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NLS ground states on the half-line with
point interactions

Filippo Boni and Raffaele Carlone

Abstract. We investigate the existence and the uniqueness of NLS ground
states of fixed mass on the half-line in the presence of a point interaction
at the origin. The nonlinearity is of power type, and the regime is either
L?-subcritical or L2-critical, while the point interaction is either attractive
or repulsive. In the L?-subcritical case, we prove that ground states exist
for every mass value if the interaction is attractive, while ground states
exist only for sufficiently large masses if the interaction is repulsive. In
the latter case, if the power is less or equal to four, ground states coincide
with the only bound state. If instead, the power is greater than four,
then there are values of the mass for which two bound states exist, and
neither of the two is a ground state, and values of the mass for which two
bound states exist, and one of them is a ground state. In the L?-critical
case, we prove that ground states exist for masses strictly below a critical
mass value in the attractive case, while ground states never exist in the
repulsive case.

Mathematics Subject Classification. 35Q40, 35Q55, 35B07, 35B09, 35R99,
49J40, 49N15.

Keywords. Standing waves, Nonlinear Schrodinger, Ground states, Delta
interaction.

1. Introduction

In this paper, we investigate the existence and the uniqueness of ground states
of the energy
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We denote with

Flu) = éﬁfnw F(u) (3)
the ground state energy level and, accordingly, a ground state u of (1) at mass
p is defined as a global minimizer of (1) in the space (2), namely v € H}(R")
such that F'(u) = F(u).

In the following, the power p of the nonlinear term will belong to the inter-
val (2, 6], including both the L2-subcritical case 2 < p < 6 and the L?-critical
case p = 6, and « will be negative or positive, corresponding to an attractive or
repulsive point interaction respectively. The minimization is carried out among
real-valued and positive functions. This is not restrictive since F'(|u|) < F(u)
and any ground state is real-valued and positive up to a multiplication by a
constant phase e,

By standard variational arguments, it turns out that ground states of (1)
satisfy

—u" — |u|P™u + wu + adou = 0,

where dy denotes the delta distribution at the point 0, or, written in an equiv-
alent form,

(4)

—u” — |uP2u4+wu=0 on RT,
£(0) = au(0),

for some w > 0. In the following, we will call bound states all the real-valued
solutions of (4) belonging to H'(R™T).

Moreover, given a solution u of (4), then the associated standing wave
P(t,r) == e™tu(x) is a solution of the Nonlinear Schrédinger equation

0 = Hotp — [9|P~2,

where H, : D(H,) C L*(RT) — L?(R") is a self-adjoint extension of f% :
C®(R*) — L2(RT). Let us recall that all these self-adjoint extensions are
parametrized by o € R U {o0}: in particular, the case & = 0 corresponds to
the Laplacian operator with Neumann condition at the origin, while the case
a = oo has to be intended as the Laplacian operator with Dirichlet boundary
condition. The issues under investigation in this paper involve the operator
H, with a € R\ {0}, corresponding to the Laplacian operator with Robin or
delta condition at the origin. Let us underline that, when « > 0, the whole
spectrum of H, is continuous and coincides with o(H,) = [0, +00), while,
when o < 0, we have that

o(Ha) = {-a”} U[0, +00),

with —a? the sole negative eigenvalue of H,.

Although our interest is in the mathematical treatment, the NLS in low
dimensional manifolds has applications to the physical context.

One of the greatest successes of the nonlinear Schréodinger equation is the
widespread application as a model in different areas of physics, ranging from
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the propagation of laser beams [36] to the theory of Bose—Einstein conden-
sates [21] and from the signal transmission in a neuronal network [18] to fluid
dynamics [34]. In some of these contexts the metric graph model on which the
dynamics of the NLS is set has provided an interesting modeling.

In this context the results of this paper can be interpreted as a model
where the point interaction at the origin can represent inhomogeneities of
various types in the medium and affect the dynamics itself: it is widely accepted
that such defects can be mathematically introduced by means of the theory of
self-adjoint extensions up to the three-dimensional case (see the book [11] for
a complete discussion of this topic).

From the mathematical point of view, the NLSE on the half-line has
been the object of several papers dealing with well-posedeness, regularity and
scattering issues (see [22,24,25,39]).

More specifically, nonlinear models with point interactions have been
studied first in dimension one and only more recently in dimensions two and
three. In particular, on the real line, different point interactions have been con-
sidered, including delta conditions [19,20,27,28,31,33], delta prime conditions
[9] and more exotic conditions such as Fulép-Tsustui type conditions [29]. In
the two and three dimensional context, recent papers have addressed nonlinear
problems in the presence of a point interaction, focusing both on ground states
and their stability [1,2,26,30] and on global well-posedness and blow-up phe-
nomena [17,23]. Moreover, in recent years such problems have been considered
also on metric graphs, in presence of both linear point interactions [5-8,37, 38]
and nonlinear ones [3,12,13] (see [4] for a review of these results).

The present paper fits in this line of research, addressing the problem
of fixed-mass ground states of the NLSE on the half-line R*, both in the
attractive and the repulsive case.

1.1. Main results

Let us present here the main results of the paper. Let us point out that, in
view of Proposition 4.1 and Corollary 4.2, the existence of ground states at
mass p can be reduced to the problem of comparing the ground state energy
level (3) with the ground state energy level of the “problem at infinity”, as
defined in [35]. In our case, it corresponds to the standard NLS energy on the
line

%/R|u’(x)|2dx—%/R|U($)‘pdw7 (5)

whose ground states at mass p are the soliton ¢,,, defined in (12), and its
translations.

The first theorem investigates the subcritical case 2 < p < 6 in presence
of an attractive point interaction, i.e. o < 0.

Theorem 1.1. (Ground states for 2 < p < 6 and a < 0) Let 2 < p < 6 and
a < 0. Then for every p > 0 there exists a unique positive ground state of (1)
at mass p.
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Ground states for the attractive NLSE in presence of an attractive point
interaction have been studied on star graphs in [5] and on more general metric
graphs and with more general potential terms in [15,16]. In particular, the
result of Theorem 1.1 has been proved in [5, Theorem 1] for star graphs with
at least three half-lines, but the same proof can be repeated for the half-line,
intended as a star graph with only one half-line. As one may expect, the
existence of ground states holds for every value of the mass. This is natural
since the presence of an attractive delta interaction has the effect to lower the
energy of half of the soliton of double mass, that is the ground state of the
standard NLS energy on R (see Sect.2.1)

The next two theorems deal instead with the subcritical case 2 < p < 6
in presence of a repulsive point interaction, i.e. « > 0, unravelling different
phenomena with respect to the same problem on R.

Theorem 1.2. (Ground states for 2 < p <4 and o > 0) Let 2 < p < 4 and
a > 0. Then ground states of (1) at mass p exist if and only if p > ||dq2 ||%2(]R),

where ¢o2 is the soliton at frequency o®. Moreover, whenever they exist, the
positive ground states are unique and coincide with the only positive bound
state of mass p.

Theorem 1.3. (Ground states for 4 < p < 6 and a > 0) Let 4 < p < 6 and
a > 0. Then there exists p* = p*(a) < ||¢Q2H2L2(R) such that bound states of
mass w exist if and only if © > p*. In particular, two positive bound states of
mass p exist if and only if p* < p < ||¢qz ||%2(R).

Moreover, there erists i = p(a) satisfying p* < o < ”‘ba"’”QL?(R) such
that ground states of (1) at mass p exist if and only if p > . Whenever they
exist, the positive ground states are unique.

It is well known that in presence of a repulsive point interaction no ground
states exist on R, since every function of a given mass p has greater energy
than the ground state energy level of (5). The situation substantially changes
passing from R to RT, where ground states start existing when the mass is
sufficiently large, as shown in Theorems 1.2 and 1.3.

Let us highlight that the situation is qualitatively different depending on
the strength of the power p. If 2 < p < 4, then bound states and ground states
start existing together and coincide for masses larger than ||¢,:||3. If instead
4 < p < 6, then there are some values of the mass between p* and 1 such that
two positive bound states exist, but neither of the two is a ground state, and
other values of the mass such that two positive bound states exist and one of
them is actually the ground state.

Let us point out that when a > 0 a different behaviour between the cases
2 <p<4and4 < p < 6has been shown also in [27], where the authors studied
the orbital stability of the even bound states on R in presence of a repulsive
delta interaction: as a consequence, by exploiting the symmetry properties of
the bound states in [27] analogous stability results hold also on R¥.

In the next proposition, we investigate how the existence of ground states
depends on the strength of the interaction «. In particular, after fixing the
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value of the mass, we show that ground states exist if and only if the interaction
is either attractive or repulsive with strength less than a threshold: the actual
threshold is different when p < 4 and p > 4 as a consequence of Theorem 1.2
and Theorem 1.3

Proposition 1.4. Let 2 < p <6 and p > 0. Therefore, denoted by

2 g’fp
(2>6_p -
Tp = | — — 15 ,
AV VYRR

(i) if p < 4 then ground states of (1) at mass p exist if and only if o <
Yohtb7 -
(ii) ifp > 4, then ground states of (1) at mass p exist if and only if « < h(u),

~ p—2
with h(p) > ypps=r.

there results that:

The next two theorems deal instead with the critical case p = 6. Let
us specify that most of the statement of the first theorem follows directly
combining the more general result [15, Theorem 2] and the fact that the sharp
Gagliardo-Nirenberg on R is well known, but we prefer to report it here to
make the presentation exhaustive.

Theorem 1.5. (Ground states for p = 6 and o < 0) Let p = 6 and o < 0.
Then

Flu) = —c if 0<u<‘/§’r
T oo i ps

with ¢ > 0. Furthermore, if 0 < p < @, then ground states of (1) at mass p
exist and coincide with the only positive bound state.

Theorem 1.6. (Ground states for p = 6 and o > 0) Let p = 6 and o > 0.

Then
{0 if 0<p<¥n

f =
(1) oo if M>%

and ground states of (1) at mass p do not exist for any p > 0.

In both Theorem 1.5 and Theorem 1.6, we observe that the critical value
of the mass p* ‘[” , below which the energy is bounded from below and
above which the energy becomes unbounded, is the same as for the energy (1)
with a = 0, i.e. without point interaction. Nevertheless, some new phenomena
appear. In particular, while for @ = 0 ground states exist for © = p* only (see
Sect. 2.1) and, in presence of an attractive point interaction, they exist only
for masses strictly below the critical mass = p*, if one adds a repulsive point
interaction, then ground states do not exist for any value of the mass.
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1.2. Organization of the paper
e Section2 introduces some preliminary results concerning the standard
NLS in dimension one both in the L2-subcritical and critical case;
e Section 3 collects some useful results about bound states;
e Section4 contains the proofs of Theorem 1.1, Theorems 1.2, 1.3 and
Proposition 1.4;
e Section 5 contains the proofs of Theorem 1.5 and Theorem 1.6.

1.3. Notation

In the following, when this does not create confusion we use the shortened
notation ||ull, to denote [|ul|Lqr+) for every ¢ € [2, +o0].

2. Preliminaries
Given X = R, R*, the minimization problem

£ X) = int B, X),

where E(-, X) : H(X) — R is the standard NLS energy functional

B X) =3 [ W@Pdo = [ u@p s (6)

with 2 < p < 6, is nowadays classical. Let us recall in the following the basic
results concerning ground states on R and R both in the subcritical case
2 < p < 6 and in the critical case p = 6.

2.1. Subcritical NLSE on R and on Rt

The peculiarity of the subcritical case 2 < p < 6 is that the energy (6) is
bounded from below in H}(X) for every p > 0. This is a consequence of
the application of the so-called Gagliardo-Nirenberg inequalities, i.e. for every
p>2

L1 21
||UHI£p(X) < Kp(X)Hu,”fﬂ(X)||UHE2(X) Vue HI(X)a (7)
with
[[ullF,
Ky(X) = X < 4. (8)

o T 1Bl 3
ueuig ) |lu ||L2(X)||“HL2(X)

Since it will be useful in the following, we recall also the Gagliardo-Nirenberg
inequality when p = +o00, that is

HUH%N(X) < Koo (X)W || 20 lull p2cx)  Vu € HY(X), 9)
with
Ko(X):= sup HUH%OO(X) _J]1 ¥ X=R,
wert (x), W20 llullz2x) 2 if X =Rt.

uZ0
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Let us first consider the case X = R. Standard variational arguments
show that ground states are solutions to the stationary nonlinear Schrédinger
equation

—u —uP?2u+wu=0 onR (10)
for some w > 0. In fact, for every w > 0 the unique (up to translations) positive
solution in H!(R) of (10) is

_1
() = {gw (sech2 ((122 - 1) ﬂm))} .
The mass of ¢, is given explicitly by
4 (2) p=2 6—p 1 4—p
wl2em = —22—w2e-2 | (1—s%)r2d 11
6l ey = = 25w [ (1—ah s (1)

which is a continuous, strictly increasing and unbounded function of w. More-
over, for every 2 < p < 6 and p > 0 there exists a unique w = w(p) such that
Gu = Pu(y) is the unique (up to translations) positive ground state of (6) in
H /i (R). Such ground states are called solitons, and their dependence on p is
given by

22 -2
¢u(x) = Cpus-rsechr—2 (cp’z), B = Ic%p’ (12)

where ), ¢, > 0 depends on p only, and one can easily compute
g(,uv R) = E(¢w(u)v R) = _epu2ﬁ+1 (13)
where 6, > 0 depends on p only and satisfies the relation
20,26+ 1) =w(1), (14)

with w(1) being the only w corresponding to H¢w||2L2(R) =1in (11).

In the case X = RT, ground states solve

{—u” —|ulP?u+wu=0  onRT (15)

W (0%) =0,

and the unique positive ground state of E(-, RT) belonging to H, ;1L (RT) is given
by half of the soliton of mass 2u and

1
E(RY) = S B(do, R) = —0,2 5?1 < 0,271 = E(, R). (16)

2.2. Critical NLSE on R and on Rt

In the critical case p = 6, it is well known that

0 if p< /&
E(u, X) = , jas
—oo if u> Ko (X)?




51 Page 8 of 23 F. Boni and R. Carlone NoDEA

and ground states exist if and only if u =, /%. In particular, Kg(RT) =

4Kg(R) = 1% and the supremum in definition (8) is realized by the solitons

(up to translations) or half of the solitons
1
¢u(z) = (3wsech® (2y/wz))* (17)
respectively, whose mass is equal to 4/ % for every w > 0. In particular,

the solitons in (17) are all the positive solutions of (10) or (15), hence positive

solutions exist if and only if p = , /%.

3. Properties of bound states

This section collects some useful results about bound states of (4), starting
from the next proposition.

Proposition 3.1. Let p > 2, a € R\ {0} and w > 0. If 0 < w < o?, then (4)
does not admit any bound state.

If w > a2, then n*%(-) = ¢, (- — a) is the only bound state of (4) and is
positive, up to a change of sign, with

2tanh ™ (

a = %) (18)

(p—2)Vw
Proof. Every positive solution of (4) has to coincide with a proper translation
of the soliton ¢, in order to satisfy the boundary condition at the origin. In
particular, if one consider a solution u(x) = ¢, (x — a), then the condition
u'(0) = au(0) becomes

/& tanh <2722\/u7a> o (19)

If w < o2, then the modulus of the left hand-side is strictly less than the
modulus of the right hand-side, hence there is no a € R satisfying (19). If
instead w > a?, then by the monotonicity properties of the function tanh(-)
there exists an only a € R for which (19) holds. O
In view of Proposition 3.1, let us define for every p > 2 the function
M: (a? +00) x R\ {0} — (0, +00)
(w, @) = 3

Since the parameter v € R\ {0} will often be fixed, it is convenient to
denote the bound states " simply by n* and, with a slight abuse of notation,

to consider the function
M: (a2, 4+00) — (0,400
(0%, +00) = (0, +2) o0
w o~ Mw,a).

Moreover, we denote
Ay i={n*: M(w) = pu}, (21)


Mobile User
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i.e. the set of all the positive bound states of mass ;. The cardinality of A,
will be denoted by |.A,| in the following.

3.1. Bound states in the subcritical case

The next proposition collects some properties of the function (20) when 2 <
p < 6.

Proposition 3.2. Let 2 < p < 6 and o € R\ {0}. Then the function M in (20)
is of class C*((a?,+0)) and

2

=z . [! _
Mw) = =2 oot / (1— s%)58 ds. (22)
2r=2(p—2) -
Moreover:
(i) if @ <0, then M'(w) > 0 for every w € (a?,+00) and M((a?, +00)) =
(0, 4+00),

(ii) if @ > 0 and p < 4, then M'(w) > 0 for every w € (a?,+00) and
M((02,+00)) = (l1gaz 13y +00)
(iii) if a > 0 and p > 4, then

lim M(w) = [|$a2[F2),  lim M(w) = +oo
w—a w—+00

and there exists w* = w*(a) > o? such that M'(w) < 0 if o < w < W*,
Mw) =0ifw=w" and M'(w) > 0 if w > w*. In particular, the
frequency w* = w*(«) is the only solution of the equation
6 — =3 _
TPM(M, Q) = (g) 7w — a?)ih, (23)
Proof. Expression (22) is obtained by direct computation making use of (18).
Once one has (22), one can compute the limits of M(w) as w — a2 and
w — 400. Moreover,

2
p= —3p — 1 —p p— —p
M (w) = 7210 : oﬂl(OPj?) 6=p / 11— 52)?@*2 ds — awW*ﬁ?) (w— a2)i*2
whp-y (P2
L 6-p P\rz 2,122
CEDN —5 M(w) - (5) aw—a”)r2 (24)

If a < 0, then M’(w) > 0 for every w > o2, entailing (7). If instead « > 0, the
sign of M’(w) depends on p > 2 and is the same of

6-p [ - - -
f@)= B [ 1) s —awtw - )i,
-5

whose derivative is
4 — -6 PNEIEET))

fl(w) = —pfgaw%ﬁ’*) (w—a”) »2".
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On the one hand, if 2 < p < 4, then lim,, 42 f(w) = 2limy,— 4o f(w) >0
and f/(w) < 0, hence f(w) > 0 and

2
pp—‘z 10—3p

M (w) = —5—w2e-2 f(w) >0
2r2(p—2)
for every w > a?. If instead p = 4, then M'(w) = %, hence (i4) follows.

On the other hand, if 4 < p < 6, then lim,, o2 f(w) = —00, lim,,— 4 f(w)
> 0 and f’(w) > 0, so that there exists a unique solution w* > a? of the equa-
tion f(w) = 0. As a consequence, M'(w) < 0 for a? < w < w*, M'(w*) =0
and M'(w) > 0 for w > w*, entailing (i44). O

The next corollary shows how the number of positive bound states of
fixed mass > 0 depends on «, p and pu.

Corollary 3.3. Let 2 < p < 6 and o € R\ {0}. Therefore:
(i) if a <0, then |A,| =1 for every p > 0;
(i) f « >0 and 2 < p <4, then
A = 0 if 0<p< ||¢a2||2L2(R)a
! L if p> ||¢a2||2L2(]R);
(iii) if @ > 0 and p > 4, then
0 o O<pu<pt,
L df p=upr,
2 af pr<p< ||¢O¢2H%2(]R)’
1 if p> ||¢a2||2L2(]R)7
with p* = p*(a) = M(w*(@),a) and w*(a) being the only solution of

|Au| =

(23).
Proof. The proof of (i), (i7) and (7i7) is a straightforward consequence of (%),
(74) and (4i7) of Proposition 3.2 respectively. O

Remark 3.4. The only regime in which more than one positive bound state of
mass p exists is when oo > 0,4 < p < 6 and p* < p < ||Pqa2 ”%2(11%)' In particular,
there exist wy,ws > a?, with w; < w* < ws, such that n**, n¥2 € A,

Lemma 3.5. Let p > 2 and o € R\ {0}. Then for every w > o? there results

wy_  6-p alp—2) (p 20\ 72
F(n*) = 2(p+2)wM(w,a)+2(p+2) (2(w a))
P\ 723 1
(5)” 6—p Piﬂ/ o, 4=p p—2 oy 2
= ———w2-? 1-s%)r2ds+a w—a’)r2 |.
(p+2)( p—2 _%( ) 2 ( )

(25)

Proof. Since n* solves (4), multiplying the equation by (7*)’, integrating on
[, 4+00) for every = € [0,+00) and integrating again on [0, +00) one gets

1 w 2 1 w w w2
SIYIE + 112 = Sl 1 = 0. (26)
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Moreover, multiplying the first line of (4) by 7 and making use of the second
line of (4), there results

1) 113 = 1l 15 + alu (0)1* + wlln® |13 = 0. (27)

By using (26) and (27), we get

6-—p 2, op—2) 2

F(n¥)= ——— “115 + ——= |[n“(0)|",
1) = g + G 1°(0)
hence (25) follows. O

The next proposition deals with the case 2 < p < 6 and o > 0 and
establishes which positive bound state between n** and n“? has least energy.

Proposition 3.6. Let 4 < p <6 and o > 0. Then F(n®) is a strictly decreasing
function of w > a?.

Moreover, given p* < p < ||¢q2 ||2L2(R), then the two positive bound states
n“t and n°? of mass u, with a® < w; < W* < wy, satisfy

F () > F ().
Proof. Fix p* < p < ||¢a2||2L2(R) and consider a positive bound state n“ of
mass p. Then, computing the derivative of (25) with respect to w, one gets
2

p—2 — _6-p 1 - -
diF(n”) = Lp {—6 goﬂ(?*” / (1—52)if5 ds—i—a(w—a%ifg
w 202 (p=2) | P N

o
Denoting by g(w) := —%wﬂp—%) + aw — a?)»=2, we observe that

d pr—2
—F(n*) < —F———g(w).
20 S e
In this regard, lim,,_,(42)+ g(w) < 0 and, using the fact that p > 4,

)2 L, B .
g/(w) — _Mwﬁfl _ au(w _ QQ)%—l < 07

2(p—2)? p—2
so that g(w) < 0 for every w > a? and F(n*) is a strictly decreasing function
of w > a?, entailing the thesis. O

Remark 3.7. In view of Corollary 3.3 and Proposition 3.6, given 2 < p < 6,
a € R\{0} and g > 0 such that A, # ), then there exists a unique positive
bound state 7 with least energy in A4,. In the following, we denote by n* the
least energy bound state of mass p. In particular, if 4 < p < 6 and a > 0, then
n* =n¥, with w > w*(a).
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3.2. Bound states in the critical case
The next proposition and corollary collect some properties of the function M
and of the set A, defined in (20) and (21) respectively when p = 6.

Proposition 3.8. Let p = 6 and o € R\ {0}. Then the function M defined in
(20) is of class C'((a?,+00)) and

3
g (;T + arcsin <5&>) . (29)
Moreover:

(i) if a < 0, then M'(w) > 0 for every w € (a?,+00) and M((a?,+x)) =

o)

(i) if @ > 0, then M'(w) < 0 for every w € (a?,+o0) and M((a?,+00)) =

Mw) =

Proof. The expression (29) and the limits at the endpoints of the domain are
obtained by straightforward computations. Moreover, the derivative looks like

V31

4 wm '
which is strictly positive or strictly negative if a < 0 or a > 0 respectively,
entailing the thesis. O
Corollary 3.9. Let a € R\ {0} and p = 6. Therefore:

(i) if a <0, then

M'(w) = —a

1 if ue(o,@),
Al = 0 i ,ue[‘/f”jl—i-oo),

(ii) if a > 0, then

0 if ne O,Q] U [@,Jroo),
S RV

Proof. The proof of (i) and (ii) is a straightforward consequence of (i) and (ii)
of Proposition 3.8. 0

4. Proof of Theorems 1.1, 1.2, 1.3 and Proposition 1.4: the
subcritical case

The next proposition and corollary provide an existence criterion allowing us to
reduce the problem of the existence of ground states to a comparison between
the energy of the lowest energy bound state and the standard energy of the
soliton on the line. Analogous results have been obtained in the context of
metric graphs with Kirchhoff conditions at the vertices in [10]: our proofs are
just a minor modification of the proofs in [10], but we report them here for
the sake of completeness.
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Proposition 4.1. Let 2 < p < 6 and « € R\ {0}. Then, for every p > 0 it
holds

F(u) < E(u.R). (30)
Furthermore, if F(u) < E(u,R), then ground states of (1) at mass p exist.

Proof. We first observe that (30) has been proved in a more general context in
[15, Proposition A.1]. Assume now that F(u) < £(u,R) and let (u,) C H,(R™)
be a minimizing sequence for (1). Plugging (7) and (9) into the definition of
F gives

K, p+2

1 pt2 r_q
F(uy,) > §|IU’nII§ - [[r, 13

— e ® [y |12

which ensures that (u,) is bounded in H'(R¥) since 2 < p < 6. Therefore
there exists u € H'(R™) such that, up to subsequences, u,, — u weakly in
HY(RY), u, — u in LS (RT) and consequently u,, — u a.e. in R.

Set m := ||ul|3. By weak lower semicontinuity, we have m < p.

Assume m = 0, that is v = 0. Then u,(0) — 0 as n — 400, so that, if
we define

0 if =< —uy(0),
Un(z) == x4+ u,(0) if —u,(0)<ax<O0,
Up () if >0,
then
un (0)°

E(u,R) > F(p) = lim F(uy) = lim E(uy,R) > im € (,u—|— ,R) > E(u, R),

3
i.e., a contradiction. Hence, u # 0 on RT.

Suppose then that 0 < m < p. By weak convergence in H'(RT) of u,
to u, we get ||u, —ul|3 = u —m + o(1) for n — +o00. On the one hand, since

p > 2 and T ﬁuH? > 1 for n sufficiently large,
n 2
1
Flp) < F ——(uy —
< (| e )
L p 2 1 1 g
— sl -l - i = ull
2un —ull3"" 2 p \ug — ul3 o
1 H 2 H
— s ltn(0) = w(0)]* < T F(u, — u,RY),
2 [lun —ull3" lun — w3 "
so that
lim inf F(u, — u) > 5 F (). (31)

On the other hand, an analogous reasoning leads to

Fu) < F ( “u> < WF(U),

ull3
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SO

Fu) > %]—‘(u). (32)

Moreover, it holds
F(un) = F(up —u) + F(u) + o(1). (33)

Indeed, by u), — v’ weakly in L*(RT) and w, — u in L (RT), we have
lug, —w'l13 = llup I3 — 1w/ 13+ o(1) and |(up —u)(0)[* = [un(0)* —|u(0)]* +o(1)
as n is large enough. Furthermore, owing to the Brezis-Lieb lemma [14],

[unlly = llun = ullf + [[u]l} + o(1).
Using now (31), (32) and (33), we get
F(p) = lim F(uy,) = lim F(u,, — u) + F(u)
n n

-m
>M

ﬂm+%ﬂm=fw7

which is again a contradiction.

Henceforth, m = p and v € H}(R*). In particular, u, — u in L*(R") so
that, (u,) being bounded in L>®(R™), u,, — u in LP(R¥) as n — +oo. Thus,
by weak lower semicontinuity

F(u) < lim F(uy,) = F(p),
that is u is a ground state of (1) at mass p. O

Corollary 4.2. Let 2 < p < 6, a € R\ {0} and pp > 0 be fixzed. Then ground
states of (1) at mass u exist if and only if there exists u € H;(R*‘) such that
Flu) < £(u,R).

Proof. Suppose first that there exists u € H,(RT) such that F(u) < &(u,R).
If F(u) = F(u), then u is a ground state of (1) at mass p. Otherwise, F(u) <
F(u) < E(p,R) and a ground state of (1) at mass p exists by Proposition 4.1.

The other implication follows from the definition of ground state and the
first part of Proposition 4.1. O

We are now ready to prove Theorem 1.1, Theorem 1.2, Theorem 1.3 and
Proposition 1.4.

Proof of Theorem 1.1. Let u = ¢, g+ be the half-soliton of mass y. Then by
(16)

Fu) = €1, RY) + Su(0)? < £(u,RY) < E(u,R),

hence by Corollary 4.2 there exists a ground state of (1) at mass p. The ground
state is unique since every ground state belongs to A,, and by (i) of Corollary
3.3 the set A, has cardinality one when o < 0. g
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Proof of Theorem 1.2. If 0 < pu < ||¢a2||L2(R)v then by (i¢) of Corollary 3.3 the
set A, is empty, hence ground states at mass u do not exist.
Suppose now that pu > ||¢a2||2LQ(R). If there exists a ground state, then

by Remark 3.7 it is unique and it coincides with n* := p*®) = ¢, (- — a).
Therefore, relying on Corollary 4.2, we have that ground states exist if and
only if

F (77““‘)) < E(wR),
which by (13) can be rewritten as

F (nw(u))

p26+1 < —0Op.

I w(p)
Set, K(M) = M2[3+1 ) for every (> ||¢042 H%%R)

By using (22), we have that w(u) — o2, n#(0) — 0 and a — +o0 as
ji = [|6azl22- This means that F (p°®)) — & (||¢a2||2LQ(R),R) as p —
[fa2|72(g) and, as a consequence, K (1) — —0, as pt — [|¢a2 |72 g)-

Moreover, since M’(w) > 0 for every w > a? by Proposition 3.2, it turns
out that F(n#) is differentiable with respect to p and, for every i > ||¢n2 ”%2(]1@)7

there exists an only value @ > o2 such that M(w) = i and

w dF (n®)
dF (n*) _ dF(n®) dﬁ(ﬁ) _ dw |w=w
dp g dw |w=zdu M (@)
Therefore,
dF(n ) —
= F ")
K'(m f2ﬂ+1 [ - (28+1) 7 ) (34)
and, by substituting (24), (25) and ( 34), there results
—2 | (0 )|2
K/(/u‘) - 6 —p u2bt2 <0 Vp> HQSaQHL?(R)

Since the function K is strlctly decreasing in p and K(u) — —6, as pp —
H‘ba"‘”%%Ry we can conclude that F'(n*) < E(p,R) for every p > HanzH%Q(R),
hence by Corollary 4.2 ground states of (1) at mass p exist. 0

Proof of Theorem 1.8. If 0 < p < p*, then by (iii) of Corollary 3.3 the set A,
is empty, hence ground states at mass p do not exist.

Suppose now that p > p*. If there exists a ground state, then by Re-
mark 3.7 it is unique and, by (i) of Corollary 3.3 and Proposition 3.6, it
coincides with the only positive bound state n* = n“ with w > w*. By relying
on Corollary 4.2, one can deduce that ground states exist if and only if
(")
Hz,aﬂ =

K(p) = —0,.
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If < p< ||¢>0(2||2L2(]R)7 then by Remark 3.4 and Proposition 3.6 there

2

exists @ < w; < w* such that n“* is not the least energy positive bound

state of mass p. In this regard, the function K;(p) := % is continuous in

"
(1 Na2 2 20m) ).

F ()
lim Ky(p) =—575=K(u*
p= ()t W) ()2t ")
and, using the same arguments adopted in the proof of Theorem 1.2,
lim CKi(p) = —0,.

= (1602122 )
Moreover, K is differentiable in (u*, lpaz ||%2(R)) and, repeating the compu-
tations done in Theorem 1.2 for K, there results K] < 0 in (M*, ”‘baQHQL?(R))v
entailing that

K )= lim Ki(u) > —0,.

()t
Furthermore, w(p) — 400 and a — 0 as u — +o00. More specifically, by
combining (22), (11) and (14), we get that
w =221 (28 + 1)p?P + o(u??), as p— +oo. (35)

By applying (35) to (25), there results
F") = 0,224 + 0(u2™1) 4+ S0 + 0 (7
= 0,27 4 o(uPtY) as p— foo,

entailing that K (u) — —22%0, < —0, when y — +o0.

Since K is a continuous and strictly decreasing function in (u*, +00),
K(p*) > —0, and lim, ;o K(u) < —0p, there results that there exists a
unique g > p* such that K(p) = —6, and K(p) < —6,, if and only if u > f.
In order to prove the upper bound for fi, one relies on Proposition 3.6 and on
(28), getting that

K (602132 = im  K(p) < im  Ki(p) = —0,,
1= (1642132 0)) 1= (1642132 5))
so that i < ||¢a2 ||2L2(R) and the thesis follows. O

Proof of Proposition 1.4. Fix > 0 and 2 < p < 6. We preliminary observe
that ground states of mass p exists for every a < 0: indeed, if @ = 0, then the
only ground state coincides with half of the soliton of mass 2u, as pointed out
in Sect. 2.1, while if @ < 0, then ground states exist by Theorem 1.1. In order
to deduce for which o > 0 ground states exist, let us distinguish the cases
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2<p<4and 4 <p<6.If 2 <p<4, then by Theorem 1.2 ground states at
mass p exists if and only if p > ||¢pq2 HLZ(R), i.e. if and only if

2 6—p

LT P

> 7/ (1 —s%)r-2ds,
p—2 0 )

that entails (7).

If instead 4 < p < 6, then by Theorem 1.3 ground states at mass p
exist if and only if u > 7 = fi(a), with p*(a) < fi(a) < [Pazl|72(@)- In

particular, if we denote by n# = 7* the only ground state at mass fi or,
alternatively, at frequency @, with @ > w*, then it satisfies 1 = M (@, ) and
F (nw) = —9pﬁ25+1. In particular, in view of Proposition 3.2 the condition

_2_ 4—
& > w* reduces to the equation 27 > ()72 a(@ — a2)»=%. In order to
invert the inequality p > fi(«), we need to investigate if 11 is invertible as a
function of a. In order to do this, let us notice that the triple (i, @, «) satisfies

the system

(w, ),
{F(n)z —Opp?t, (3)

and the additional constraints

a >0,
w> a2, (37)

2 4—p

G%I’M > (B)7? a(w — a?)r2.

Let us observe that (36) follows from imposing the mass constraint and the
fact that the energy F(n*) at mass i equals the energy of the soliton on the
real line of mass j1, while inequalities (37) encode the condition @ > w*.

Therefore, in view of (22) and (25) it is possible to rewrite the system

(36) as
_ Gl(/-hwva) _ 0

e =(G050) = (o)

where
pﬁ 6—p ! 4—p
Gl(:u7w7a) = TWQ(F?m / (1 - 82)pf2 ds — H
2r=2(p—2) -

and

6-—p a(p—2) (pyi-e . 28+1

Galpw,) = =5 Wi 50,9 (5)7 " =07 40
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By direct computations and using (36), one gets

8G1 (M’w a) = —1

~ ~ o~ 2 - 4-p
Beoe) = 5 (P50 (5)7 0@ - a0
G, (~ ~ 2 2~ 4—p
aal (u,w,a) =323 (%) =2 (w — a2)p p)
0% (1, 3,0) = —50bs @+ (26 + 1)0, %0
G2 (7. & — __6-p ~ a = 2\2=2
7 50) = gl 5 (5)7 (@)
96 (11,3,0) = =15 ()72 (@ - a2)i7F (2520 - 232a?)

hence
g1 o5 oG ] 2
ou  Ow ~ ~ _ 1/~ ~ w p+ 9
det <<%€2 5:9%> (/%%Ot)) = %(u,w,a) (2 — ﬂ ol ﬁ) . (38)

We observe that aGl “L(f1,w, o) > 0 since —,u > (%)P > a(w— 042)% by (37)
and, by using Gg(,u,w a) = 0, there results

O p+2) o5  ap—2) (p\iz 52
L_PT g s P2 (P — 0?77 >0
2 6_p ! 2(6—p)ﬁ(2) (@=a)r= >0,

Thus, since (38) is positive, the Implicit function theorem applies and

() -~ (EEss B (BED).

with @ = fi(a) and © = @(«). In particular,

G(:U’vwa) (Ma W, )_6

() = - i
det <aéb Eli7~, ) 3

W, o) 5

(mw @) G2 (1, @, )
L (L, @, )

"‘(u,w @)

Since the denominator is positive and the numerator

O (1,5,0) L (71,3, ) — L (71, 3,0) 2 (1, 5, )
Ow oy, & Ao Hyws & Ow My w, o My, w, o

= &—a2ﬁ — D - a-p
--(5) (z(p_Q))a (62]9“_(2) a(”_a2)“'2><0’

there results that i'(«) > 0, hence i is a strictly increasing function of o and
the thesis follows. O

5. Proof of Theorems 1.5, 1.6: the critical case

In this section we prove Theorems 1.5 and 1.6.

Proof of Theorem 1.5. First, let us observe that by [15, Theorem 2] and the
fact that Kg(RT) = 18, we deduce that ground states exist for every 0 < p <

)

Kﬁgﬂ = f” . Moreover, since by Corollary 3.9 there exists only one bound
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states for 0 < p < ?, then the ground state is unique and coincide with the
only bound state.

Second, let us consider v = ¢ W+, with ¢, as in (17) and satisfying
vl|3 = @ and E(v,R") = 0 for every w € R, and define v, := A v, with
Au > 0 such that v, € H,(RT). Therefore, for every p > @, there results
that A\, > 1 and

2 6 2

«
F(v,) = 213 = 2 0l§ + 5=l
2 6 2
Ao
< \2 +y 4 ¢ 2\ _ 2
<X (B@RY) + S(0)2) = 4=10(0) < 0

As a consequence, by applying the mass preserving transformation f —

fv = Vvf(v:) to v, we get

via|

F((vu)y) = Z/QE(’L)H7R+) o)

lv.|? <vF(v,) = —00 as v — +o0,

hence F(p) = —oo if p > ¥2T. O
Proof of Theorem 1.6. Arguing similarly as in Theorem 1.5, we consider v =
b Hp+, with ¢, as in (17) and satisfying ||v||3 = @ and E(v,R*) = 0 for
every w > 0 and we define v, := A v, with X, > 0 such that v, € H}(R"): we
highlight that v and v, depend on w, but we have omitted this dependence to
simplify the notation. Therefore, for every p > @7 there results that A, > 1
and
2 6 Ao
v

2
Flup) = 203 = 2 oll§ + £ o(0)

«
= X2 E(,RY) + X2 (S1(0) = (¥ = Dlloll§)

)\i\/ 3w
2

o T
=22 (SIOF = 0 = Dlvlg) = (a = SO% - 1VE).
2
In particular, if we choose w > (%) , then F(v,) < 0. As done for
w
Theorem 1.5, one defines (v,,), (z) = /vv,(vz), so that F ((v,),) < vF(v,) —
= —oo for p > %.
V3
4

—00 as v — +00, hence F(p)

On the contrary, if p < , then by applying (7) with p = 6 one gets

1 e 16 , 9 L
F(u) > §HU/||2 <1 ~ 52k > +alu(0)]" >0 Vue H,(RT).
Furthermore, F(Au) — 0 as A — 0, hence F(u) = 0 for p < @. Since

positive bound states exist for @ << @ and in this range of masses

F(u) = —o0, then ground states do not exist for any value of p > 0. O
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