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EXISTENCE, STRUCTURE, AND ROBUSTNESS OF GROUND
STATES OF A NLSE IN 3D WITH A POINT DEFECT

RICCARDO ADAMI, FILIPPO BONI, RAFFAELE CARLONE, AND LORENZO TENTARELLI

ABSTRACT. We study the ground states for the Schrodinger equation with a focusing
nonlinearity and a point interaction in dimension three. We establish that ground states
exist for every value of the mass; moreover they are positive, radially symmetric, de-
creasing along the radial direction, and show a Coulombian singularity at the location
of the point interaction. Remarkably, the existence of the ground states is independent
of the attractive or repulsive character of the point interaction.

AMS Subject Classification: 35Q40, 35Q55, 35B07, 35B09, 35R99, 49J40, 49N15.
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1. INTRODUCTION

The standard Nonlinear Schrédinger Equation (NLSE) perturbed by a point interaction

O = (At aRlE P at0 p>2 )
has been recently proposed as an effective model for a Bose-Einstein Condensate (BEC)
in the presence of defects or impurities (see e.g. [21, 31, 32]).

While in dimension one the delta interaction is a bounded perturbation of the Laplacian
in the sense of the quadratic forms and the corresponding solutions are widely studied (see
e.g. [2,8,9,10, 13, 16, 29]), the analogous problem in higher dimension has been addressed
only recently. In particular, well-posedness has been studied in dimensions two and three
([18]), whereas properties of the standing waves have been investigated in dimension two
(1, 24]) only.

Here we extend the results obtained in [1] to the three-dimensional setting. In particular,
we establish the existence and some qualitative properties of the ground states, and show
that such features are insensitive of the sign of the parameter «. This is in contrast with
the case of a particle subject to a point interaction in the absence of a nonlinearity, for
which ground states exist only for negative «. This contrast persists even if the point
interaction itself bears a nonlinearity, namely it is of the form a|y|P~248g, with 2 < p < 4
(see [3, 4, 5,6, 7,11, 12, 14, 19, 20, 27, 28]).

1.1. Setting and main results. Here we treat equation (1) in R? in the focusing case.
Like in dimension two ([1]), in three dimensions equation (1) is formal since the delta
interaction is not a bounded perturbation of the Laplacian. The operator —A + adg
is then constructed through the theory of self-adjoint extensions of hermitian operators,
which guarantees (see e.g. [15]) the existence of a family (H,)aecr of self-adjoint operators
that realize all point perturbations of —A. As a result, the domain of H, is
D(Hy) = {ve L*R%) :3q€Csit.
v——L = 4ec HAR3), Vo € H(R?) and $(0) = aq}
4r|x|
and its action reads

Hov=—Adg.
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The complex number ¢ is called the charge of the function v, and represents the size of
the Coulombian singularity at the origin.

It proves convenient to represent the domain of H, in an alternative way. One chooses
an arbitrary positive number A and, denoted by Gy the Green’s function of —A 4\, namely

e*ﬁ\x\

Ar|z| ’

GA(x) = (2)

one gets

D(H,) := {v c L*(R¥ :3¢eC : st.

v —qGy =: ¢r € HX(R?) and ¢,(0) = <a + @)q}

and
Hov:=—Ady — qg)\G).

Note that Gy is not in H'(R?) and belongs to LP(R?) if and only if 1 < p < 3. This
entails D(H,) C LP(R3) only if 2 < p < 3, which is one of the major differences with the
two-dimensional case where the embedding holds for p > 2.

In addition, one can see that functions in D(H,) consist of a regular part ¢y, on which
the operator H, acts as the standard Laplacian, and a singular part qGy, on which the
operator acts as the multiplication by —A. The two components are connected by the

boundary condition ¢, (0) = <a + )(—5) q. We stress that A is a dumb parameter that
does not affect the definition of H,, since for every A > 0 any function in D(H,) can be

equivalently decomposed in regular and singular part.
The quadratic form associated with H, has domain

D:={veL*R*:3g€C,A>0 st. v—qG\=:¢) € H (R}, (3)

and action

Q(v) = (Hav,v) = [Vorl5 + Alloall3 — l0l13) + (a + \/—X> a*,  YveD, (4

4
where we denoted by (-,-) the hermitian product in L?(R3) and by || - ||, the usual norm
in LP(R?). The value of Q(v) is independent of the choice of A\. Notice that in the form
domain no boundary condition is prescribed.
Finally, we denote by —w, the bottom of the spectrum of H,, so

Q) { —(4ma)?, ifa <0,

_ _ . 5
ven(o) Toll2 0, ifa>0. (5)

Therefore the continuous spectrum of H, is [0, 4+00), while the point spectrum of H, is
empty if a > 0 and has the sole negative eigenvalue —(47a)? if a < 0.
We are ready to introduce the rigorous version of equation (1), namely

O

Yot
Through the paper we shall refer to such equation as to 6-NLSE. It is well-known ([18])
that its flow shows two conservation laws: mass, i.e. L>-norm, and the energy

B(v) = 3Q0) = 7ol 7)

defined for any v in the form domain D.
Hereafter we focus on the ground states of equation (6), according to the following
definition.

=Ho— Y] %y, a€eR, 2<p<3. (6)
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Definition 1.1. Given @ € R, 2 < p < 3, u > 0, we call ground state at mass p every global
minimizer of the J-NLS energy functional defined in (7), among the functions belonging
to

Dyi={veD: ol = u}.
The main result of the paper is the following

Theorem 1.2 (6-NLS ground states). Let p € (2,3) and o € R. Therefore, for every
p >0,
(i) there ezists a ground state for the 6-NLS at mass p;
(ii) if u= ¢ + qG» is a ground state, then:
(a) there does not exist X > 0 such that ¢ or qGy are identically zero;
(b) u is positive, radially symmetric, and decreasing along the radial direction,
up to multiplication by a constant phase; moreover, ¢y is nonnegative if A =
w = p (||ullh — Q(u)), and positive if A > w.

Ground states are particular cases of bound states, i.e. functions that satisfy
u € D(H,), (8)
Huu + wu — |ufP2u = 0. 9)
Bound states are the spatial profiles of standing waves, in the sense that u is a bound state
if and only if ¥(t,x) = e"*u(x), is a solution to equation (6).
In order to prove the qualitative features (iia) and (iib) in Theorem 1.2, we will study

a class of bound states larger than that of ground states, namely the set of the minimizers
of the action functional S, defined as

So:D—=R such that Su(v) = E(v) + gHvH%, (10)

among the functions belonging to the Nehari’s manifold
N, :={ve D\{0}: I,(v) =0}, (11)

where 1, : D — R is given by

VA
L,(v) := (S, (v),v) = [Vall3 + Aloalls + (w = A)Jv]l5 + <a + E) lq)* = [lv|[?.
The result on the minimizers of the action functional reads as follows.

Theorem 1.3 (J-NLS action minimizers). Let p € (2,3), a € R Then,

(i) a minimizer of the action of the §-NLS at frequency w does exist if and only if
w > wq (defined in (5));
(ii) if w = ¢\ + qGy is a minimizer of the action of the §-NLS at frequency w > wq,
then:
(a) there does not exist A > 0 such that ¢ or qGy are identically zero;
(b) u is positive, radially symmetric, and decreasing along the radial direction, up
to multiplication by a constant phase factor; in particular, ¢y is nonnegative
when A = w, and positive when A > w.

Through the following Lemma (whose proof can be found in [1, Appendix B] and is an
adaptation of what has been established in [23] for the standard NLSE) we can connect
minimizers of the action with ground states.

Lemma 1.4. Let p € (2,3), « € R and p > 0. If u is a ground state of mass p, then it is
also a minimizer of the action at the frequency w = pu=1(||ullh — Q(u)).
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In view of this and of Lemma 1.4, one can see that point (ii) of Theorem 1.2 is a
straightforward consequence of Theorem 1.3. We also mention that establishing (ii)(b) of
Theorem 1.3 requires an equivalent formulation of the problem of the minimization of the
action. We shall in fact minimize

Qu(v) = Q(v) +wljv|?

among the functions in D with fixed L norm. This technique is purely variational and
does not retraces the classical ones used for the standard NLSE.

Finally, from Theorem 1.2 and Theorem 1.3 it appears that the sign of a does not
affect the behavior of the ground states and of the minimizers of the action. As mentioned
at the beginning, this robustness is, at first sight, surprising. More precisely, while in
dimension two this is natural as the sign of o does not even affect the existence of ground
states for the linear problem, in dimension three ground states of the linear problem exist
only for negative values of a. In other words, the intuitive idea that ground states are
deformations of the linear ground state due to the ignition of a nonlinearity, is misleading.
Such description is inspired by the fact that minimizers of the action exist if and only if the
frequency exceeds the bottom of the spectrum of H,, which in dimension two coincides
with its only eigenvalue. Yet in dimension three the analogy fails since when o« > 0
the eigenvalue disappears, but the minimizers of the action still exist if and only if the
frequency exceeds the bottom of the spectrum of H,.

An intuitive explanation of this phenomenon can be drawn by describing the problem
from another point of view. If one interprets the model as a delta perturbation of the
NLSE, then one immediately sees that D D H'(R?) and so, even perturbing the standard
NLSE with a repulsive delta interaction, the infimum of the action gets lower with re-
spect to the infimum of unperturbed action. Thus, the perturbed problem is in any case
energetically convenient with respect to the standard one.

Notation. In the following, we use the expressions 0-NLS ground states and NLS
ground states to refer to the global minimizers of the 4-NLS energy and the standard NLS
energy, respectively. We use -NLS action minimizers and NLS action minimizers in an
analogous way.

Organization of the paper.

- Section 2 introduces some preliminary results that are useful throughout the paper;
more precisely:
— in Section 2.1 we recall some well-known features of the Green’s function of
A+
— in Section 2.2 we establish two extensions of the Gagliardo-Nirenberg inequal-
ity (Proposition 2.1),
- Section 3 addresses the existence of ground states (Theorem 1.2—(i));
- Section 4 addresses the existence of action minimizers (Theorem 1.3—(i));
- Section 5 establishes the main features both of the ground states and of the action
minimizers (Theorem 1.2 —(ii)/Theorem 1.3—(ii)).

2. PRELIMINARY RESULTS

In this section we collect some preliminary results, that will be exploited in the proofs
of Theorem 1.2 and Theorem 1.3.

2.1. Properties of the Green’s function. First, by (2) one can easily check that G, €
L"(R3) for every r € [1,3), with

1G]l

IGA 113 = and  ||Gall; = o when € [1,3), (12)
2

1
87?\/X
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163 — Gl = = (} v e v f) (13)

We recall that G, is positive, radially symmetric, decreasing along the radial direction,
exponentially decaying at infinity and smooth up to the origin. Moreover, Gy & H'(R?)
and

and that

VG~ Gl = o (”ﬁ VALY Aﬁ) . (14)
Finally, whenever v < A,
e~ VAlzl  —Vlzl
Oir(z) = = < Tl =G, (x), vz € R?\ {0}. (15)

2.2. Gagliardo-Nirenberg inequalities. Here we aim at finding a version of Gagliardo-
Nirenberg inequality for the energy space D, defined by (3).

First, recall the standard three-dimensional Gagliardo-Nirenberg inequality (see e.g.
[22, Theorem 1.3.7]): for every p € (2,6) there exists Cp, > 0 such that

3( —2) 6—p
= 1/p3
[0l < CpllVolly * llolly* . Ve e H(R). (16)
Second, every function with ¢ 7é 0 can be decomposed into a regular and a singular part
according to the choice A = ¢ la ||4, with € > 0 arbitrarily chosen, i.e.

flul
u=¢+q9 ot ¢ € HY(R?) (17)

”qu

Using such decomposition, one can prove the following result.

Proposition 2.1 (Gagliardo-Nirenberg inequalities). For every p € (2,3), there exists
K, > 0 such that

3( —2 q
ol < &, (190l lonls ™+ ). Wo=on+agae D, WA>0. (9
2
Moreover, there exists M, . > 0 such that
He ) 3(p—2)1,,1123—p
[vlly < <\|V¢I|2 Hsz " g o2 )
Yo=0+qG 0 € D\H'(R). (19)

EE

Proof. If we fix v = ¢ + qGx € D, for some A > 0, then (16) and (12) yield

!fﬂp

[0ll7 = lléx + aGally < 277 (oallh + lalPIGAlE) < (HV@HQ léally™

\_/

that is (18). On the other hand, if we also assume that ¢ # 0 and set A = A\, = e
form some ¢ > 0, then by (12), (18) and the triangle inequality there results

p-2 s O 2 |g|"2" gf?
Jollb <277 K, | [Voll, 2 Hsz +HV¢H2 5 T 5

2
A(La A(La

3
<M (\|v¢||2 lolly™ + [ql20=2) o] 2 )

which concludes the proof. O

—2)
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Remark 2.2. Note that, whenever ¢ = 0, i.e. v € H'(R3), (18) reduces to (16). Note also
that, in contrast to the standard Gagliardo-Nirenberg inequality, we must limit ourselves
to the powers p < 3 since Gy ¢ LP(R®) when p > 3. Finally, we highlight that M, . :=

_ — -3
QPTQKP max {1,6%,8%} and, thus, M, . — +o0, as € | 0.

3. EXISTENCE OF GROUND STATES

Here we prove point (i) of Theorem 1.2, which is the existence of ground states of mass
w for every p > 0. To this aim, some further notation is required: we denote by £(u) the
0-NLS energy infimum at mass u, i.e.

E(p) = Ugg# E(v),

with E defined in (7), and by £°(u) the NLS energy infimum at mass p, i.e.

go = inf E°
(1) veilrs) (v),

where
1 1
E%(v) == 5[Vl — ];Ilvllﬁ and  H,(R) = {ve H'(R®): [[vo]3 = u}.
As a preliminary step we establish boundedness from below of E restricted to D),

whenever p € (2,3). By the decomposition introduced in (17), the functional E reads
E(u) =

1 elal*lloly | alaf®  la* (Ve fullp . e
SIveli3 + + + VE_ o) -ty e D\ HY(RY),
2 2][ull3 2 2full5 \ 47 p
(20)
1 1
g\IVUIlg - ]—QIIUHZ, if w e H'(R?).
In addition, if one fixes ¢ < ﬁ, then the coefficient in front of % is positive. For
2
instance, we choose ¢ = ﬁ, so that
1 lal*llol3 |, ala? lq* [[ullp 13
E(u) = =||Ve|> — , Vue D\ HYR?). (21

Proposition 3.1. For any fized p € (2,3) and o € R,
E(p) > —o0, Vi > 0.

Proof. Let u € D,,. We manage separately the cases u € H;([R?’) and u € D, \ H;([R‘?). In
the former case, combining (20) and (16), there results
3(p—2) 6—p

1 C -2 6—p
E(u) > §HVUH§ - ?pHquQ Lo,

and thus E is bounded from below on H;([R?’) as p € (2,3) by assumption. In the latter

case, combining (19) and (21) and denoting by M, the constant M, . for ¢ = 64%’ there
results
2 A o 49 412
IVellz — MplVoll, * w7 lal”llels
E(u) >
2 P 128722
Lold® | dalt M,|qPP=2) P p
2 128724 P ’

and thus F is bounded from below also on D,, \Hﬁ([Rg) as, again, p € (2,3) by assumption.
]
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In the following proposition we compare the infima of the energy of the §-NLS and of
the NLS.

Proposition 3.2. For any fized p € (2,3) and o € R,
E(p) < &%) <0, Vi > 0. (22)

The proof of such proposition requires the following well-known result about the NLS
ground states (see e.g. [30] and [25]).

Proposition 3.3. Let p € (2, %) There exists an NLS ground state of mass p for every
w > 0. In addition, such minimizer is unique, positive, radially symmetric and decreasing
along the radial direction, up to multiplication by a constant phase and translations.

Throughout the paper, we denote the positive symmetric NLS ground state of mass p,
usually called soliton, by S,,.

Proof of Proposition 3.2. For any p > 0, S, cannot be a 6-NLS ground state of mass
w. Indeed, a 6-NLS ground state has to satisfy the boundary condition in (8), namely
oA (0) = (o + g)q; but, since S, € H'(R?), ¢ =0 and S, = ¢, so that S,(0) = 0, which
contradicts the positivity of S,,. As a consequence, there must exists v € D, such that
E(v) < E(S,) = £%(u), which concludes the proof of the former inequality in (22).
Concerning the latter inequality, fix p > 0 and consider v € H ;([R?’). Using the mass-

preserving transformation
ve(x) = a%v(ax),

one obtains
3(p—2)

0 02 2 p
E(vs) = S [Vollz ~ [[v]l5
and thus, since p € (2, 3), choosing a small enough o one gets £%(u) < E%(vy) < 0, and
the proof is complete. O

The last two preliminary tools necessary for the proof of point (i) of Theorem 1.2 are
provided by the next two lemmas and concern the minimizing sequences at mass p of the
0-NLS energy.

Lemma 3.4. Let p € (2,3) and o € R. For every minimizing sequence uy, = ¢x n + qnGx
of the §-NLS energy at mass p, there exist n € N and C > 0, such that

lgn| > C, Vn >0

Proof. Assume by contradiction that there exists a minimizing sequence for the J-NLS
energy at mass p such that ¢, — 0. Then, ||¢x,|/3 is bounded since it converges to .
Moreover, combining (7) and (18), one obtains

(Oé‘i’\/_ﬂX)
Blun) > 2[Voral3+ ) <H¢MH2 p+ O g2
K, o ey |qn|p>
V n n —
: <|| bl T [Drnlly? =
1 2 p 3 _2
= 319001~ Z2 P00l T 67 la™ +o(1), a5 n e,

Thus, as E(u,) is bounded from above and p < 3, [V, |2 is bounded.
Now, define the sequence &, := ﬁqﬁ)\n, so that ||€,]|3 = u, for every n € N, and
IV = W —L - ||Vérnll3 is bounded. Then, as ¢, —u, — 0in L"(R?), for all r € [2,3),
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using the properties of &,, we find that

E(up) = EO(¢A,n)+O(1) = Eo(gn)+0(1)
> E%S,) +o(1), as n — +oo,

where S, denotes again the soliton of mass ;. Hence, passing to the limit,

E(n) = E%p),

which contradicts (22), thus implying that g, + 0. Since this is true for every subsequence
of any minimizing sequence of the J-NLS energy, this concludes the proof. O

Lemma 3.5. Let p € (2,3), a € R, u > 0, (upn)n a minimizing sequence of the 6-NLS
energy at mass . Then, (uy), is bounded in L"(R3) for every r € [2,3), and there exists
u € D\ HY(R?) such that, up to subsequences,

- u, —u in L2(R3),

- Uy, = u ae. in R3.
Moreover, if one fizes A > 0 and considers the decomposition u, = ¢n x + ¢nGx, then
(bnr)n and (qn)n are bounded in HY(R3) and C, respectively, and there exist ¢ € H'(R?)
and q € C\ {0} such that uw = ¢y + qGy such that up to subsequences,

© P — O in LA(R?),

- Vb r — Vo in L2(R3),

< gn —q inC,

as n — 4+o00.

Proof. The proof follows from classical arguments and retraces that of [1, Lemma 3.5].
We sketch it here for the sake of completeness only.

By Banach-Alaoglu Theorem, u,, — u in L?(R3) up to subsequences. Moreover, owing
to Lemma 3.4, it is not restrictive to assume that |g,| > C > 0, for every n € N. As a
consequence, we can use the decomposition introduced by (17), namely u,, = ¢, + ¢nGy,,

with A\ = v, 1= =% lanl’  and (19).

T 647 [lunll3”

Now, arguing as in [1,2Lemma 3.5] and using (19) and (21), one gets that ¢,, is bounded
in H'(R?) and g, is bounded in C. Finally, in order to prove the thesis for every A > 0
fixed, we argue again as in [1, Lemma 3.5] recalling that ¢y ,, := ¢, + ¢,(Gy,, — G»), using
(13), (14) and that g, is bounded from above and away from zero, and distinguishing the
cases A = 1+ (87u) "2 sup,, |¢.|* and X < 14 (87p) 2 sup,, |gn|*. O

Eventually, we can prove the existence of the 6-NLS ground states.

Proof of Theorem 1.2-(i). Let (uy), be a minimizing sequence of the 6-NLS energy at
mass i. As we saw before, it is not restrictive to assume that u, = ¢, \ + ¢,G), with
gn # 0 and A > 0. Hence Lemma 3.5 applies.

In order to conclude the proof we argue as follows (note that all the limits below have
to be meant up to subsequences). Set m := |jul|3. Weak lower semicontinuity of the
L?(R3)-norm implies m < p, while ¢ # 0 implies m # 0. Then suppose, by contradiction,
that m € (0, u). Since p > 2 and —F— > 1 for n sufficiently large, there results that

llun—ullz

E(w). (23)

liminf E(u, —u) >

On the other hand, it is possible to show in an analogous way that

E(u) > %5(,@. (24)
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Moreover, recalling that u, — u, ¢, — ¢x, Vo, 1 — Vo, in L?(R3) and ¢, — ¢ and
using the Brezis-Lieb lemma ([17]), we have that

E(up) = E(uy, — u) + E(u) + o(1) as n— 400 (25)
Combining (23), (24) and (25), one can see that

(y0) =t nf B(un) = limint By — ) + Bu) > F= 28 () + 21 (0) = E),

which is a contradiction. Therefore, m = p, which means that v € D, and that u, — u,
Gnr — ¢x in L*(R3). Finally, by (18), u, — u in LP(R?) and thus

E(u) < limninfE(un) =E(u),

which completes the proof. ]

4. EXISTENCE OF THE MINIMIZERS OF THE ACTION

In this section we prove (i) of Theorem 1.3, which is the existence/nonexistence of
the minimizers of the 0-NLS action at frequency w. It is convenient to introduce some
notation. First, we denote by d(w) the infimum of the §-NLS action at frequency w, i.e.

= inf
d(w) Jnf Sw(v),
where S, N, are given by (10) and (11), and define

Qu(v) = Q(v) +wlv]3,
where @ is given by (4), so that
1 1
Su(v) = 5Qu(v) — Ellvllﬁ and  L,(v) = Qu(v) — ]}
On the other hand, we denote by d°(w) the infimum of the NLS action at frequency w, i.e.
d’(w) := inf SP
(w) Juf, (V)
where

w
S9(0) = B(v) + 2 lel

NS = {ve H'(R)\ {0} : IO(v) =0},  I9(v) := (8% (v),v).

Preliminarily, we note that

~ ~ —2
So(v)=S(v) >0, VoeN,  with S(v):= %Hv”ﬁ. (26)

As a consequence, since S, =89 and N, N HY(R3?) = N, there results

1)

0 < d(w) < d°(w), Vw € R. (27)
Furthermore, since d’(w) = 0 for every w < 0 ([23, Lemma 2.4 and Remark 2.5]), it is
straightforward that d(w) = 0, for every w < 0, so that there are no minimizers of the
6-NLS action at w < 0. As a consequence, we only address the case w > 0.

The former step of our proof is to investigate when inequalities (27) are strict. We
introduce the set

Ny :={gG,: A >0, g€ C\ {0}, L,(¢Gy) = 0},

which is the subset of N, of the functions that admit a representation with the sole singular
part for a value of A > 0. We can characterize N, as follows.
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Lemma 4.1. Letp € (2,3), a € R and w > 0. Then, qG) € N, if and only if

w
— 4+ 8ma+VA>0 28
a (28)
and
)\2(31;—172) w p_iQ
= — 4+ 8ra+ ﬁ} , 29
= | (29
with r, = (871G |[5) =2
Proof. Let ¢ # 0 and A > 0. By (12), I,(¢G») = 0 if and only if
+lat+—— - =5 la” =0,
877\/X|Q| ( 47T> 4] )\%pIQI
with & := ||G1|[h, so that
3—p 3—p
A7 fw—A VA 27w
P2 = . - = — +38 2.
gl - <8m/X+a+47r> - <\/X+ m+x/—>
Since |q[P~2 > 0, (28) and (29) follow. O

Lemma 4.2. Letp € (2,3), a € R and w > 0. Then

(1) if « <0 and w € (0,wy), then there exists A\ (w) € (0,wq) and Aa(w) > wq such
that

]Vw ={qG): X € (0, \1(w)) U (Ma2(w),+00) and q € C\ {0} and satisfies (29)};

in particular, \1(w) and Aa(w) are the sole solutions of the equation

w
— 4+ 8Ta+VA=0;
VA

(1) if @« <0 and w = wq, then
Ny ={qGr: A>0, A £ wq, and q € C\ {0} and satisfies (29)};
(1) if w > wq, then
N, ={qGr: A >0 and q € C\ {0} and satisfies (29)}
(We recall that w, was defined in (5))

Remark 4.3. We highlight that, in the previous result, the case a > 0 is always taken into
account by (iii), since in this case wy = 0.

Proof of Lemma 4.2. Let w > 0 and
1
9\ == —= <)\ + 8ravA + w) .

2

Recall that, in view of Lemma 4.1, ¢Gy € N, if and only if g(\) > 0 and ¢ satisfies (29),
1
namely |g| = m;lgﬁ (M\). First, we observe that, when o > 0, w, = 0 so that g is strictly
positive on R, for any w > w,. Thus (iii) is straightforward in this case.
We focus then on a < 0. One can easily check that, as p € (2,3),

li A) = li A) = .
mm, ) = oo, i g(4) = oo
On the other hand, since

(4 —pA+2(3 —p)mav/A — (p — 2)w
2%

g\ =

)
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g has a unique critical point on R™. Hence there exists A* = \*(w) such that g is strictly
decreasing for A < A\* and strictly increasing for A > A\*, being g(\*) the global minimum
of g on RT. In particular, if w > w,, then g is strictly positive and (28) admits a solution
for every A > 0, so that (iii) is proved. On the contrary, if w = w,, then g vanishes for
A = w, only, and (28) admits a solution whenever A > 0 and A\ # w,, so that (ii) is
proved. Finally, if w < wq, then g vanishes at two points Aj 2(w) = (\/w_a F \/m)Q,
with A\j(w) < wa < A2(w), and is negative for A € [Aj(w), A\a(w)]. Hence, (28) does not
admits any solution if and only if A € [A;(w), A2(w)], so that (i) is proved. O

After this characterization of the set N, we can estimate the value of d(w) for @ < 0 and
w € (0,wq] (note that, in view of Remark 4.3 and the comments after (27), the analogous
for a > 0 is trivial).

Proposition 4.4. Let p € (2,3) and a < 0. Then, d(w) = 0 for every w € (0, wq].

Proof. We give the proof in the cases w € (0,w,) and w = w, separately. If w € (0,w,),
then by Lemma 4.2

3—p 1
)\2( —2) p—2
lim |¢|= lim ’ “ 4 sra+ VAl =o.
A=A (w) T, A=A (w)— Kp vV
g9 ENy

Hence, combining with (26) and (12),

0<dw)< inf Su(gGy) < lim  S,(¢Gy)

qG)\EN, A=A (w) 7,
g9 ENy
. ~ . p—2 lq|?
= lim S(gGy) = lim G1|IP—=— = 0.
am (q9x) N WS | 1||p)\37p
qGrENw g9 EN

If, on the contrary, w = w,, then one finds the same chain of inequalities and concludes
by replacing the limits for A — Aj(w)™ with the limits for A — wg,. O

The first consequence of this result if the following (again, the analogous for o > 0 is
omitted since it is trivial).

Corollary 4.5. Let p € (2,3) and a < 0. If w € (0,wy], then there does not exist any
minimizer of the §-NLS action at frequency w.

Proof. The claim follows by Proposition 4.4 and (26). O

Before showing the proof of point (i) of Theorem 1.3, the last preliminary step is to
discuss the behavior of d(w) when w > w,. We start by recalling the following relation
between S, and S.

Lemma 4.6. For every p € (2,3), a € R, and w > w,
dw) = inf S(v),
UGNL;J

with N

N, :={ve D\{0}: I,(v) <0}.
In addition,
S(u) = d(w) Si(u) = d(w)
—

Proof. The proof follows from classical arguments and is analogous to that of [1, Lemma

4.5). 0

, Vu € D\ {0}.
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Remark 4.7. Note that this result implies that, searching for minimizers of the §-NLS
action means searching for

ue N, such that S(u) = inf S(v) = d(w).
vEN,,
Now, the former point is to prove that the left inequality of (27) is strict.
Proposition 4.8. For every p € (2,3), a € R and w > w,, there results that d(w) > 0.

Proof. We can start by assuming u € N,NH 1(R3). By the Sobolev inequality
0> Lo(u) = | Vull3 +wllull — [[ulf > Cpllully +wlullf —llully > Cyllull; — [lull?,

for some suitable C,, > 0 only depending on p. Therefore, lulp? = Cp, so that
] P—2 5%
S(u) 2 WC; 2,
whence
- _9 »
_inf  S(v) = =——=Cy?* >0. (30)
vENLNHL(R3) 2p

It is then left to study the case u = ¢y + qGx € N, \ H'(R3). Assume, without loss of
generality, A € (wq,w). Clearly a + )4/—75 > 0, and thus there exists a constant C' > 0 such
that

VA

IVorllz + Alloalls + (@ = Nllulz + g { a+ == = C (leallFn +a?) . (31)
47

In addition, by Sobolev inequality again,
2
2

ully < Cp (lloalls + 1a1?) < Cp (Il +1al?) < Cp (I0all7 +1al?) 2
which implies

1
loalF + la* > gIIUHf;- (32)
P
Then, combining (31) and (32),
C
0> Ly(u) = C ([loall7n + laf®) = [lullh > gIIUHf; = [lullp
2
and thus, as before, there exists K, > 0, depending only on p, such that
§(u) 2 Kp,
whence _
_inf S(v) = K, > 0. (33)
vENL\H(R3)
Finally, the claim follows by combining (30) and (33). O

The latter point is to prove that the right inequality in (27) is strict. To this aim, we
mention the following well-known result for the NLS action minimizers at frequency w
(see, e.g., [22]).

Proposition 4.9. Let p € (2,6). For every w > 0, there exists a minimizer of the
NLS action at frequency w. Such minimizer is unique, positive, radially symmetric and
decreasing along the radial direction, up to the multiplication by a constant phase and
translations.

Proposition 4.10. For every p € (2,3), a € R and w > w,, there results that d(w) <
d(w).

Proof. The proof is analogous to that of the first part of Proposition 3.2. U
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Concluding the section, we prove the existence part of Theorem 1.3.

Proof of Theorem 1.53-(i). The case w < w, is a straightforward consequence of the re-
marks at the beginning of the section and of Corollary 4.5. On the other hand, in order
to treat the case w > w, it is sufficient to use Propositions 4.8 and 4.10 and follow the
steps of the proof of [1, Theorem 1.11]. We mention here a brief sketch for the sake of
completeness.

Step 1: weak convergence of the minimizing sequences. Let (uy), be a minimizing
sequence of the §-NLS action at frequency w > w,. By Remark 4.7, it is not restrictive
to assume that (up), C N, and S(u,) — d(w). Now, since |jun |} — JT%d(w), Uy, 18
bounded in LP(R3). Hence, as I, (uy,) < 0, setting for instance \ = @t and using the
decomposition u, = ¢, + ¢,Gx, one gets that ¢, » and wu, are bounded in L?(R3) and
that g, is bounded in C. Thus, there exists ¢y € H'(R?), ¢ € C and u € D such that
u = ¢+ qGx and

Vour—=Vor, ¢pr—dx u, —u in LZ([R?’) and g, —¢q in C.

Step 2: w € D\ H'(R?). Suppose, by contradiction, that u € H'(R3), so that ¢ = 0,

and define the sequence wy, := 0,0, )\ € H'(R3) in such a way that Ig(an(bm,\) =0. It is

possible to prove that (oh), is bounded from above by a sequence (a,), converging to 1.
Thus, as I0(w,) = 0 and S(u,) — d(w),

(@) +0(1) = S(wn) = 048 () < an (Sun) +0(1)) = S(un) + o(1) = d(w) + o(1),

that implies that d(w) > d°(w), which contradicts Proposition 4.10.

Step 3: u € N,. In view of Step 2, it is left to prove that I,(u) < 0. Assume by
contradiction that I,(u) > 0. Since u, is bounded in LP(R3), using Brezis-Lieb lemma,

S(up) — S(up — u) — S(u) — 0. (34)
Moreover, since g, — ¢, Voo n — Vor, dpr — ¢ and u, — u in L*(R?) and Q, is
quadratic, we have also that

I, (up) — Ly (up —u) — I, (u) — 0. (35)

Let us prove now that I,(u,) — 0. Assume by contradiction that I, (u,) # 0. Without
loss of generality, we can suppose that I,(u,) — —3, with 8 > 0. Consider, then, the
sequence vy, := O, u, such that I,(v,) = 0. An easy computation shows that

0, — ¢ <1.

As a consequence,

S(vn) = S(Ontin) = 075 (up) — Pd(w) < d(w),
which is a contradiction. Hence I,,(u,) — 0. Finally, looking back at (35), since I,(u) > 0
and I, (un,) — 0,

I, (up —u) = Ly(up) — Ly(u) + o(1) = —I,(u) + o(1),
entailing that I,(u, — u) — —I,(u) < 0. Choose then n such that I,(u, —u) < 0 for
every n > n. Since d(w) < S(un —u) and S(u) > 0, (34) yields

d(w) < lim S(up — u) = d(w) — S(u) < dw),

which is again a contradiction. Thus, I, (u) < 0.
Step 4: conclusion. By the boundedness in LP(R3), u,, — u in LP(R?), and so, by weak
lower semicontinuity

S(u) < liminf S(u,) = d(w),

n—-+o0o

which concludes the proof. O
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5. FURTHER PROPERTIES OF GROUND STATES AND ACTION MINIMIZERS

This final section discusses point (ii) of Theorems 1.2 and 1.3. We start by proving
(ii)(a) of Theorem 1.3.

Proposition 5.1. Let p € (2,3), a € R, w > w, and u be a minimizer of the §-NLS
action at frequency w. Then, ¢ # 0 and ¢y :=u — qGy # 0, for every A > 0.

Proof. Consider the decomposition u = ¢y + qGy for a fixed A\ > 0, and suppose by
contradiction that ¢y = 0. As u # 0, it must be ¢ # 0. In addition, v must also fulfil (8),

so that o + g = 0. Now, whenever a > 0, this is a contradiction. On the other hand,
when a < 0, the previous equality entails that A = w,. However, since u must also satisfy
(9), easy computations yield

W — W+ |Q|p_2|gwa (x)|p—2 =0, Vo € [Rg \ {0}’
which is a contradiction.

It is then left to show that ¢ # 0. Suppose by contradiction that ¢ = 0. This would
imply that d(w) = d°(w), which denies Proposition 4.10. O

In order to prove point (ii)(b) of Theorem 1.3, we recall preliminarily that, up to the
multiplication by a phase factor, a §-NLS action minimizer u = ¢y + gG, can be assumed
to display a charge ¢ > 0 (for details see [1, Section 5]). In addition, we have to turn to
the following equivalent minimum problem (for details see [1, Proposition 5.3]).

Proposition 5.2. Let p € (2,3), @ € R and w > wy. Then,
inf Qu(v) =C(w),

p
UEDC(

w)

with C(w) = I%d(w) and D’é(w) ={veD:|v|h=Cw)}, and there exists u € DIC)'(w)

such that Q,(u) = C(w). In particular,
Qu(w) = C(w) Sw(w) = d(w)
w € Dgy, = w € N,

Remark 5.3. The main consequence of this result is that we can study the properties of
6-NLS action minimizers at frequency w by studying the properties of the minimizers of

Q. on Dg(w), with C(w) = I%d(w).

Now we can prove the first part of (ii)(b), which states positivity up to multiplication
by a constant phase.
Proposition 5.4. Letp € (2,3), a € R and w > w,. Then, every minimizer of the §-NLS
action at frequency w is positive, up to multiplication by a constant phase.
Proof. Let u be a minimizer of the J-NLS action at frequency w. As mentioned before,
up to multiplication by a constant phase, we can assume ¢ > 0. On the other hand, by
Proposition 5.2, it is also a minimizer of Q. on Dg(w), with C(w) = JT%d(w). Now, set
A=wand Q:= {z € R3: ¢,(x) # 0}. By Proposition 5.1, |2| > 0. As a consequence

u(@) = ¢u(®) + qGu(x) = "oy (@) + qGu(x), Vo e Q\{0},

for some n : Q — [0,27). Hence, showing that n(z) = 0 for a.e. x € 2\ {0} implies that
b () = |pu ()| = 0 for every x € R3, whence u(x) > 0 for every z € R3\ {0}.

Suppose by contradiction that n # 0 on Q1 C (2 \ {0}), with |©;| > 0 and define
U = |¢w| + qG., (which coincides with « in R?\ ©;). Easy computations yield

u(@)]” = [¢u(@)]” + ¢°G2(x) + 2 cos(n(z))|¢w ()]G ()

< |pu(@)]* + ¢*Go(x) + 2|¢w(@)IGu(2) = [u(2)?, Vo€,
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so that, since |Q;| > 0,

p on D -
ullz = / (luf?)¥ dz < / (@)% dz = [P, (36)
R3 R3

On the other hand, one can simply verify that Q. (@) < Qu(u). Thus, from (36) and the
positivity of Q,,, there exists 8 € (0,1) such that ||fa|/) = ||ullb = C(w) and

Qw(ﬁa) = BQQw(a) < Qw(u)a
which contradicts the fact that u« minimizes @, on D’é(w). As a consequence n = 0 a.e.
on 2\ {0}, which concludes the proof. O

Note that the arguments before also imply that the regular part of a minimizer of the
6-NLS action at frequency w is nonnegative when A = w. In addition, we can prove that,
whenever \ > w, it is in fact positive.

Corollary 5.5. Letp € (2,3), a € R, w > w, and u be a minimizer of the §-NLS action
at frequency w. Then the regular part ¢y := u — qGy is positive for every A > w, up to
multiplication by a constant phase.

Proof. Let u be a positive minimizer of the J-NLS action at frequency w and consider the
decomposition u = ¢ + ¢qG) for a fixed A > w. By (15), since ¢ > 0, one obtains

oA () = du() + ¢(Gu(x) — Ga(x)) > 0, vz e R®\ {0}.
On the other hand, as
| Vi-
lim(@ - G)() = 2V
the claim is proved. O

The last part of the section is devoted to the radially symmetric monotonicity of min-
imizers of the §-NLS action. To this aim, we recall the definition and some important
properties of the radially decreasing rearrangement of a function.

Given a measurable A C R? with finite Lebesgue measure, we denote by A* the open
ball centered at zero with Lebesgue measure equal to |A], that is

4
A= {x ER: gm?’ < \A[}.

In addition, given f : R® — R a nonnegative measurable function such that |{f > t}| :=
Hx € R® : f(x) > t}| < +oo, for every t > 0, its radially symmetric rearrangement
f*:R® = R is defined as

fr(x) :/O Lipsny(x)dt,

with T4+ the characteristic function of {f > ¢}*. Concerning such radially symmetric
rearrangement we need in the sequel the three properties below. First,

1 e = Ifllp,  VfELP(R®), f20, Vp>1 (37)
Second, given two nonnegative functions f, g € LP(R3), with p > 1, there results
[r+apins [ 15 +gpas (3)
R3 R3

and, in particular, if f is radially symmetric and strictly decreasing along the radial
direction, then the equality in (38) implies that g = g* a.e. on R? (see [1, Proposition 2.3]
for the proof). Finally, if f € H'(R3), then f* € H'(R?) and

IV 2 < IV E2 (39)

(which is usually called Pdélya-Szegd inequality).
Using these three properties, we can establish the following proposition.
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Proposition 5.6. Let p € (2,3), a € R and w > w,. Then, every minimizer of the §-NLS
action at frequency w is radially symmetric and decreasing along the radial directions, up
to multiplication by a constant phase.

Proof. Assume, without loss of generality, that u is a positive minimizer of the §-NLS
action at frequency w and fix the decomposition u = ¢, + ¢G,, with A = w. We have
to show that ¢, = ¢}. Suppose by contradiction that ¢, # ¢}, and define the function
u = ¢, +qG.- By (39) and (37), we have that [[V@[ |2 < [[Voull2 and [|¢][l2 = [|¢w 2, so
that

Qu(t) < Qu(u).
Now, applying (38) with f = ¢G, and g = ¢, in the strict case, there results that
|l@|l5 > |lullb. Therefore, as Q,, is positive, there exists 8 < 1 such that ||Su||} = |Ju||} and

Qw(ﬂa) = /82Qw(a) < Qw(ﬁ) < Qw(u)7
but, via Proposition 5.2 (arguing as in the proof of Proposition 5.4), this contradicts that
u is a 0-NLS action minimizer, thus concluding the proof. O

Finally, we put together all the information we have obtained so far to prove point (ii)
of Theorems 1.2 and 1.3.

Proof of Theorems 1.2 and 1.3-(ii). Let u be a minimizer of the 6-NLS action at frequency
w > wq. Then, by Proposition 5.1, Proposition 5.4, Corollary 5.5 and Proposition 5.6, u
satisfies all the properties stated in item (ii).

Let, then, p € (2,3) and u be a §-NLS ground state of mass p. Combining Lemma 1.4
and point (i) of Theorem 1.3 one sees that u is also a minimizer of the 6-NLS action at
some frequency w > w, (in particular, w = pu~(||ullb — Q(u))). Then, one concludes by
point (ii) of Theorem 1.3. O
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