all w > @
at least n (possibly at least a positive at least two no nontrivial
sign- changing) solution positive solutions
solutions solutions

The rest of the paper is organized as follows. In Section 2, we give the physical
motivations of the Chern-Simon-Schrédinger model and we present a deduction of
(CSS), for simplicity in the case N = 0. Section 3 is devoted to some notations
and preliminary results. In Section 4 we study the limit functional and, finally, in
Section 5 we prove Theorems 1.1 and 1.2.

In this review paper, there is no new result and we just present main ideas of
these topics and we sketch some proofs. We refer to [7, 18, 25, 26] for more details.

2. PHYSICAL MOTIVATION

Following [7], in this section we give the physical motivations of Chern-Simon-
Schrodinger model and we derive the equation (CSS), for simplicity, in the regular
case, namely when N = 0.

Let us consider the three dimensional Lorentz space time R'2 with metric tensor
diag(+1, —1, —1) and coordinates z* = (ct, z*, 22), where c is the speed of light. As
usual, we adopt the Einstein convention on repeated indices, where greek indices
always vary in {0, 1,2} while latin ones run in {1,2}. In particular we will always
distinguish in the following between covariant and contravariant indices, which are
obtained ones from the others by using the metric.

The starting point for our equation is the Schréodinger Lagrangian density of the
matter field

_ h2
(2.1) Ls(¥) = oy — o — VY2 +2W ()

where ¢ : RY2 — C, m > 0 is the mass parameter, i = h/27 is the normalized
Planck constant and W : C — R is a nonlinearity of type W (v)) = W(|¢|) which
describes the interaction among many particles.
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Let us define the electromagnetic tensor as
F,, =0,A, - 0,4,
where A* = (A% A) = (A%, A', A?) is the gauge potential. We observe explicitly
that, in virtue of the choice of the metric,

(22) (A07 A17 A2) = (AOa 71417 7A2)

and indeed we will use, case by case, the notation which is more convenient. In
vectorial notation the electromagnetic field is given by

1
(2.3) E=-VA°—Z-9,A , B=VxA.
C

To study the interaction between the matter (expressed by the wave function
1) and the electromagnetic field (E, B) given by (2.3), we consider the gauge (or
Weyl) covariant derivatives

e ie
D, =9, +— A° D=V-—A
t t + h ) hC ’

where e is a coupling constant. We point out that these operators are obtained by
the so called minimal coupling rule, see e.g. [9, 23]. Then we substitute in (2.1)
the derivatives with the covariant ones, getting

2
£o(t, 4%, A) = WD — 2 DY+ 2W (1)

However to obtain the complete Lagrangian we need to consider also the term
involving the gauge potentials, since they are unknown. In R'? one can take the
more general term

1 K
(2.4) Lycs = ~1 FME,, + 1 P A, Fog

Lax Lcs

which involves not only the usual Maxwell term but also the so-called Chern-Simons
term. Here € is the Levi-Civita tensor and x € R is a parameter which controls
the Chern-Simons term. Strictly speaking (2.4) is the Lagrangian of the gauge
potentials in the vacuum.

Thus the total Lagrangian density is

Lot (1, A% A) := Lyies (A%, A) + Ls(v, A%, A) =

1 K L h?
7& FHVF‘;U/ + Z g'uaﬁA,u‘Faﬁ + /Lthtw - % |D¢|2 + 2W(¢) .

Due to the presence of the Chern-Simon term, the total Lagrangian is not in-
variant with respect to the gauge transformations

(2.5) AR A9, e U e OF(RY)

nevertheless, its Euler-Lagrange equations are gauge invariant.

As discussed in [15], the Chern-Simons electrodynamics is obtained by taking the
formal limit |x| — oo in the topologically massive model. Indeed at large distances
and low energies the lower derivatives of the Chern-Simons term dominate the
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higher derivative appearing in the Maxwell term; hence this last term becomes
negligible and the above total Lagrangian reduces to

K L h?
L6 A A) = 3 P A, Fos + i Detp — 5o [DY[* + 2W (1) .

For this and further discussions see also [8, 11, 16, 27, 30]. This is the Lagrangian
we are interested in. By taking the variations of the action functional S = [ £ dzdt
with respect to 1, A, recalling (2.2), we have the following Euler-Lagrange equa-
tions

h2

ihDyp + — D*p = —W'(¢)
2m

K/(alAz — 82141) = 6‘1/)|2

h

/»;(82140 — 80A2) = E jm@Dﬂ/J)

Ol olo

H(agAl — 81140) = % ’Jm(@ngb) .

Note that these equations are invariant under the gauge transformations (2.5).
If we define

mi

N - h —
I = (3)i= (00, 5 @D = 0DD) ) = (ol 2 am@D) )
the last three equations in (2.6) can be written, since Jm(y) D71)) = Jm(¢) D;1)), as
(2.7) g ehoP g = % Jh

which are the gauge field equations of the Chern-Simons electrodynamics. Thus,
J# can be interpreted as a current density. In particular, we have the continuity
equation for the currents

Ot =0p+V-J=0.
Moreover, in terms of the electromagnetic field (E, B), equations (2.7) are
keB = —eJ

, kcE'=eJ? | kcE?=—eJt.

The first equation yields the remarkable fact that B = 0 if and only if ¢ = 0 and
that any field configuration with total charge Q(t) = e [ |[¢(¢,2)|* dz also carries a
magnetic flux ®(¢) = [ B(¢, z) dz given by

(28) (1) =~ Q).

and indeed they are conserved quantities (i.e. constant in time) for “well behaved”
1. Moreover the tying in (2.8) provides an explicit realization of anyons, see [19, 31].
On the other hand, the other two equations give the interesting identities

V.-E=2VxJ and V- J=-LVxE,
CR e

so the matter and the electromagnetic field support each other.
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However, it is convenient to write 1(t, z) = u(t, z)e’(t*); hence by taking the
variations of the action with respect to u, S, A,, we get the following set of equations

h? h?
—— Au+ (hatS +eA’ + — |VS]P+
2m 2m

o2
2mc?

8tu2+%V~{(Vth%A>u2} -0

+

|A|? — % VS A> u=W(u)

(2.9)
H(alAg - 32141) = €’LL2

eh

H(BQAO - 80A2) = om (81S + % Al) u2

h
(D0 A; — D1 Ag) = Cim

(025 + = 42) u?.
he

The second equation is of course a continuity equation (conservation law of cur-
rents), as £ does not depend explicitly on S, but just on its derivatives.

In the static case A* = A*(z), by using the Helmholtz decomposition and taking
a suitable gauge, without loss of generality we can assume that lim |, 1 A%(z) =0
(if we suppose that such a limit exists) and that 9,47 = 0 (Coulomb gauge).
An interesting case appears when we take the ansatz of standing waves solutions
P(t, x) = u(x)e™*. Then the previous equations (2.9) become

2

2
—h— Au + (hw—i—eAU—i— ¢
2m

AR ) u= 1)

2mc?
A-Vut=0

01 Ay — Ox A1) = eu?

(2.10) F(O1 A2 = D) = eu

62
H@QAQ = — A1u2
mc

eQ
FLaIAO = - A2u2 .
mc

Arguing as in [13], the Coulomb gauge and the third equation in (2.10) imply
that Aq, Ay are uniquely determined by u, since they satisfy

AA =S 0® , Ady=S 002,
K K

Hence they are given by
i

p— 6 p—
S 2 |zf2

A= _< Gyxu®> |, Ay=—Gy*u® |, where Gi(x)
K K
Coming back to the last two equations in (2.10) we infer that

62

—Ao =~ [01(Asu?) — 92(Aru?)]

me2

and hence

62

AO = [Gg * (A1u2) - G1 * (AQUQ):I .

Kmc?
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Observe also that from the second equation in (2.10) it follows that, up to the
“trivial cases”, the function u is radial if and only if A is a tangential vector field,
i.e. of type

A=Shy(x)t , where t=(z2/|z]%, —al/|z?).
K

Moreover, since the problem is invariant by translations, to avoid the related dif-
ficulties, we look for radial solutions u. Thus, from this choice, arguing as in [13,
Lemma 3.3], it follows that A has to be invariant for the group action

ToA(z) =g " Ag(x)) , g€O0(2),

and this readily implies that h, has to be a radial function. Summing up, whenever
u is radial, the magnetic potential has to be necessarily written as

2 1

e & e T

2.11 Al(z) = = “= h, A2(x) = -2 Z_ h, .
(211) (@)= T halla) o A) == T (el
Finally, by (2.10) we see that
3
0 _ € 2 2 2002 .
VA® = prEpeil (lz])hu(|z])n , where n = (z"/|z|*, 2%/|z]?) ;

in other words, the electric potential is radial and so can be written as
(2.12) A%x) = A%(|z]) .
Now we can find the explicit dependence of A° and h, from the function u;

indeed, by substituting (2.11) and (2.12) into (2.10) one find (assuming h, (0) = 0,
which is necessary to have A smooth)

|| e’ Wi (r
ha(|z]) :/0 TlL2(T) dr A0(|:r|) = /| ) ho(T)dT .

2,2
me?s® g

With these expressions in hands the first equation in (2.10), the equation of the
matter field, is

h? et < u?(s) et h2(|z)
—— Au+ hwu+ —— h ds + —5— u— =W’
o STt u/m s uls)ds + omer? ||2 (),
which is nothing but (CSS) with N = 0, “normalizing” the constants i and 2m
and taking W' (u) = |u|P~1u.

3. PRELIMINARIES

Let us first fix some notations. We denote by H}(R?) the Sobolev space of
radially symmetric functions, and || - || its usual norm. We denote by |lu|/r» the
usual Lebesgue norm in R2. Moreover, we will write || - |t ), ||+ [l 1 (a by to indicate
the norms of the Sobolev spaces of dimension 1.

However our functional I, is defined in the space H, defined in (1.3). Its norm
will be denoted by || - |%. In [4, Proposition 3.1] it is shown that

H C {uc CR?) : u(0) =0} N L=(R?).

If nothing is specified, strong and weak convergence of sequences of functions are
assumed in the space H!(R?).

In our estimates, we will frequently denote by C' > 0, ¢ > 0 fixed constants,
that may change from line to line, but are always independent of the variable
under consideration. We also use the notations O(1),0(1),0(¢),0(e) to describe
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the asymptotic behaviors of quantities in a standard way. Finally the letters x, y
indicate two-dimensional variables and r, s denote one-dimensional variables.
Let us start with the following proposition, proved in [5, 4]:

Proposition 3.1. I, is a C' functional, and its critical points correspond to clas-
sical solutions of (CSS).

The next result is contained in [4, Proposition 3.4], and deals with the behavior
of I,, under weak limits.

Proposition 3.2. Recalling the definition of h,, (1.2), let us define:
1 u?(z) u?(x)
1 K(u)= = 2 —2Nh,
(31) =3 [ M) 2V e

Then K and K' are weakly continuous in H. As a consequence, I, is weak lower
semicontinuous, and I, is weakly continuous in H.

Next lemma relates boundedness of sequences in H!(R?) and in H, and will be
very useful in Section 5.

Lemma 3.3. The map K defined in (3.1) is actually well defined in H*(R?) and
K (uy) is bounded if ||uy]|| is bounded. As a consequence, for any sequence u,, € H
such that 1,(uy,) is bounded from above, ||uy| is bounded if and only if ||un|l is
bounded.

Proof. By [5], we only need to consider the term:

/RZ h(2) “E%dm —W/Om“i(’“) (/OrsuQ(s)ds> dr <
< ﬂ/om W2(r) (/0 W2(s) ds) ar="7 (/O+OO W2(r) dr)Q .
Observe now that:

+o0 2 2
27r/ u2(r)dr:/ u(z) dx g/ u (=) dm—|—/ u?(z) dx <
0 r2 |7 B(0,1) || R2\B(0,1)

< O(lullze + llulzs) » p>4,
by Holder inequality. The first assertion of the Lemma follows then from the Sobolev
embedding.
Suppose that u, is bounded in H'(R?); then
N? u2 ()
I,(up) =0(1) + — == dx
() =0+ 5 [ A

and by hypothesis u,, is bounded in H. The reverse is trivial.

d

The following is a Pohozaev-type identity for problem (CSS), see (2.11), (5.6) in
[4]:

Proposition 3.4. For any u € H solution of (CSS), the following identity holds:

2 _
[l [ e 6 do -2t [t o,
R2 Rz [T p R2
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We now state an inequality which will prove to be fundamental in our analysis.
This inequality is proved in [4, Proposition 3.5], where also the maximizers are
found.

Proposition 3.5. For any u € H,

|u(z)|* do <
R2

<4 ( [ IVut)P dm>1/2 (/R W) g el - N das)m .

2 |zf?

(3.2)

4. THE LIMIT PROBLEM

As commented in the introduction, this paper is concerned with the boundedness
from below of I,. First of all, let us give a heuristic derivation of the limit energy
functional. Consider u(r) a fixed function, and define u,(r) = u(r — p). Let us now
estimate I,,(u,) as p — 4o00; after the change of variables r — r + p, we obtain:

L) _ 2 /+oo(|u'|2+wu2)(7“+f’) dr+

2 2 /.,
1 oo .2 r 2
+= / u(r) </ (s+p)u2(s)d8—2N> dr—
8 J_,r+p —p
LT [u[PH(r + p) dr .
p+1.J_,

We estimate the above expression by simply replacing the expressions (r + p),
(s + p) with the constant p; observe that the estimate is independent of N:

(QW)_ljw(up) ~

~p [; /:Oqu'? + o) dr+ é /_:O W2(r) </_m W2(s) ds>2 dr—

1 oo

p+l )

1 [t ) 1 +o0 3 1 +o0
=p 5 / (|U|/ + wu2)d7“ + ﬂ (/ U2d7'> — m |U|p+1 dr| .
— 0o —o0 -

Therefore, it is natural to consider the limit functional J, : H'(R) — R,

u|P T dr} =

1 +o0
Jolw) =5 / (Je'[? + wu?) dr+
(4.1)
3

1 teo 1 e
— dr) — —— Py
+24 (/_oo U r> el | r
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Clearly, the Euler-Lagrange equation of (4.1) is the following problem:
1/ [T .
(4.2) —u’ +wu + 1 </ u?(s) ds) w=uff'u , inR.
As we shall see later, we will find the explicit solutions of (4.2) later. But, first,
let us study it from a variational point of view: this study will give us some further
information on the solutions.

Before going on, we need a technical result proved in [25].

Lemma 4.1. Let u, € H'(R) a sequence of even non-negative functions which
are decreasing in v > 0, and assume that u, — vy weakly in H*(R). Then uq is
also even, non-negative and decreasing in r > 0, and u, — ug in L1(R) for any
q € (2,400).

Some of the properties of the functional J, are discussed below:

Proposition 4.2. Consider the functional J, with p € (1,3) and w > 0. The
following properties hold:
a) J, is coercive and attains its infimum.
b) 0 is a local minimum of J,. Indeed, there exists ro > 0 with the following
property:
for any r € (0,r), there exists a« > 0 satisfying that J,(u) > «, for any
u e H'(R) with |lul| g gy = r.
¢) There exists wo > 0 such that min J, < 0 if and only if w € [0,wp).

Proof. Proof of a). To prove coercivity, we use Gagliardo-Nirenberg inequality:

lullza < Cllu’ 14" Jull35" -
Hence
+o0 C +00 +o0 3
/ utdr < = / \u’|2dr+</ u2dr) .
oo 2 1/ —o0
Then,
1 [t
Jul) > § / o' 2 dr+
(4.3)

1 400 3 +o00 1 +00
—(/ u2dr) —l—c/ utdr — —— |ulPT dr .
48 —o0 —o0 r+1 J o

Observe that for any C' > 0 we can choose D > 0 so that 3> > Ct — D for every
t > 0. Applying this with ¢t = fj;o u? dr into (4.3), and renaming C, we obtain:

1 [t e 1
Ju(u) > = / [u' | dr + / <Ou2 +cut — |u|p+1> dr — D .
4 p+1

—00 — 00

Now, it suffices to take C so that the function Cu? + cu* — (1/(p+1))u/PT >0
for any u € R.

Take now u,, such that J,(u,) — inf J,. From the coercivity, it follows that w,,
is bounded. Consider now the sequence v, = |u,|* of non-negative symmetrized
functions. Clearly, v, is also bounded, and it is easy to observe that inf.J, <
Jw(vn) < Jy(up) — inf J,.
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Assume, passing to a subsequence, that v, — v weakly in H!(R). By Lemma
3.3, v, — v in LPT1(R). The weak lower semicontinuity of the norm allows us to
conclude that u is a minimizer of J,.

Proof of b). This is quite standard. Indeed, by using Sobolev inequality,
Jo(w) > & minf1 2o — OBt
w(u) > B min{ »W}HUHHl(R) ”uHHl(R) :

Proof of ¢). Let us define the map ¢ : [0, +00) = R, ¢(w) = min J,. It is easy
to check that ¢ is increasing and continuous. Moreover, ¢(w) < 0 for all w (observe
that J,,(0) = 0).

We claim that ¢(w) = 0 for large w. Indeed, by the same arguments of the proof

of a):
+o0 1
Jw(u)z/ <%u2+cu4fp+1

For w sufficiently large, (w/2)u? + cu* — (1/(p + 1))|u[P*! > 0 for any u € R.
Then J,,(u) > 0 for any u € H*(R), proving the claim.

We now show that ¢(0) < 0. On that purpose, fix v € H'(R) and define
uy(r) = A2/ =Dy (Ar). There holds:

1 +00 +o00 3
Tolun) = 5 A(p+3>/<p—1>/ W o /\3(0 P)/(p=1) </ qur) _

|u|p+1> dr .

1 oo
L A(p+3)/(p71>/ P dr
p+1 S

Therefore, for A sufficiently small, Jy(uy) has the sign of the term

1 +oo 1 +o0
3 / |u'|? dr — 1 |u|PTt dr .
—0 p —o0

It suffices to take u such that this quantity is negative to conclude.
So, we can define wg = min{w > 0: ¢(w) =0} > 0.
O

As a consequence of the previous result, for w € [0,wp) there exists a nontrivial
solution for (4.2), which corresponds to a global minimum of .J,,. As announced in
the introduction, the expression for wy will found later on.

We now pass to finding the explicit solutions of problem (4.2). For any k > 0
we denote by wy € H(R) the unique positive radial solution of:

(4.4) —wy +kwg =w}, , InR.

Let us state some well-known properties of this equation. First, the Hamiltonian
of wy, is equal to 0, that is,
1 k 1
@5) =g )P+ 5 uE) - —

It is also known that any solution of (4.4) is of the form u(zx) = wy(x —y), for
some y € R. Moreover,

(4.6) w(r) = kY PV (VEr) | where

wltr)y=0 , forallreR.
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2 p— 1 1/(1-p)
= | (— )
wy (1) <p+ 7 cos < 5 7“))

In what follows we define

+o00
(4.7) m= / w2dr .
—00
The following relations are also well known, and can be deduced from (4.5):
+oo +oo
p—1 +1 2(p+1)
ay [ wara=toge [ et = T

Proposition 4.3. Let us consider the equation:
1 5
(4.9) k=w+t g m2kC-P/=D s

Then, u is a nontrivial solution of (4.2) if and only if u(r) = wi(r —&) for some
&€ R and k a root of (4.9). Define:

(4.10) (5 — p)m? —(p=1)/2=p) 2 (5 — p)m? —(5—p)/2(3—p)

. w = ————— - —— .
' 4(p—1) 4\ 4p-1)

The following holds:

(1) if w > wr, equation (4.9) has no solution and there is no nontrivial solution
of (12);

(2) if w = w1, equation (4.9) has only one solution ky and wg,(r) is the only
non-trivial solution of (4.2) (apart from translations);

(3) if w € (0,w1), equation (4.9) has two solutions ki(w) < ka(w) and wy, (1),
Wy, (1) are the only two non-trivial solutions of (4.2) (apart from transla-
tions).

2
Proof. Let u be a nontrivial solution of (4.2), and define k=w-(1/4) (fj;oqur) .
Then, u is a solution of —u” + ku = u?, so u(r) = wg(r — §) for some £ € R. By
using (4.6), we obtain:
1 +o0 2 1 +oo 2
k:w—i—z (/ wi(r)dr) :w—i—zkfl/(p_l) (/ w%(\/%r)dr)

A change of variables leads us to equation (4.9). Moreover,

5_
1<p<3 = —p>1.
p—1

Therefore, the function (0,+00) > k k(G=p)/(=1) is convex. Therefore, there
exists wy > 0 with the properties indicated.

In order to get the exact value of w;y, observe that the function & — w; +
(1/4)m?kG-P)/(P=1) _ k has a degenerate 0. Then, w; solves the system:

2
wa M )/ -1 _ g,
4 )

57D op(5-p)/(p-1)-1 _ |
Ap-1)

From this one obtains formula (4.10).
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In our next result, we obtain information from Proposition 4.3.

Proposition 4.4. Let wg, wy be the values defined in Propositions 4.2 and 4.3 .
Then:

(1) wo < w1, and wo has the expression:

)

—(p—1)/2(3-p)
(4.11) wo = 3P 30-1)/26-p) 92/G-) <Bfl§;t£2) ey
3+p p—1
where m is as in (4.7).
(2) Foranyw € (0,w1), Ju(wk, ) > Ju(w,). In particular, for any w € (0,wp),
W, 15 a global minimizer of J,,.

Proof. We consider the energy functional .J,, evaluated on the curve k — wy. In
the computations that follow we use (4.6) and change of variables. We have

) (3+p)/2(p—1) /+°°

. [ ()2 dr+

P(k) = Jo(wr) =

—00

wi(r) dr+

L(6—p)/2(p—1)  ptoo
vot |

2

— 00

ka5pvmp1>(/+w Q(Mif H&WW@@7U./+W| -y
+ — wilr)dr | — ———— wi(r T.
24 e p+1 oo

Plugging (4.8) into that expression,

2
v(k) =m [ p—5 LG+p)/2(-1) | % E(6-p)/20r-1) | % k3(5—p)/2(p—1)] )

2(3+p)
Then:
d - 5-—p 1
(k) = m E(T30)/Qe-1) _ T P | Z m2EG-p)/ (-1 |
e (k)y=m = 1) +w+4m
In particular, the roots of (4.9) are exactly the critical points of ¢. Observe that:
5-p 3+p _3(5-p)

2p-1) " 20p-1) 20p-1)°
Then 1 is increasing near 0 (for w > 0) and near infinity. Therefore, for w €
(0,w1), its first root corresponds to a local maximum of ¢ and the second one to a
local minimum, so J(wg, ) > J(w,). Take now w € (0,wp). Since in this case the
minimizer is nontrivial, it must correspond to wy,. Moreover, wy < w.

In order to get the value of wy, observe that J,,(wk,) = 0. Therefore, wy > 0
solves:

W+ i m2EG-P/ (=1 = |

p—>5 _ w _ _ m? _ _
79 pB+p)/2e-1) 4 X p6-p)/2(p—1) L % p3(5-p)/2(p—1) — (.
2(3+p) + 2 + 24

From there, expression (4.11) follows.
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Remark 4.5. Observe that the map ¢ defined in the proof of Proposition 4.4 gives
us a quite clear interpretation of the functional J,. Indeed, k is a critical point of
¢ if and only if wy, is a critical point of J,,. Moreover, the following holds.

(1) If w > wy, ¥ is positive and increasing without critical points.

(2) If w = wy, ¥ is still positive and increasing, but it has an inflection point
at k= ko.

(3) If w € (0,w;), ¥ has a local maximum and minimum attained at k; and ks,
respectively.

(4) If w=wo, ¥(ks) = 0. Observe then, in this case, the minimum of J,, is 0,
and is attained at 0 and wy, .

(5) f w € [0,wp), P(k2) < 0 and then wy, is the unique global minimizer, with
Jw(ka) < 0.

Remark 4.6. In general, we cannot obtain a more explicit expression of m de-
pending on p, but it can be easily approximated by using some software. In Figure
1 the maps wp(p) and wq(p) have been plotted.

08f

04r

02F

FIGURE 1. The values wo(p) < wi(p), for p € (1,3).

For some specific values of p, m can be explicitly computed, and hence wy and ws.
For instance, if p = 2, m = 6, w; = 2/9v/3 and wy = 2/5V/15.

We finish this section with a technical result that will be of use later in the proof
of Theorem 1.1.

Proposition 4.7. Assume w > wy, and u, € H'(R) such that J,(u,) — 0. There
holds
(1) if w > wo, then u, — 0 in HY(R);
(2) if w = wo, then, up to a subsequence, either u, — 0 or uy(- — Tn) — Wk,
in HY(R), for some sequence x,, € R.
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Proof. Since J,, is coercive, we have that u,, is bounded. If u,, — 0 in H!(R),
we are done. Otherwise, we have that:

1 Foo

+oo
on(1) = Ju(un) > 5 /_ (Jul, (r)]? + wuz (r)) dr — o1 ) [ (7) [P dr

Then, u,, - 0 in LP*(R). We can apply concentration-compactness lemma (see
[20, Lemma 1.1]), and there exists &, € R such that fé:’jll u2 > e > 0. Therefore,
Un(r) = un(r — &) — u # 0 weakly in H!(R). Define v,, = @, — u, which clearly
converges weakly to 0 in H!(R).

Step 1: vy, — 0 in L2(R).
We just compute

on(1) = Jy(uy) = J,(Un) = Ju(vy +u) =

1 +oo w —+oo
== / (|ol[? + || + 2000) dr + 5 / (v2 +u® + 2v,u) dr+

2 ) oo
1 +o0 3 +o0 3 +o0 2 +o0
+§ </ vidr) +(/ qur> +3(/ vidr) (/ u2d7’>+

e 2 oo 2 ’ 1 oo +1
+3 / v dr / U dr) - U +ulPTHdr + o0,(1) .
([ 20) (1] f e

Here the mixed products converge to zero, since v, — 0. Passing to a subsequence,
we can assume that v, — 0 almost everywhere. Then, the well-known Brezis-Lieb
lemma ([3]) implies that

+o0 +oo
/ v, + ulPT? dr—/ (|on [Pt + [ufPT Y dr — 0.

Then,
3
on(1) = Ju(uy) = Ju(vn) + Jo(u) + 3

([ war) ([ )

+o,(1).

([ ([ )

It is here that the assumption w > wy is crucial. Indeed, it implies that J, (v,,) >
0, Ju(u) > 0. Recall that u # 0, to conclude the proof of Step 1.

Step 2: conclusion.
By interpolation,
loallzes < lonllFellvall iz |
for some o € (0,1). Since v, is bounded in H'(R), then all norms above are
bounded. Then, by Step 1, ||v,||zp+1 — 0. In other words, @, — u in LP*(R).
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From this it is easy to conclude. Indeed,

~ L AR ~2 L R ’
on(1) = J,(ty,) = 3 (|ay,|* + way) dr+ 3 Uy dr ) —

— 00 — 00
1 oo
Tpei ) [mlT
—o0
1 [t 1/ [+ ¥
0 < Ju(u) = 3 / (Ju'* + wu?) dr + 3 (/ u? dr) -
1 +o0
] lu|PT dr .
p —o0

Then, ||t ||g1®) = [Jullmir)- And this implies that @, — w in H'(R), finishing
the proof.
g

4.1. The non-degeneracy. In[26], the authors study the non-degeneracy of the
solution of the limit problem (4.2). Even if this is not necessary for our purpose in
this review paper, we present their conclusions here for the sake of completeness in
the study of the limit problem.

We say that a solution u of (4.2) is degenerate if the problem:

—¢" +wo+ i (/_:O u?(s) ds)2 b+
i </_:O w(s) ds) (/_:O u(s)é(s) ds) u—puP~lp =0

has a solution ¢ € H*(R) different from cu’(r), ¢ € R.
Next proposition is devoted to this question.

(4.12)

Proposition 4.8. Let w1, ko, k1, k2 as in Proposition 4.3. Then:

(1) If w = w1, wy, is a degenerate solution of (4.2).
(2) If w € (0,w1), both wg, and wy, are non-degenerate solutions of (4.2).

Proof. Take wy, a solution of (4.2), and ¢ a solution of (4.12). Define

o= ([ :o ute)as) ([ jwk@w(s) ) e R.

Then, ¢ is a solution of the problem:

" 1 e 2 -1
—¢ +w¢+z (/7 wk(s)ds> ¢ —pul ¢ =—awy .
Write ¢(r) = ¥ (r)wy(r): then,

wie(r) | we(r)

V() = 20 (r) S
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This is a linear equation of first order in ¢’(r), which can be solved by variation of
constants:

C a  wi(r)
P (r) = +5 — :
"= w7 * 2 w0y
Observe that if C' # 0, then ¢(r) = ¥(r)w(r) tends to 4+o0 at infinity, which is
not possible if ¢ € H1(R). So, C must be equal to 0, and we are led to:
o wi(r)

/ p—
Y =3 wgp
By using (4.5), the above equation can be explicitly integrated:

CeR.

o« 2 wi (1) .
w(r)fﬁ<(p71) wm+r>+6 , withBeR.
Therefore,
2
o) = g1 (27 ) + k() + ()

Clearly, wy is degenerate if and only if a can take values different from zero.
Take 8 = 0, and recall now the definition of «a:

o= ([T ureras) (72 k) +sutemnts)as)

By integration by parts,

+o0 1 +o0 1
/ swy(s)w(s) ds = ~5 / wi(s)ds = -3 kP21
Then, either a = 0 or
1 — m2p6-20)/(p-1) O =P
4p—1)
This, together with (4.9), implies that w = w; and k = k.

d

Observe that, due to the nonlocal character of our problem, the linearized prob-
lem (4.12) does not have the form of a Schrédinger operator. Then, some more work
is needed in order to accomplish a Lyapunov-Schmidt reduction. Let us define the
following operators:

2

w+ % (/:o u?(s) ds) —pup_l] b,
ol = ([ weas) ([ wsras) .

L[g] =T[¢] + K[g] .

Observe that L, T, K : HYR) N {u/}* — H Y(R) N {u'}*. Of course, here
orthogonality is understood for the scalar product (-, - ) g1 (r).

Tlg] = —¢" +

Corollary 4.9. Assume w € (0,wy). Then the operator L defined above is a
bijection for w = wg, or u = wg,. Moreover, if w < wy and u = wyg,, there exists
¢ > 0 so that:

(4.13) (LIg), O ry = cll Bl — for any ¢ € H'(R) N {u'} .
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Proof. Tt is well-known that T is a bijection. Since the image of K is of dimension
1, K is obviously a compact operator. Moreover, by Proposition 4.8, L is injective.
By Fredholm alternative, L is a bijection.
Moreover, by Proposition 4.3, we know that wy, is a minimizer of J with non-
degenerate second derivative. From this, (4.13) follows.
O

5. PROOFS OF MAIN RESULTS

Our first lemma makes rigorous the heuristic derivation of the limit functional
made in Section 3. This estimate has been accomplished in [25, Lemma 4.1] for
N =0 and in [18, Lemma 3.1] for N # 0. Since the functions in A must vanish
at 0, we need to truncate our sequence around the origin. For that purpose, take a
Lipschitz continuous function ¢g : R — R such that

- B 0, ifjr<1, , <1
6. R S

Lemma 5.1. Let U € HY(R) be an even function which decays to zero exponentially
at infinity, and ¢o(r) as in (5.1). Let us denote U,(r) = ¢o(r)U(r —p). Then there
exists C' > 0 such that:

1.(U,) = 20pJu(U(r)) — C + 0,(1) .

In the next proposition we make use of the fundamental inequality (3.2) to study
the behavior of unbounded sequences with energy bounded from above.

Proposition 5.2. Assume w > 0, and u, € H such that ||u,]|| is unbounded but
I,(uy) is bounded from above. Then, there exists a subsequence (still denoted by
un) such that:

“+o0
i) for alle >0, / (Ju,|* +uz) dr < C;
ellunll®
6 Hlunll?
i1) there exists 6 € (0,1) such that / (Jup|> +ul) dr > c¢>0;
Slunl?

lZ’L) ||unHL2(R2) — +00.

Proof. By inequality (3.2) and Cauchy-Schwartz inequality, we can estimate:

+oo
I,(u) > T / (Ju'|? + wu®) rdr+
0

2
+oo 2 T 2
(5.2) -&—E/ L(T)(/ suz(s)d8—2N> dr+
8 Jo r 0
T W 1 1
9 w oo, 1 4 p+1 .
+7T/0 (4u+8u p+1|u| rdr
Define

w 1 1
Ry —- R D=4+ -tt - ——
Then, the set {t > 0 : f(t) < 0} is of the form (a, (), where «, 3 are positive

constants depending only on p,w. Moreover, we denote by —co = min f < 0.

L
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For each function u,,, we define:
A, ={z € R? : u,(z) € (0, )} , pn=sup{lz|:zcA,}.

With these definitions, we can rewrite (5.2) in the form

+oo
/ (|u/n\2—|—wui)rdr+
0

+oo , 2 r 2
+Z / Un(r) </ sui(s)ds—QN) dr — col| Ayl
8 Jo r 0

In particular this implies that |A,,| must diverge, and hence p,,. This already proves
(iii).
By Strauss Lemma [28], we have

[[wn |

/Pn

We now estimate the nonlocal term. For that, define

Iw(un) >

0l

(5.3)

(5.4) @ < up(pn) < = Jlual? > a?py, .

1
(5.5) B, =A,NB(0,y,) , for~, € (0,p,)such that |B,| = 3 |An] .
Then an u2(z) dz > o?|B,| diverges, indeed
/ u?(x)dz — 2N > c|A,| .
Bn

Following [18], we have

(5.6) /Om ua(r) </0 su2(s) ds — 2N)2 ar> e Anl

2
r Pn

Hence, by (5.2), (5.4) and (5.6), we get

A, l? A3 A,
Iw(Un)ZCPn‘FC | 2| _CO‘An|:pn (C+C%—Co u) .
pn pn Pn

Observe that t — ¢ + ct® — cot is strictly positive near zero and goes to 400, as
t — 4o00. Then we can assume, passing to a subsequence, that |A4,| ~ p,. In other
words, there exists m > 0 such that p,|A,|™! = m as n — +oo.

Taking into account (5.3) and (5.4), we conclude that up to a subsequence, ||u,[|* ~
pn. Moreover, for any fixed € > 0, we have:

Cpn > llunllZs > /

€pn

“+o0

400
ulrdr > 5pn/ u? dr .

€pn

. 400
An analogous estimate works also for pr |l |?
n

dr. This proves (i).
We now show that for some § > 0, ||uy,|| g1

(ii).

First, recall the definition of B,, and =, in (5.5). Then,

on P
/ u? (r)dr > pfll/ u? (r)rdr >

n n

(5pm.pn) 7 0, which implies assertion

Zp;lf ui(m)dep;HAn\Bn\az>c>0.
Ap\Bn
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To conclude it suffices to show that ~,, ~ p,. Define
1
C,=B,NnB0,7,) , formr, € (0,7,) such that |C,| = 3 |B,| .

We can repeat the estimate (5.6) with A,,, B, replaced with B,,, C,, respectively,
to obtain that

+oo | 2 T 2 3
; B,
/ Un(r) </ su?(s)ds — ZN) dr>c | 2‘ .
0 r 0 v

n

Hence,

A7 3 " A 3 A
L (un) ZCPn‘*‘C' ;' = colAn| = n (C&-i-cl 7;' —COM) :
T Tn Tn Yn
And we are done since I, (uy,) is bounded from above.
O

Proof of Theorem 1.1. If w € (0,wp), then J,(wg,) < 0 (see Proposition 4.3):
applying Lemma 5.1 with U = wy, we conclude assertion (i).

We now prove (ii) and (iii). We denote by Hj ,.(B(0, R)) the Sobolev space of
radial functions with zero boundary value and

u?(x)

(0,R) |z[2

H(B(0,R)) = {u € Hy.(B(0,R)) : / dw < +oo} ,

B
endowed by the norm || - ||%.
Fixed n € N and given a sequence v; € H(B(0,n)) unbounded with respect to the
norm || - ||, (5.3) implies that I,(v;) — 4o0o0. By Lemma 3.3, we conclude that
L |3(B(0,n)) 18 coercive.
So, there exists u,, a minimizer for I, |y (p(0,n)). By taking absolute value, we can
assume that u,, > 0. Moreover,

I,(uy,) —infl, , asn— +oo.

In the following, u,, may be extended as functions in #H by setting u,(x) = 0
for x € R?\ B(0,n). If u, is bounded in H!(R?), Lemma 3.3 implies that u, is
bounded in H and then I, (u,) is bounded. In such case we conclude that inf I,
is finite. In what follows we assume that u, is an unbounded sequence in H'(R?),
and we shall show that I, (u,) is still bounded for w > wy.

Our sequence u,, satisfies the hypotheses of Proposition 5.2, so let 6 > 0 be given
by that proposition.

The proof will be divided in several steps.

(2/8)|lunl?
Step 1 : / [, [P dr = 0.
(6/2)llunl?

By Proposition 5.2, i), we have that:

Sllunl?
(|2 + u2) dr g/ (W2 +u2) dr < C.
(6/2)[lunl?

Taking the smaller summand in the left hand side we find z,,,

(8/2)N1wnll®] (6/2) lun |2 +k
J

k=1 8/2)[lunll?+k—1

C

)
B |tunl|? < 2, < 6|lun* — 1 such that Hun||§{1(%,$n+l) < 7”“ R
n
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Reasoning in an analogous way, we can choose y,,,

C

0 unl* +1 < yn <207 Hug||? such that [funl|F, 1) < JJun 2
n

Observe that if 671 ||u,||? > n, the choice of y, can be arbitrary, but it is unneces-
sary. Take ¢y, : [0,+00] — [0, 1] be a C*°-function such that
0 , iftr<sz,,
Sn(r) =91 , ifen+1<r<yn, on(r)l <2
0, ifr>y,+1,

By the choice of z,,, y, and Proposition 5.2, i),

0 = I, (up) [Prun] > 27r/ (Jul, | + wul) rdr — 27r/ [un|P T dr + O(1) >
xT

Ln n

2 (0 ("2 2 2 [ 1
> |lunll (5 / (Jup)? + wus) dr — 5 / |2y, [P dr) +0(1).

Cn n

This, together with the fact that [|un||g1(s,,y,) does not tend to zero, allows us to
conclude the proof of Step 1.

Step 2: exponential decay.
At this point we can apply the concentration-compactness principle (see [20,
Lemma 1.1]); there exists ¢ > 0 such that

E+1
sup / u%dr220>0.
E€[Tn, yn] JE-1

Let us define:
§+1
(5.7) Dnz{§>():/5 ) (‘u;l|2+ui) dTZU}#@,
and
&, =max D, € [x,,n+1).
Let us observe that &, ~ |lu,||?; indeed &, > ,, > c||lu,||* and, moreover,

Entl Ent1
”unH2 > C/ (|u;z|2 + ui) rdr > c(§, — 1)/ (|u;\2 + UEL) dr>c(én—1).
En—1 §n—1
By definition, fgjll( ul, |2 +u2)dr < o for all ¢ > &,. By embedding of H!(¢ —
1,(+1)in L, 0 < u,(¢) < Cy/o for any ¢ > &,. From this we will get exponential
decay of u,. Indeed, u,, is a solution of

Uy (1)

—n(r) = == Fwun(r) + fu(r)ua(r) = up(r)

with

fulr) = (hn(r) = N) + /n h”(slf N ul(s)ds , hn(r) = % /07’ su?(s)ds .

72 -
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If 7 > 6||u,||?, again by Proposition 5.2, i), we see that ["(N/s)u2(s)ds = o(1).
Then, by taking smaller o, if necessary, we can conclude that there exists C' > 0

such that
lun ()] < C exp <\/§(r - §n)> , forallr>¢,.

The local C! regularity theory for the Laplace operator (see [10, Section 3.4])
implies a similar estimate for u/,(r). In other words,

[t (1) + |ul, ()] < Cexp (—\/g (r— §n)> , forallr>¢&,.

Step 3: splitting of I,(uy,).
Reasoning as in the beginning of Step 1, we can take z,:

_ C
@—&WMg%g@—m%nwﬁlHw%wmﬁmﬁmm~

Define #,, : [0, +00] — [0, 1] be a smooth function such that

by =40 = W) < 2
r)= r) <2.
" 1, ifr>z,+1, " -

Arguing as in [18, 25], we can prove that

(5.8)  Lo(un) = L(untn) + Lo (un(1 = 9n)) + cllun(l — )|z g2y + Olunl) -

Step 4. The following estimate holds:

(5.9) Lo (unthn) = 27En T (Unthn) + O(||lunl]) -
For the proof, see [18, 25].

Step 5: conclusion for w > wy.
By (5.8) and (5.9), we have

(5.10) Lo(un) > 2m€nJur(untn) + Lo (tn (1= 0n)) +cllun (1= 1) [ 12 g2) + O(l|unl]) -

Recall that Hurﬂ/)nH%ﬂ(R) > 0 > 0. By Proposition 4.7, we have that J,, (u,,) —
¢ > 0, up to a subsequence. Since &, ~ |u,|/?, it turns out from (5.10) that I, (u,) >
I,(un(1 —1y,)), which is a contradiction with the definition of w,. Therefore, u,
needs to be a bounded sequence and, in particular, inf I, > —oc.

Let us now show that I, is coercive. Indeed, take u, € H an unbounded se-
quence, and assume that I, (u,) is bounded from above. By Lemma 3.3, ||u,]|| is
unbounded, so that Proposition 5.2, (iii), shows us that I (u,) — —oo for any
wp < W < w, a contradiction.

Step 6: conclusion for w = wy.

As above, (5.10) gives a contradiction unless J,, (unt,) — 0. Proposition 4.7
now implies that ¢, u, (- — t,) = wg, up to a subsequence, for some ¢,, € (0, +00).
Since &, € D, (recall its definition in (5.7)), we have that |t, — &,| is bounded.
With this extra information, we have a better estimate of the decay of the solutions:
indeed,

(5.11)  Jun(r)| + |ul,(r)] < Cexp <—\/§ |r — §n|> , forall r > &, — 2||u,| -
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This allows us to do the cut-off procedure in a much more accurate way. Indeed,
take Z, = &, — ||un||. Then, (5.11) implies that

w
(5.12) lenllZ z, 2,41y < Cexp(=1/ 5 llunll) -

Define ¢y, : [0, +00] — [0,1] accordingly:

TR SR () <2
n(r) = n(r) <2.
1, ifr>3,+41,

The advantage is that, in the estimate of I, (u,, ), now the errors are exponentially
small. Indeed, by repeating the estimates of Step 3 with the new information (5.12),
we obtain:

Lo (un) = Iw(unijn) + Lo (un (1 — J’n)) + cfun(l - J}TL)H%Z‘(RZ) +0(1),
Then,

Iw(un) > Iw(unlz;n) + Iw (un(l - "Z‘;n)) + C”u’ﬂ(l - 1/;”)”%2@&2) + 0(1) =
= QW‘gan(urﬂ;n) + 1L, (un(l - "ZM)) + CHun(l - "En)”%Q(]RQ) + 0(1) >
> Iz (un(1 =) +0(1).

But, by Step 5, we already know that [, o) is bounded from below, and hence
inf I,, > —oo0.

Finally, by applying Lemma 5.1 to U = wy, we readily get that I, is not
coercive.

g

Proof of Theorem 1.2. We shall prove each assessment separately.

Proof of (ii). First, we observe that since inf I,, < 0, there exists @ > wg such

that inf I, < 0 if and only if w € (wp,®). Since, by Theorem 1.1 and Proposition
3.2, I, is coercive and weakly lower semicontinuous, we infer that the infimum is
attained at a negative value. This gives the first solution wu;.
Clearly, 0 is a local minimum for I, and I,,(u;) < 0. Then, the functional satisfies
the geometrical assumptions of the Mountain Pass Theorem, see [1]. Since I,
is coercive, (PS) sequences are bounded. By the compact embedding of H}(R?)
into LP*1(R?) and Proposition 3.2, standard arguments show that I, satisfies the
Palais-Smale condition and so we find a second solution which is at a positive energy
level.

Proof of (i4). Let now consider w € (0,wp). Performing the rescaling u — u,, =

Vw u(vw -), we get

Lo(u) = w {5 /R (1Vul? + ) do+

2
1 2 || (p—3)/2
+§ / u() (/ su?(s)ds — 2N> do — 2 |u|P™ dx
R 0

. |22 P+l Jge

Define A = w®=3)/2 and Z, : H(R?) — R as

A
Ii(u) = ®(u) — PR lulP*! dx
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with

b =g ol + 5 [ T el - )2 do =

1 9 N? u?(x)
=gl K+ 5 [ T as

where K is as defined in (3.1). Then Z) satisfies the geometrical assumptions of the
Mountain Pass Theorem. The main problem here is that we do not know whether
a (PS) sequence could be unbounded.

By Lemma 3.3, the functional ® : H — R is coercive. Then we can use [17,
Theorem 1.1] to obtain a bounded Palais-Smale sequence u,, € H for almost every
A. Passing to a subsequence, we can assume that u, — wu; Proposition 3.2 and
standard arguments imply that w is a critical point of Z,. Making the change of
variables back we obtain a solution of (CSS) for almost every w € (0,wp).

Finally, in order to find positive solutions of (CSS), we simply observe that the
above arguments apply to the functional I} : H — R

1
It (u) = 3 /R2 (IVul* + wu?) da+

2
1/ u?(z) /‘ 9 1

+= su®(s)ds —2N | do — —— uh)Ptdy .
8 Jrx [z[2 \Jo (s) p+1 Rz( )

Due to the maximum principle, the critical points of I} are positive solutions of
(CSS).

Proof of (i). Let u be a solution of (CSS). If we multiply (CSS) by v and
integrate, we get

= U2 qu X m x| — X
O*AQ('V'+ ) d +3/R (hu(l2]) — N} da+

2 |zf?

(5.13)

2
+2N/ @) (1, (a]) - N) dm—/ P+ da
r2 |7 R?

From (5.13) and the Pohozaev identity (Proposition 3.4), we obtain that, for any
>0,
u?(x)

o (hallal) = N da

0=(+1) \Vu\2dx+w/ uzda:+(l+3)/
R? R? R?

u? () (p -1 )
5.14 —0—2N/ h(lz)) = N)de — | —— 1 +1 / ulPtldz .
(5.14) [ d tuah =Wy do— (Bq i) [
By using (3.2) in (5.14),

2 2 u’(z) 2
0> [ (IVul? +wu?) do+3 T (hu(lz]) — N)? da+
R2 R2

u2 X
(5.15) +oN /R # (hu(lz]) — N) do—
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We can estimate

UQ(x) B 9 uQ(m) o i
3 [ 2 el = 3?2 [ 5D (o) - ) do >

2 2
zfi/ u(a:)dx’
{

3 Jinys<ho<ny lz[?

where {N/3 < h, < N} = {rg < |z| < rq} with hy,(ro) = N/3 and h,(r1) = N
(here we have used that h, is increasing in r). For any r > 0, by the definition of

h. we have
1/2
drhy(r) = / u?(x) dx < Or (/ ut(z) d;v) .
B B

I T

(5.16)

Then

(5.17) / B2 (Jo

T

u?(z
) ( )dl’SChu(T)/ u'(z) da .

|z[2 B,

We now apply (5.17) to estimate

2
(5.18) / Y (f) dx < C/ ut dz .
{N/3<h,<N} || R2

We apply (5.16) and (5.18) in (5.15):

l -1
0 2/ |Vu\2dx+w/ u? dx—c/ u* de+ / P / |u[PT d .
R2 R2 R2 2 R2 p+1 R2

Therefore it suffices to take | so that —c + ({/2) = 1, and then to take w so that
the function

-1
5 — ws? + st — (Ll—&—l) |s|P
p+1

is non-negative for any s. Therefore v must be identically equal to zero.
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