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THE SEARCH FOR NLS GROUND STATES ON A HYBRID DOMAIN:
MOTIVATIONS, METHODS, AND RESULTS.

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

ABSTRACT. We discuss the problem of establishing the existence of the Ground States
for the subcritical focusing Nonlinear Schrédinger energy on a domain made of a line and
a plane intersecting at a point. The problem is physically motivated by the experimental
realization of hybrid traps for Bose-Einstein Condensates, that are able to concentrate
the system on structures close to the domain we consider. In fact, such a domain ap-
proximates the trap as the temperature approaches the absolute zero. The spirit of the
paper is mainly pedagogical, so we focus on the formulation of the problem and on the
explanation of the result, giving references for the technical points and for the proofs.
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1. INTRODUCTION

Modeling Bose-Einstein Condensation has been a major challenge in the Mathematical
Physics of the last decades. The phenomenon consists in a phase transition undergone by
systems made of a large number, i.e. around 10%, of identical bosons at low temperature,
namely 107 K and below. In the new phase all bosons of the system share the same
quantum state called Ground State of the condensate, and such state occupies all the
available space. Notice that the fact that every boson possesses a quantum state is not a
natural property: indeed, even assuming that the whole system lies in a quantum state,
its parts may not. In the mathematical description, this means that a wave function of
the whole system may not be the product of single-particle wave functions. This is what
happens in the presence of entanglement among the particles. Therefore, in the transition
to a Bose-Eintein condensate every particle acquires an individual quantum state, i.e.
bosons in a Bose-Einstein condensate lying in its Ground State are not entangled to one
another.

Such a new physical phase was first foreseen one hundred years ago [13, 20| and experi-
mentally realized seventy years later [8, 18], when the techinques of laser and evaporative
cooling made possible to reach the necessary temperature. Since then, the mathematical
investigation on condensates has become topical and has involved several approaches: op-
erator theory, nonlinear evolution equation, calculus of variation, analysis on Fock spaces
and the formalism of second quantization. An important part of such a research con-
sisted in singling out the conditions under which the so-called Gross-Pitaevskii regime
([12, 29, 35]) holds. In such a regime it is possible to approximate the fundamental linear
N-body dynamics of the bosons with an effective, nonlinear one-body dynamics: if, on
the one hand, the problem becomes more difficult for the presence of the nonlinearity, on
the other hand there is a great simplification in passing from an N-body to a one-body
problem, and the simplification greatly overcomes the additional difficulty.

Let us be more specific. First, a quantum mechanical description of the N-boson system
is made through the N-boson wave function Wy ;(x1,...2y), that represents the quantum
state of the system at time ¢. By x; we denote the three-dimensional coordinate of the jth
boson. The function Wy ; is symmetric under permutation of its variables, as it describes
the state of N identical bosons. The evolution of the system is described by the N-body
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Schrodinger equation

N N
i0WNg = =D A UN + Y w(m—a)Ung + . V() Uy, (1)
=1

1<i<j<N j=1

where w represents the two-body interaction between the bosons and V is the potential
of an external field whose role is typically to confine the system.

The already mentioned Gross-Pitaevskii regime is the physical setting in which the
dynamics of a Bose-Einstein condensate is effectively described by the one-body nonlinear
Gross-Pitaevskii equation

i0uhy = — Ay + V()b + 8mahy[*1hy, (2)

where « is the scattering length of the two-body interaction w between the particles in
the condensate. It turns then out that the nonlinearity is the mark of the interaction
between the bosons that are the elementary constituents of the condensate. Of course,
the problem of deducing (1) from (1) is of paramount importance in understanding the
underlying physics. It is nowadays well understood that the transition to the Gross-
Pitaevskii regime happens if the interacting potential scales with respect to the number
N of bosons as

w(x) — N2w(Nz) (3)

and if the initial data fulfil at least approximately a bosonic Stosszahlansatz, namely
Yno = Q,ZJ(C?N. The scaling law (1) means that the Gross-Pitaevskii regime is a good
approximation of the fundamental dynamics (1) if the interacting potential is strong, due
to the factor N2, and concentrated, as expressed by the argument Nz that shrinks the
range of the potential to a scale N~!. The Stosszahlansatz hypothesis states in turn that
the correlations between the particles are small, which is more likely the case if the system
is dilute. Notice that at the level of the dynamics the process that makes the system
uncorrelated is not described, as one has to impose the Stosszahlansatz on the initial
data. Under such hypothesis, one has that in the Gross-Pitaevskii regime every particle
possesses an individual state, so particles are not entangled with one another, and that at
every time t such a state is represented by a complex-valued function 1 to be interpreted
according the usual Born’s rule: the modulus square of 1; gives the probability density
of finding one particle of the condensate in a specified spatial region. Such interpretation
imposes 1; to be normalized at 1, but in fact it is often preferable to normalize it to the
number N of particles in the condensate, so that

j Wt‘?dx = N7
R3

thus [1¢]? is better understood as a particle density rather than as a probability density.

Besides their relevance in the physical understanding of the phenomenon, the rigorous
proofs of Bose-Einstein condensation in the static framework ([32]) and of the stability of
the condensates under time evolution ([4, 21, 22, 31]) greatly enriched the mathematical
techniques employed in the derivation of nonlinear one-body equations from linear N-body
quantum dynamics of interacting particles. In particular, the scaling (1) is highly singular,
so a main breakthrough was accomplished as it was understood how to rigorously deal
with it.

Later, a major challenge was to get a good estimate of the error made in approximating
the fundamental linear N-body description with the effective nonlinear one-body evolution
equation ([38, 30, 9, 34, 11}).

In the following we focus on the existence and the shape of the Ground State for a
condensate in the Gross-Pitaevskii regime under the action of a trap whose shape can
be modeled as the union of a plane and a line orthogonal to it. Since the Bose-Einstein
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condensation occurs at low energy, it does not involve neither the creation nor the annihi-
lation of particles, therefore the natural notion of Ground State is that of the minimizer
of the energy functional Egp whose value is conserved by the flow of the Gross-Pitaevskii
equation, under the constraint that the number of particles, i.e. the L?-norm, is fixed. In
the following the L?-norm will be called mass and will be denoted by p. We will refer to
the prescription that it has to be a fixed quantity as to the mass constraint.

We then get to the problem of finding the minimizers of the Gross-Pitaevskii energy

1 1
Ecp(y) = §HV7/JH%2([R3) + 2”“\\1/1\&4(@3) + 5[ V(2)[yp(x)[* da (4)
IRS
with the constraint
| Pz =
IRS

provided they exist.

Usually the potential V' is referred to as the trap. Of course, the actual shape of a
condensate depends on its particular state, thus it has become customary to think of the
spatial distribution of the Ground State as the shape of the trap.

Early condensates ([8, 18]) were subject to an external harmonic and isotropic potential,
so that their shape was approximately spherical, but the subsequent impressive technologi-
cal advances in magnetic and optical confinement made it possible to build up condensates
with various shapes: disc-shaped, cigar-shaped, branched, and others.

We assume that the trapping potential V is so effective that the Ground State of the
condensate can be approximated as supported in a region Q c R3, so that

1
E(@W) = s|VYliaq) + 2mal¢liq)-
2 ( )

Clearly, the Ground State 1y evolves in time just by periodically changing its phase,
namely

¢t (.%') = eiwt¢0 (1’)7
so that its spatial profile and therefore the associated density of particles remain unaltered.
It is a stationary state.

1.1. Hybrid traps. As already mentioned, we are interested in describing an experimen-
tal arrangement in which the trap has the shape of a plane with a line attached to it, as
in Fig. 1. This structure results from gluing together two components of different dimen-
sionality and will be referred to as the hybrid structure . Traps of this kind have been
realized by employing a magnetic trap together with an optical trap ([33]). Because of the
use of two different physical mechanisms, in the physical literature such traps are called
hybrid, while for us the same word refers to the resulting multi-dimensional geometry of
the system. Serendipitously, it happens that hybrid traps give rise to hybrid geometry,
although the two terms were introduced independently with different meaning.

Let us describe more closely the effect of a hybrid trap. The confining potential V'
decomposes into a term Vjs, describing the magnetic trap, and a term Vjp, related to the
optical trap, so that

V(x) = Vu(x) +Vo(x),  x=(2,y,2) eR’,
where, according to the description given in [33], the effective shape of the two potentials

can be modeled as

1
Vi (x) = 2vB|z|, Vo = imuﬂo(mz + y2).

Here v is the magnetic moment of the particles in the condensate and m their mass, B is
the magnetic field generated by the trap, and wp is the frequancy of the optical trap. The
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FIGURE 1. The hybrid H. The origin of the coordinates on both the line
¢ and the plane II is set at the junction 7.

net effect of the double trap is that the resulting spatial distribution of the condensate is

2
n(x) = noe” ¥ e w40, (5)

where k is the Boltzmann constant and T is the temperature of the system. Notice that
the first factor concentrates the condensate on the plane z = 0, while the second factor on
the z axis.

One can then distinguish three regions in the hybrid, according to the size of the density:

(1) the origin, where both exponentials in (1.1) equal one, so the density is of order 1;

(2) the (x,y)-plane, where the density n is dumped by the optical trap, namely by
the second exponential factor in (1.1), and the z-axis, where the first exponential
factor, representing the magnetic trap, attenuates the density of particles;

(3) the rest of the space, where the density is shrunk by both traps.

Moreover, notice that as the temperature goes to the absolute zero, the density concen-
trates at the origin, with an exponential tail on H, and a double exponentially tiny rest
outside H. Our aim is to describe such profile at least qualitatively.

Hybrids were first introduced in [23], then further investigated in [24] and later in
[15, 16]. In such works the physical context ranges from classical electromagnetism to
quantum mechanics, and the dynamics is always linear. The hybrid structure considered
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there is made of a plane with a halfline attached at its origin. On the same hybrid
manifold we studied the problem of the Ground State of condensates in [3]. The problem
we investigate here is a simple variant of that, so we refer to that work for the technical
aspects of the proofs. Here we aim at discussing the meaning and the formulation of the
problem. Therefore, in Section 2 we construct the energy functional on H and compare it to
the classical Nonlinear Schrodinger energies. In Section 3 we give the Gargliardo-Nirenberg
estimates, that are crucial for the existence of a Ground State, and present the main result.
Technically it deals with the lack of compactness of minimizing sequences, but it can be
told quite simply, by saying that a Ground State exists if the hybrid is energetically more
convenient than the line. In other words, the hybrid must compete, at an energetical level,
with the line and not with the plane. Finally, we give sufficient conditions to make the
hybrid energetically convenient, namely, conditions on the parameters of the system in
order to get this convenient.

One can sketch such conditions as follows. If one aims at constructing an effective trap
for a Bose-Einstein condensate with a shape close to H, namely a trap able to capture the
system in a geometry of that kind, then the junction must unfold an attractive effect on
the condensate. Now, since the most general junction can produce a contact interaction
on the line, another contact interaction on the plane, and a coupling between the two,
one has to consider the possible attractive feature of the three of them. More precisely, to
trap a condensate on a region modeled by H, one must ensure that:

(1) the junction between the line and the plane deploys an attractive action on the
part of the condensate located on the line, towards the origin of the line; indeed,
this makes the system “line + junction” energetically convenient with respect to
the line alone, and so the hybrid prevails on the line;

(2) if the previous condition is not fulfilled, then one has to make the plane more
convenient than the line, so the hybrid will be more convenient too;

(3) if both the previous conditions are not fulfilled, then one has to provide that the
coupling between the plane and the line is strong: indeed its effect always proves
energetically convenient and, above a certain threshold, it makes the hybrid more
convenient than the line.

These prescriptions are stated more precisely in Corollary 3.7.

On the other hand, if none among the conditions (1), (2), and (3) is satisfied, then it
may happen that the condensate tends to escape through the line far from the junction.
According to our analysis, this runaway phenomenon cannot take place on the plane.

We stress here that in our model we are not able to treat the fourth power nonlinearity
for the component of the energy on the plane, for technical reasons that will be clarified
in the next section. We can of course approach such power arbitrarily, but this does not
guarantee that our result can be transposed by continuity to the physical case with the
power four.

Propositions 3.2 and 3.5 are proved in some detail since their direct proof is not in [3].

2. THE PROBLEM

We assume that the spatial domain in which the condensate is confined by the trap is
represented by the hybrid domain H and aim at investigating whether, given the number
of particles IV that compose the condensate, there is a Ground State. Let us translate
such problem in the terms of the Calculus of Variations.

2.1. Heuristic construction of the energy functional. First, we write the hybrid
domain H as

H = (ull,
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where /¢ is the z-axis and II is the (x,y)-plane. Second, we introduce a mathematical
object that plays the role of a wave function defined on H. It is natural to assume that
the state of the condensate is represented by a two-component function U = (u,v), where
u : £ — C is the portion of the wave function supported on the line, while v : I — C is the
part supported on the plane. In order to establish to which spaces the functions u and
v belong, we have to introduce an energy functional E that adapts the energy (1) to the
structure of H. It is natural to assume that such energy functional is composed by three
terms:
E(U) = Ea(u’ 6) + Ea(v’ H) + EJ(U)a

where

- E4(+,0) is the energy of the portion of U on ¢. It comprises the kinetic energy
of the one-dimensional wave packet u, the self-consistent nonlinear term, and the
contact interaction between the line and the junction. Then, we write it as

1 1 a
Eaf€) = Gl — Jul}+ ShO)P 2<p<6ack (6)

Notice that the contact interaction corresponds here to the action of a Dirac’s
delta potential.

- E,(v,1I) is the energy of the portion of U on II. It includes a nonlinear term and
a contact interaction at the junction. Now, as widely known ([7, 36]), a point-
wise contact interaction in dimension two cannot be described by a distributional
delta potential as in dimension one, i.e. it cannot be written as |v(0)[2, since in
two dimensions a generic function in H' has no pointwise evaluation. More pre-
cisely, contrarily to the one-dimensional case, in two dimensions such a pointwise
perturbation is not small with respect to the kinetic term in the sense of the qua-
dratic forms, therefore the definition of the point interaction cannot be achieved
in the same way. It is nowadays well understood that the construction of such
kind of interaction can be equivalently realized by following two different paths: a
renormalization procedure [10] or the use of the theory of self-adjoint extensions of
hermitian operators [37]. Even though the two approaches end up with the same
result, they are complementary to each other, as the renormalization procedure
highlights the interpretation of contact interactions as limits of spatially extended
potentials, while the self-adjoint extension theory provides a simple algorithm that
directly gives all possible point interactions [7].

Eventually the introduction of a contact interaction modifies the energy domain
by introducing a singularity at the site of the interaction. More specifically such a
domain results in

D2:{u:¢+Q§_7Sa¢EH1([R2)’qEC}a (7)

where K| is a function of the Bessel family, more precisely the MacDonald function
of order zero whose asymptotic behaviour at the origin is Ky(x) ~ —log |z| and
that decays exponentially fast for large |x| [28]. Notice that the presence of a point
interaction in dimension two results in the formation of a logarithmic singularity.
The complex factor ¢ is usually called the charge and represents the size of the
singularity of the function v. Notice that this prescription concentrates a significant
portion of the state around the origin unless ¢ = 0.
The energy functional E, (-, R?) acts as follows:

1 1
Eq(v,11) = 5”@@{1(&32) - 5“””%2(&2)

o, 5 1
+ §‘q| - ;HUHET([RQ)7 2<r< 47 ogeR.
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We stress that here the coupling constant o does not coincide with its analogous
p employed in [3] as well as with the parameter o previously used in [1]. Indeed,
one has

v —log 2

2r
where v is the Euler-Mascheroni constant.

- E7(U) is the energy of the interaction between ¢ and II that takes place at the
junction. It describes exclusively the exchange of energy between the line and the
plane. In other words, it is the only term which, under a dynamical point of view,
realizes the transmission of a signal from ¢ to II and vice versa. For its precise
shape we choose the simplest possible option, namely a quadratic coupling;:

Es(U) = —BRe(@u(0)), B3>0, (9)

Summarizing, we constructed the energy functional

o=p+

B(U) = Ea(u,0) + By (v, 1) + E7(U)

= §Hu,HL2([R) + §|u(0)| - ];Huﬂip(ne) + §H¢HH1(R2) - §HUHL2([R2)

a> 1, _
+ 075 = ~lvlLr(rey — FRe(qu(0)),

with2 <p<6, 2<r<4, a,0eR,8 =0,

defined on the energy domain
K
D= {U = (u,v)s.t.ue HY(R), v = ¢ + q2—0, pe HY(R?), qe @} .
T

2.2. Some comments on the energy functional E. Let us explain the meaning of the
choice of the parameters in the construction of the energy functional (2.1).

Concerning the term E, (u,¢) notice that in (2.1) we consider an arbitrary nonlinearity
power p and limit our analysis to the focusing case, namely the case in which the nonlin-
earity has a negative sign and thus, dynamically, an attractive effect. The upper bound
p < 6 means that we restrict to nonlinearities that can be controlled by the kinetic term,
as described by the one-dimensional Gagliardo-Nirenberg estimate

P n5-1 E+1 1

[ully g < Ol lulfsgy,  ue H'(R), (1)
showing that, while for p < 6 the nonlinearity grows slower than the kinetic term, for
p = 6 it may grow at the same rate of the kinetic term, making the energetic balance more
delicate. Eventually, it is well-known [17] that if & = 0 then the choice p = 6 results in a
phenomenology that radically differs from that of the case p < 6, both in the statics and
in the dynamics: if p = 6 then existence of Ground States depends on the chosen value of
i, and in the related evolution problem blow-up solutions appear whose existence cannot
be extended to arbitrarily large time. Both features are not present if p < 6, for which
a Ground State for FEy(u,f) is present at every value of the mass and all solutions to the
dynamical problem in the energy space are defined globally in time.

For its peculiar character, the power nonlinearity with p = 6 is called critical, and here
we treat subcritical nonlinearities only.

Let us point out that for o = 0 the resulting energy functional Ey(-,¢) is the standard
NLS energy functional with focusing subcritical power nonlinearity. It is a long standing
result [40, 17] that for every value of the mass there is a family of ground states, called
solitons, that are obtained by translating and multiplying by a phase the unique positive,
even Ground State

ou(x) = psre(psrz), (12)
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where
2
p(x) = Cpsechr=2(cpz),
with C, and ¢, constants depending on the power p only.
Furthermore, the energy of the solitons scales as

p+2
Eo(p) = Eo(pu,l) = —bpusr,

where 0, is a positive constant that depends on p only, and we introduced the symbol
Eap(p) = inf E,(u,?).

ueH'(R), §, [ul?=p

The problem of the Ground States for E,(-,¢) was studied in [27, 26]. For an exhaustive
review see [39].

Concerning the term E,(v,1II) in (2.1), we introduced the strength of the contact inter-
action ¢ with either sign, restricted to the focusing nonlinearity by choosing a negative
sign for the last term, and moved from the physical fourth power to a generic power r. In
fact, in this paper we do not allow the values r > 4 because r = 4 is the critical power in
dimension two, as described by the two-dimensional Gagliardo-Nirenberg inequality:

[ol2r ey < CIVOIT2(Re) 101722

that states that from r = 4 the kinetic term in E,(-,II) ceases to control the nonlinear
term. From the construction of the two-dimensional point interaction follows that in
order to recover the standard focusing two-dimensional NLS energy, one has to set ¢ = o
instead of the more intuitive ¢ = 0. This delicate point can be heuristically explained by
considering that for ¢ = o in order to get a finite energy it must be ¢ = 0, that reduces
the domain Dy to H'(R?) through v = ¢ and makes the energy E,(-,II) equal to

1 1
Ey(v,1I) = §HVUH%Q([R2) = lvlze ey,

that is the standard NLS energy.
We will use the symbol
Eo (1) Ue%igfIvIQ:ME(v,ﬁ).
The problem of the Ground States for E,(-,II) was analyzed in [1] and in [25] for the
action functional of the same model.

Concerning the term E7(U) in (2.1) we point out that considering a non-negative
strength [ is not restrictive, since for every complex (3 it is possible to reduce to (2.1)
by suitably modulating the relative phase between ¢ and u(0). The negative sign corre-
sponds to the choice for which having the same constant phase on ¢ and II is energetically
convenient.

2.3. Formulation of the problem. As anticipated, the problem we investigate is the
existence of Ground States. Among the several notions of Ground States present in the
literature and consistently with the physical features of the Ground States in a condensate,
we choose the one which generalizes the ordinary quantum mechanical notion of Ground
State to a nonlinear setting.

Definition 2.1. Given p > 0, a Ground State at mass p for the energy functional F
defined by (2.1) on the domain D < L?(H), is an element of D that satisfies the mass

constraint
[we = [+ | wP = (13
H 14 IT

and minimizes E among all functions in D satisfying the same constraint.
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It is convenient to introduce the notation

DF := {U € Ds.t. U fulfils the constraint (2.1)}

and to denote

E(p) = Uiéllgﬂ EU).

We are then led to the following formulation of the problem of the Ground States for
the Nonlinear Schrodinger Equation on the hybrid H:

Let a,o e R, 20,2 <p<6,2<r<4, and u > 0. FEstablish whether there exist
Ground States at mass p of the energy (2.1).

Notice that without imposing the mass constraint there would be no Ground State,
since E(AU) — —o0 as A — o for every non-zero U € D. However the presence of the
constraint alone does not ensure the existence for the following reasons:

- first, the energy, although constrained to a fixed mass, may not be lower bounded.
This happens for instance in the problem on the line ¢ in the supercritical case
p > 6 for every value of the mass. To realize it, consider a function u of a real
variable and the family of functions uy(z) = v u(\z). Then,

\? Azl Ao
Eo(ux,€) = 7”“'“%2([@ - THUHZJ(R) + T|u(0)|2 — — 0, A= 40

Therefore, since |uy|r2r) = [u[ z2(r) We have that the energy Eq(-,¢) constrained

to the arbitrary mass HUH%Q( > 0 is not lower bounded. Notice that the assump-

R)
tion p > 6 is crucial to this conclusion;

- on the other hand, consider the subcritical case p < 6 on the line; then the
Gagliardo-Nirenberg inequality (2.2) applied to E,(-,¢) with a > 0 gives the uni-

form lower bound
1 2 1 p,1
Ea(u,f) = §||u,HL2([R) - CHUI||[2/2([R)N4+2 = M > —0,
where we crucially used p < 6 and denoted p = ||u[?, (®)- Therefore, owing to the
constraint the energy functional E, (-, /) is lower bounded for every mass, so that

inf Eq(u,l) > —o0.
UEHI(R)vse ‘u|2:l'4

On the other hand, for any u € H'(R) such that {3 [u[*dz = p, due to the choice
a > 0 it holds

Ea(u,ﬂ) = EO(U’E) = EO(QDM’E)a (14)
where ¢, is the soliton introduced in (2.2). One then gets
Eae(p) = Eo.0(p)- (15)

On the other hand, consider the family of translations ¢, x(z) = ¢, (z — A) of
the Ground State ¢, at mass p for Ey(-, R), so

a
Ea(sou,)\’é) = EO(SD,LL?E) + §|g0“()\)|2 - EO(QD,LME)’ A— 0,
Eae(1) < Eoe(p)- (16)
Then, from (2.3) and (2.3) one concludes

Eap(p) = Eou(p).

Now, the first inequality in (2.3) is an equality if and only if u(0) = 0, while the
second is an equality if and only if u = ¢, up to translations and multiplications
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by a phase. But as ¢, is strictly positive, the two inequalities cannot be both
equalities, so that

Ey(u,l) > Eo(pu,l), Yue HY(R) s.t.f lul? = pu,
R

from which it follows that there is no function u that attains the infimum &, (1),
so that there is no ground state at mass pu.

Summing up, the existence of a Ground State at mass p is equivalent to two conditions:
first, the infimum of the constrained energy must be finite. Second, it must be attained
by some function. We stress that, contrarily to what happens in standard Quantum
Mechanics, when a nonlinearity is involved these two conditions are not guaranteed.

3. THE MAIN RESULT

Here we give a condition equivalent to the existence of Ground States at mass u. For
the proof we refer to the proof of the analogous result given in [3] for the hybrid plane Z.

3.1. Lower boundedness of the constrained energy. First, like in the case of classical
domains, the lower boundedness of the constrained energy is guaranteed by subcriticality
through the Gagliardo-Nirenberg estimates, which establish that every subcritical nonlin-
earity can be controlled by the kinetic term of the energy. Now, such estimates are widely
known for functions in Sobolev spaces, but here one needs them to hold in the energy
domain D, that strictly contains the space H'(R) ® H'(R?). In [3] it was shown how to
extend Gagliardo-Nirenberg estimates to the hybrid plane Z, and the very same method
can be applied for the hybrid manifold H.
First of all notice that, in the nonlinear term

1

1
p - 2
p”u”Lﬂ(rR) TH/U”LT([RQ)a

the first term can be treated by the classical Gagliardo-Nirenberg estimate (2.2). The
same is not true for the second term, which lies outside H'(R?) unless ¢ = 0. Following

[1, 3], for the case ¢ # 0 we rewrite v € Dy, v = ¢ + q[;—;ﬁ, as
Ko(lg|x
o@) = o)+ D g (g2), a7)
which is possible since Ko(|g|z) ~ Ko(x) ~ —log|z| as  — 0. Then
q
Pq(2) = ¢(x) + o —(Ko(z) — Ko(lg|z))- (18)

One has the following proposition:

Proposition 3.1 (Gagliardo-Nirenberg estimate). Let U = (u,v) € D*. Write

o(@) = {%(w)w%, a0
¢0(x)’ q:0
Then,
2_j
HUHI[),p([R) < C||u/||22([R)
[ol7r ey < CUV S 2000y + a2,
(R2) (R2)

where the mass p was absorbed in the constants C.

(19)

As in the standard case, Gagliardo-Nirenberg estimates are useful in the proof of the
lower boundedness of the constrained energy. To show this, we first rewrite the energy of
the planar component v in terms of the decomposition (3.1). We get the following result.
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Proposition 3.2. Let v € Dy with ¢ # 0 and consider the decomposition (3.1). Then

1 | lal* o loglg| Lo
Eq(v,II) = §HV¢QH%Q([R2)+TH¢QH%Q([R2) HUHL2([R2) +— \Q|2—;HUHLT([R2)-

2 47
(20)
Proof. We define the Fourier transform as
~ 1
k) = —ik-x d
ft) = 5= | f@e e

for f € L'(R?), then extend it to L?(R?) by Continuity. With such a definition the Fourier
transform is a unitary operator in all Sobolev spaces H*(R?), s € R. Now, by properties
of the Bessel functions it is known that, in the space of distributions,

(*A + 1)K0 = 276

and, since in Fourier space the gradient is mapped into the multiplication by the vector
ik, one has
~ 1

Ko(k) = Pl 2= k|

then by (3.1) one gets

~oy A q 1—lqf?
0 = T e 1)

The two first terms of (2.1) can be rewritten as

2

1
S 191 (re) — 5\\”“%2(&2)
2
Ga(k) + 5

1 1
= &*+1 — =
2L<+) 2Lz (2 4 1aP)

1 ~ lq12q by (k) lq|? dk (1—|q*)?
== | kK kzdk—Rf BELIEE ANV —f -1
2 fRz [$(k) ¢ r2 2m(k% + |q)?) * 872 Jre k2 + |g|? k2 +1

On the other hand, the three first terms in (3.2) can be rewritten as

- q 1—|qf?
Y S T PR T )

lal?
.

2

1 2 |Q‘2 2
SI9001 2y + 19l re) — o

q
dk (22)

1 lq|
== k2 2 k)|2dk — _f 4
5 |07+ laPlogGiPar— - | = (et

1 Sg(k)dk gt dk
== | K?|pg(k)|*dk — |q|*R f — f —
3 o ik —aRea [ s O = | e

Then, taking the difference between the quantities computed in (3.1) and (3.1) we conclude

Lo Lo 1 2 |Q‘2 2 |Q‘2 2
1l ey = 510IE2@e) = ( SIVOalieme) + 5196l T2 @e) — =5 10lL2(ge)

&q(k’) +

lg/? f dk (1—lq*)? >

= 2 -1 23
877 Je R PP\ @rr Tl 23)
g f lg]* — 1 lq/?

_ b dk = D 1oe1ql.
872 Jpo (K2 + [q2) (K2 + 1) 4 o8l

Therefore, from (2.1) and (3.1)

Iq\2

Iq\
E,(v,II) = —IIV¢qIILz g2y + o= Bl 22 (ge) HU“L?([R?) —loglg|+5 |Q|2*_HU”L2([R2

and the proof is complete. O
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Plugging estimate (3.1) in the expression of the energy (2.1) one has the following

Proposition 3.3. Let 2 < p < 6 and 2 < r < 4. Then the functional (2.1) with the
constraint (2.1) is lower bounded.

The proof given in [3] for the hybrid plane Z can be closely repeated for H. Here we
recall the main passage. After estimating the coupling term by

—BRe ([qu(0)) = —Clal* + vl |r2)).
through (3.1) we have

1 2 P_1q 1 2
EQU) = §HU/HL2([R) -C (HUIHE%R) + HU,HLQ([R)) + §HV¢qHL2([R2)

2
—CIVy 3k +  (log gl — ©) ~ Clal,
where the mass was absorbed in the constants and the contributions of ||| 12wy, |V ¢q¢] L2(r2)>
and ¢ are separated from one another, so that one can introduce three functions f,g,h
that are lower bounded due to the subcritical character of the nonlinearities. Then one
gets
EU) = f(lv']r2w) + 9(IVdqllz2re)) + h(lal), (24)

and it follows that the constrained energy is lower bounded too.

3.2. Minimizing sequences. Let {U,} < D" be a minimizing sequence for the energy
FE at mass p. This means that every element of the sequence has mass p and that

lim E(U,) = £(u).

We aim at singling out the Ground States as limits of the minimizing sequences.
Writing U,, = (up, v,) and considering the decomposition

() = g, (@) + g I

by (3.1) one has
E(Un) = f(luplizm) + 9(1Véng.l) + hlgn])-

Now, since E(U,) is a convergent real sequence, it has to be bounded, so none of the
three terms can diverge, which implies that the three quantities [ug,[ 2Ry, |V én.q, |, gn]
are bounded too. As a consequence, u,, is a bounded sequence in H'(R), ®n.q. is @ bounded
sequence in H'(R?), ¢, is a numerical bounded sequence.

Remark 3.4. Therefore, up to subsequences,

- By Banach-Alaoglu theorem u,, converges to some u weakly in H'(R).

- qp converges to some ¢ in C.

. qn% converges strongly to qM in LP(R?) for 2 < p < wif g # 0. It
converges to zero weakly in L?(R?) if ¢ = 0.

- By Banach-Alaoglu theorem ¢,, 4, converges to some ¢, weakly in H 1(R?). From
this one can easily see that ¢,, that appears in the decompositon (2.1) of v,
converges weakly in H'(R?) to the function ¢ that decomposes v according to

(2.1), namely
K
v=dtag

- vy, converges weakly to some v in LP(R?), 2 < p < 0.

As a consequence, U,, converges weakly to U in L?(#H). Now, U may not belong to the
minimizing domain D* since, as a weak limit, its mass could be strictly smaller than .
However, it turns out that, if the mass is conserved in the weak limit so that U € D*, then
U is a Ground State.
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Proposition 3.5. Let us consider a minimizing sequence {U,} < D", and denote by U a
weak limit of it in the sense specified by Remark 3.4.
If HUH%Q(H) = u, then U is a Ground State at mass i for the energy functional E.

Proof. By weak convergence,
|Un = Ulli2(30) = 206 — 2Re(Un, U) 23y — 0,

so conservation of mass in the weak limit ensures strong convergence. This immediately
entails that u,, v, and ¢,, converge strongly to u, v and ¢ in the respective L? spaces, while,
as already seen, ¢, converges to ¢. Now, since Banach-Steinhaus’ Theorem guarantees
boundedness in L? for the weakly convergent sequences {u},}, {Vé,}, then by Gagliardo-
Nirenberg estimates one gets

P_1 21
|un — u”ip(r}e) < CHuIn - u,HimR) |un — UHEQ([R)

thus u,, converges strongly to v in LP(R). On the other hand
lvn = vl ey < Cldn = @l ge) + Clan —al”
< Cllén — Hl72we)IVIn — Vol a{ka) + Clan —al”

thus v, converges strongly to v in L"(R?). Therefore, the nonlinear terms in E(U,)
converge to the corresponding terms in F(U). All other terms converge except the two
kinetic terms %HU;LH%Q([R) and %HV(JSnH%Q([RQ). Then, since U € D*, one has the following
double inequality

0 =& —EU) = imEU,) — EU)

L.
= SUm (w72 + [Vonlzae) = lulzzm — 1VEl72)
=0

by weak convergence. Then £(u) = FE(U) so U is a Ground State at mass p and the
proof is complete.
O

Now it is necessary to give conditions that guarantee that the weak limit of a minimizing
sequence preserves the mass, so to apply Proposition 3.5. It turns out that there is a simple
necessary and sufficient condition.

Theorem 3.6. A Ground State at mass p for the energy functional E(U) defined in (2.1)
exists if and only if there is a function U € D* such that

E(U) < &oulp)- (25)

Such a result is relevant for two reasons: first, it provides a practical criterion for proving
the existence of a Ground State by exhibiting a function U that fulfils (3.6); second, it
states that the infimum of the constrained energy can be reached in two ways only: either
by constructing a Ground State or by escaping at infinity through the line. This alternative
greatly simplifies the options foreseen by the concentration-compactness theory. Let us
further examine this point.

According to the concentration-compactness theory (see e.g. [17]), a weakly convergent
sequence can preserve its mass or lose it. Furthermore, the loss can be partial or complete.
For the present model, we proved in Proposition 3.5 that if for a given minimizing sequence
there is no loss of mass, then the sequence converges to a Ground State. One can show
that the partial loss of mass is never energetically convenient due to the subadditivity of
the energy, so that it never applies to minimizing sequences (see the proof of Theorem 1 in
[3]). The complete loss of mass can happen through three mechanisms: dispersion of the
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sequence, with vanishing |un | z»®) and |vn |- (r2), escape at infinity through the plane or
escape at infinity through the line. It turns out that ([3]):

(1) if among the three mechanisms involved by the complete loss of mass the most
convenient is the dispersion, then

E(Un) - Elin(\llu) = E( ) ||71Z)H||Lp (R) + - ”gH”ZT([RQ)’

with ¥, = (¢,<,) the Ground State at mass p of the quadratic part Ej, of E.
Therefore, £(n) = Eiin(¥,,) and

En) < E(Vu) = Ein(¥,) - HWHLP(R H%HTU(W) < &(n),

which is absurd. So there cannot be complete loss of mass by dispersion;

(2) if the most convenient mechanism is the escape at infinity through the plane, then
E(U,) — Ex(&u,11), where &, is the soliton of the standard nonlinear Schrédinger
equation in dimension two. But in this case one has Z,, = (0,,) € D* and so E,
is a Ground State and one proves existence.

(3) If, finally, the most convenient mechanism is the escape at infinity through the
line, then E(U,) — Eo(pyu,£). Of course the state ®,, = (¢, 0) belongs to D, but

B(®) = Eoleu ) + Slen(0)

thus if a > 0, then the escape at infinity is a convenient choice for the soliton.

The previous discussion is aimed at clarifying why the only hindrance to the existence of
a Ground State is the possibility, for a minimizing sequence, to run to infinity through
the line. In other words, the plane is not dangerous since it can always host the two-
dimensional soliton centered at the origin, equalling the optimal energy Eu (&, IT) reached
when escaping through the plane. In fact, it has been proved in [1] that on the plane it is
possible to make better: for every o € R there exist a Ground State at mass p whose energy
is strictly less than Fuy(&,,II). Then one can say that the plane is strictly attractive,
regardless of the sign of o. An analogous result for the analogous three-dimensional
problem was proved in [2].
Gathering together the previous comments, one ends up with the following

Corollary 3.7. Inequality (3.6) and therefore the existence of a Ground State at mass
for the energy functional (2.1) is guaranteed by one of the following conditions:

(1) The contact interaction between the plane and the line is non-repulsive on the
line, i.e. o < 0. This entails that a soliton at the infinity on the line is not less
energetic than the same soliton centred at the origin, and therefore the escape at
infinity along the line is not strictly convenient.

(2) Given the mass p, the nonlinearity powers p and r are such that the plane is
energetically more convenient than the line, in the sense that

Eo (1) < Ea(pp, ).
More precisely, this is accomplished by the following condition: there exists a
threshold value u* for the mass, that depends on p and r, such that
2
- p+2
4—r 6—p

if p>p* and

or
2
_ P + 27
4—r 6—p
then there is a Ground State at mass p for (2.1).

if p<p* and
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(8) The contact interaction between the plane and the line is attractive enough on
the plane, which means that o lies below a threshold o*. Indeed, since E;m1 is a
monotonically increasing function of o and

go'*,H(M) — —00, o — —0,

then either
Eraoni(p) < Eoplp)
or there exists o* € R such that

EJ* I = 50,5 (M) )

Then, for o < o* possibly infinite, there exists a Ground State.
(4) The junction energy E 7 is strong enough, namely 3 = * for a certain threshold
B*. In this case, Ey is a monotonically decreasing function of B, so one has

and then the result immediately follows.

Notice that the previous Corollary makes more precise the prescriptions given in Section
1.1 in order to construct a trapping hybrid plane.

We point out that the criterion given at (1) is simpler than the analogous condition
given in [1] for the hybrid Z. This reflects the fact that the problem of the existence of
Ground States on a halfline with a delta interaction at the origin is more complicated than
the same problem on the line, as detailed in [14].

3.3. Further results. We list here for the sake of completeness some results that imme-
diately translate from [3] to this context.

(1) A Ground State always exists for small mass. Indeed, the linear ground state
V¥, is energetically more convenient than the one-dimensional soliton, as it scales
linearly with the mass while & ¢ scales superlinearly.

(2) Fixed p > 0, if @ and o are large enough, while (5 is small enough, then there is no
Ground State. Here we are in fact denying the hypotheses of existence theorem.
Notice that the threshold depends on pu.

(3) If 8 =0 and there exists a Ground State, then it is supported either on ¢ or on II
and it coincides with a Ground State of the problem on ¢ or on II.

(4) If p # 0, then every Ground State U = (u,v) has non-trivial components u and
v. Moreover, u € H2(R\{0}) n H'(R), while v = ¢ + ¢52 with ¢ € H?(R?). More
precisely, u is an even function made by glueing together two chunks of a soliton,
while v is a radially symmetric function whose shape is that of a Ground State for
the Nonlinear Schrédinger Equation on the plane with a point interaction at the
origin. They are connected by the matching conditions

W' (04) —d'(0)) = oau(0) — Bq

¢(0) = —Bu(0) +oq

Remark 3.8. In our search for Ground States we excluded the cases @ = o0 and o = 0.
This was done because such cases lead to modifications of the functional F and of the
energy domain D and including them would make the formulation of the problem too
cumbersome. However, since they are not completely trivial, we quickly summarize the
results.

The condition @ = 00 amounts to imposing Dirichlet boundary conditions at the origin
of the line. As a consequence, both the contact interaction on the line and the coupling
term vanish. Therefore one has

E(U) = Ex(u,l) + Es(v,1I) = Ey(u,l) + Ey(v,1I)
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on the domain
Dair = {U = (u,v), ue H(R) s.t. u(0) = 0, v e Dy}.

The problem reduces then to a competition between ¢ and II. If p, r,o and p are such that
the line turns out to be more convenient, then minimizing sequences leave the plane and
seek the lowest energy on the line, which is given by the energy of the soliton that cannot
be attained beacuse of the Dirichlet boundary condition at the origin. Then there is no
Ground State. If vice versa the chosen parameters make the plane energetically convenient
with respect to the line, then minimizing sequences concentrate on the plane and converge
to the two-dimensional Ground State according to the results of [1].

In the case with ¢ = oo the line and the plane are decoupled too since, as discussed
in 2.2, such conditions entail ¢ = 0. Therefore minimizing sequences concentrate on the
most convenient component among ¢ and II. In the first case, the issue of the existence of
a Ground State reduces to that of the existence for E, (u, ). In the second case, a Ground
State exists.

If a = 0 = oo, then the existence of Ground States is determined by the competition
between the free line and the free plane.

Lastly, we stress that the energy functional (2.1) does not exhaust all possible choices
for the contact interactions. In fact, if one starts from the linear case and seeks for
all possible interactions taking place at the junction, then one is led to consider a nine-
parameter family of possible energy functionals. This family includes several rich dynamics
as the one generated by the so-called delta-prime interaction, that on ¢ would give rise to
singular phenomena like symmetry breaking bifurcation on the Ground State ([5, 6]). We
plan to investigate such dynamics in a forthcoming study. A further point that we left
untouched concerns the uniqueness of Ground States. This is in general a delicate point
that requires ad hoc techniques. For instance, for the analysis on uniqueness on metric
graphs instead of hybrids see [19].
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