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Abstract

In the present paper we study the well-posedness for the one-dimensional cubic NLS perturbed
by a generic point interaction. Point interactions are described as the 4-parameter family of self-
adjoint extensions of the symmetric 1-d laplacian defined on the regular functions vanishing at
a point, and in the present context can be interpreted as localized defects interacting with the
NLS field. A previously treated special case is given by a NLS equation with a ¢ defect (see
[21]) which we generalize and extend, as far as well-posedness is concerned, to the whole family
of point interactions. We prove existence and uniqueness of the local Cauchy problem in strong
form (initial data and evolution in the operator domain of point interactions) and weak form
(initial data and evolution in the form domain of point interactions). Correspondingly, a related
blowup-eternity alternative is given and studied. Conservation laws of mass and energy are proved
for finite energy weak solutions of the problem, which imply global existence of the dynamics. A
technical difficulty arises due to the fact that a power nonlinearity does not preserve the form
domain for a subclass of point interactions; to overcome it, a technique based on the extension of
resolvents of the linear part of the generator to maps between a suitable Hilbert space and the
energy space is devised and estimates are given which show the needed regularization properties
of the nonlinear flow.

1 Introduction

The present paper is devoted to the well-posedness of a nonlinear Schrodinger equation with a point
defect in dimension one. The Schrodinger equation bears a cubical nonlinearity, and the defect is
described by the general point interaction in dimension one. To be precise, the equation to be studied
is given by

{i@ﬂ/}(t) = H(t) + Aw(t)[2o(t) (1.1)
$(0) = Yo ’

or in weak form

v = M- in | " ds )y ()2 (s) (1.2)
0

where 1)y represents the initial data and H is the Hamiltonian operator generating a point interaction
at the origin. Point interactions are singular perturbations of the Laplace operator; restricting the



Laplacian on the set of regular functions vanishing at a point gives a symmetric non self-adjoint
operator; its self-adjoint extensions are by definition point interactions ([5]). In one dimension they
form a four-parameter family of s.a. operators ([4]), and they describe in an effective way a variety
of situations relevant to the dynamics and scattering of quantum particles acted on by strongly
concentrated potentials. In dimension one their domains are characterized by suitable boundary
conditions, which apart from the standard ones (i.e. Dirichlet, Neumann, Robin, one sided or two
sided), comprise analogous boundary conditions involving the jump of the functions ([¢]) or their
derivatives at the point where the interaction takes place. Among the main non trivial examples
are the well-known § interaction (where the boundary condition is [¢/'](0) = a1)(0)) often called
Fermi pseudopotential in the physics literature, or the ¢ interaction ([f](0) = «f’(0)). Precise
definitions will be given in the next section of the paper. In the case of NLS with § interaction
there exists a certain amount of literature, physical, numerical and mathematical, concerning the
existence of stationary states ([10, 27, 8, 9]), the asymptotic behaviour in time ([20, 21]), and the
reduced dynamics on the stable soliton manifold ([14, 18]). Little is known for the ¢’ interaction,
and nothing in the generic case. Quite generically, equation 1.1 is a prototype of the interactions
of nonlinear waves propagating in media in which inhomogeneities are present. A first possible
physical interpretation of the model described by the equation 1.1 is given by the interaction of a
1-d Bose condensate with an impurity. To the right and to the left of the point perturbation the
Bose condensate satisfies, as an effective equation in the limit of infinite bosons (see for the one
dimensional case [1], for the three-dimensional setting [16], [17], [23]), the NLS equation, usually
called Gross-Pitaevskii equation in this context. At the defect or impurity location a boundary
condition establishes the nature of interaction, and gives the link between the two sides of the
condensate. Bose condensates are quantum many-body systems which display typical macroscopic
behaviour, measured in an effective way through the scattering length of the underlying two-body
interaction. So the use of a point interaction in 1.1 is legitimate if the scale length at which takes
place the interaction is far smaller than the characteristic scattering length of the Bose condensate.
A second interpretation is of classical origin. It is well-known that the propagation of an optical
wave pulse in a nonlinear dispersive medium (such as an optical fiber) gives rise to a nonlinear
Schrodinger equation for the evolution of the pulse envelope. The presence of defects or junctions
in the fiber can be modeled through boundary conditions, and in the simple and generally adopted
case of 1-dimensional propagation along the fiber this corresponds to consider a point perturbation.
A different occurrence of an effective point (J) interactions is in the study of bimodal optical fibers;
these devices are described by two coupled NLS which admit two-soliton solutions; in a typical
situation the solitons are one narrow and one wider. At a formal level it turns out that in a suitable
limit the pulse propagation is described by a single NLS and the effect of the narrower soliton can
be represented by a 0 interaction, at least as far as its influence on the dynamics of the wider
one is concerned (see [10] and references therein). The previous applications acquire an additional
interest due to the evidence, both on the numerical and rigorous side, of a certain persistence of the
soliton behaviour even in the presence of a breaking of translational invariance due to a § interaction
([20, 21)); in particular a fast soliton breaks in two pieces, one reflected and one transmitted, the
relative amplitude of which being controlled by the scattering matrix of the ¢ interaction at least
within times long with respect to the interaction time. This is a meaningful phenomenon quite
different from orbital stability and indicates a peculiar robustness of the soliton solutions of NLS,
even in the case of strong interaction with external perturbation.

Among the possible future perspectives, let us cite the analysis of the dynamics of the system
investigated in [12], where the ground states of stationary Maxwell-Schiodinger system in a bounded



domain with a point defect are studied. In such a case the nonlinearity arises from a Hartree type
interaction, and is milder than in the usual NLS; nevertheless the results and the techniques are
interesting because they apply in dimension three.

As a final quotation, we mention the paper [24], which deals with well-posedness, direct and inverse
scattering for a family of NLS with potential terms.

We are not concerned here with a rigorous justification (which is lacking) of the point interaction
as an effective model of scatterer or junction in the NLS propagation phenomenon. We assume it
as a plausible one and we proceed to show existence and uniqueness in the small and in the large
and qualitative properties as energy conservation for the whole family of point interactions. At a
rigorous level, well-posedness of the problem 1.2 is well-known for the case of § interaction only (see
[21, 18]).

In the following we give a brief summary of the results obtained in the paper and the techniques
involved in the proofs. In section 2 the definition and main properties of general point interactions
are given. In particular the form domain and quadratic form of the family is completely described (as
far as we know this material is not published elsewhere). Moreover, the dual space of form domains
are given, in that they are needed in the proof of of well-posedness in energy spaces. In section 3,
some estimates of the Gagliardo-Nirenberg type are given for functions in the energy spaces of point
interactions. These are needed in the subsequent analysis as a technical tool.

In section 4 we state and prove local existence, uniqueness and blow-up alternative for strong solution
to 1.1 (theorem 4.1). By strong solutions we mean solutions ¢ — t(t) with values in the domain
of H. Then we prove energy conservation for the strong flow, proposition 4.3, as a consequence
of which blow-up does not occur and maximal solutions are in fact global in time. The proof of
theorem 4.1 is through a contraction in a suitable neighbourhood of the initial point in the space
X = C([0,T], D(H)) N CY([0,T], L?(R3)); the main technical points are a bound on the L norm
on 1 and its graph norm |[(Hy + m)Y||r2R), and an integration by parts in the integral form of
problem 1.1 to get a regularization of singular terms due to nonlinearity. The last problem treated
is local and global well-posedness in the finite energy space, i.e. form domains. Quite general results
of local existence in which the linear part of the generator is self-adjoint are known in the literature
(see theorem 3.9.9 in [11] and section 3.7). In such a case one obtains a local existence of a solution
¥ € C([0,T],X) N CY[0,T], X*), where X is the form domain of the linear part of the generator,
if uniqueness is known and a set of hypotheses are satisfied. Here we prefer to proceed in a direct
way, because the verification of the hypotheses of the quoted general results for a part of the family
of point interactions is not simpler than a direct proof; moreover, we prefer to directly treat the
delicate case in which a boundary condition is present in the definition of the energy space: this is
indeed the case for a subclass of the family of point interactions, whose form domain is given by
Qua = {¥ € HRY) @ H'(R™) | ¥(04) = wayp(0_), |w| = 1,a € R\{0,£1}}. In the first place
the nonlinearity does not preserve the boundary condition. As a consequence, for these interactions
there appear terms in the Duhamel formula which are not in the energy space. To get the relevant
estimates, we prove that the resolvent of the linear part can be continuously extended to a suitable
Banach space, larger than the dual of the energy spaces, with values still in the energy space. In the
end, one obtains for NLS with arbitrary point interactions local and global well-posedness on the
form domain of point interaction itself, stated and proved in theorem 6.9.

Our results extend to dynamics on graphs, which is the subject of a paper in preparation.

1.1 Notation

Here we fix some basic notation that we will use through the paper.



1. The symbol (¢, ¢) denotes the scalar product in L?(R) between the functions ¢ and ¢, according
to the definition

(1, ¢) = /]R P(x)¢(z) da.

2. The symbol (f,9)x+ x denotes the duality product between the functional f € X* and the
vector ¢ € X. The space X will be always specified.

3. We denote by 1; or F1 the Fourier transform of the function ¢ € L?(R); the convention on the
normalization is the one given (when meaningful) by

Bk) = (2m) 2 /R b(@)e ™ da.

The symbol F will be used also to denote the Fourier transform in the distribution space.
4. The symbols y+ denote the characteristic function of the sets R*.

5. Some particular functions will play an important role and we will need to use them frequently.
Therefore, we define a notation for them:

pr(z) = xx(2)e™”

(1.3)
ov(x) = vy () + o-(z)
Notice that, as a particular case, 1 = e~ I'l. We will use also
E(x) = z)eFTVE
¢% () X+ () (1.4)

+
oL (x) +¢Z(x) = e~ VAl

()
where z € C, Rey/z > 0

6. The norm of ¢ in the space LP(R) is denoted by ||¢||,, except for p = 2, in which case we omit
the subscript. For any other space we explicitly refer to the space in the subscript (e.g., for
the H' norm we use || - || g1(g))-

2 Spaces

We start recalling definitions and basic notions on one-dimensional point interactions. We construct
the form domain for the entire family of Hamiltonians of point interaction.

2.1 Point interactions in dimension one: operators and forms

By definition, the family of hamiltonian operators describing the dynamics of a particle in dimension
one under the influence of a scattering centre located at the origin, is obtained as the set of self-adjoint

extensions (s.a.e.) of the operator
Hy = —0? (2.1)

defined on the domain R
D(Hp) = C5°(R\{0}). (2.2)



By the Krein’s theory of s.a.e. for symmetric operators on Hilbert spaces one easily proves that there
is a 4-parameter family of s.a.e. of (2.1). Besides, such a family can be translated into a 4-parameter
family of boundary conditions at the point 0. Finally, following [4] and [15] we know that any s.a.e.
of Hy can be described in one of the two following way:

e Given w,a,b,c,d such that |w| =1, ad — bc = 1, we define the s.a.e. Hy as follows:

v=e(ta)
b= o oo (180) 02}
(Hyy)(z) = —¢"(x), x#0, V¢ e D(Hp).

e Given p,q € RU {oo} we define the s.a.e H, , as follows:

Dyq = D(H,g) = {¢ € H*(R\{0}), ¥(0+) = p¢'(04), ¥(0—)=q¢'(0-)}
(Hpg)(x) = —"(x), r#0 V€ D(Hp,)

Remark 2.1. Using the description provided by the matrix U, and choosing w = a = d = 1,
b = ¢ = 0, one reconstructs the free-particle Hamiltonian Hy. Furthermore, the choicew =a =d =1,
b =0, ¢ # 0 corresponds to the well-known case of a pure Dirac’s § interaction of strength ¢. On
the other hand, the case w = a =d =1, ¢ = 0, b € R corresponds to the case of the so-called ¢’
interaction of strength b, namely, to the boundary condition

P(0+) = ¢'(0-)
$(0+4) = 9(0-) = by'(0-)

Remark 2.2. The Neumann or Dirichlet boundary conditions in 0+ are realized by choosing p = oo
or p = 0, respectively, and in 0— by choosing ¢ = co or ¢ = 0, respectively.

(2.5)

Preliminarily, we need to endow the space D(H), domain of the Hamiltonian operator H, where

H is a general notation for Hy and H), 4, with the structure of a Hilbert space. To this aim, we first
define the quantity

m = 1—info(H). (2.6)

From the general theory we know that m is finite. Next, for any ¢ € D(H) we introduce the norm

[l = [I(H +m)yll (2.7)

Notice that such a norm can be derived by a scalar product. Moreover, it is easily shown that it is
equivalent to the standard graph norm.

In the following we investigate the problem of finding solutions to (1.1) in the form domain of
the linear part of the generator. In order to do that we preliminarily describe such form domains.
To this purpose we adapt the classification of form domains given in [22] to our context and our
notation.

Proposition 2.3. The quadratic forms associated to the self-adjoint extensions of ﬁo are defined as
follows:



1. For the Hamiltonian Hy o with Dirichlet boundary conditions, the energy space is

Qo= {y € H'(R), %(0) =0} (2:8)

and the form reads
Bo(y) = [[¢/'|*. (2.9)

2. For the Hamiltonian Hy 4, q¢ # 0, with Dirichlet boundary conditions on 0+ only, one has

Qot = {v € H'(R") & H'(R7), (0+) = 0} (2.10)

and the form reads
Bog($) = 16/ Bags + 14122 — gl 0 (0-) 2 (2.11)

Analogously,

Qo- = {v € H'(R") & H'(R7), (0-) = 0} (212)

and the form reads
Byo() = ¥/ 2@+ + 19172y + Pl [ (0+) . (2.13)

3. For the Hamiltonian Hy, defined in (2.3), with b =0 the energy space is
Qua :={ € H'(RY) @ H'(R"), ¥(0+) = wap(0-)} (2.14)
and the form reads

Bua($) = [0/ 22y + 10/ 22 + achi(0-)P (2.15)

4. For any other s.a.e. of ];AIO the energy space is given by
Q:=H'R" o H' R (2.16)
To describe the action of the form we have to consider two cases:

(a) if the Hamiltonian is of the type Hy described in (2.3), with b # 0, then

By() == ¢/ Z2@sy + 19172y + 07 [dw(0+)]* + alp(0-)[* — 2Re(wip(0+)9(0-))]

(2.17)

(b) if the Hamiltonian is of the type Hy , described in (2.4), with p,q both different from zero,
then

Bpg(®) = [9/12agme) + 1022, + 5 (04 — ¢ b(0-) 2 (2.18)

Remark 2.4. For a pure Dirac’s § interaction formula (2.15) applies. The form domain coincides
with H(R) and the action of the form reads

Bi(¥) = [[¢/'|I* + cly(0).



Remark 2.5. In the case 4. the form domain can be represented by the sum of a regular part and
a jump:

€
Q= {v e H'R\{0})} = {v € H'(R\{0}), ¥ = +4q5,¢ € L*(R),q € C} (2.19)
where € denotes the sign function. Notice that
q = 1(0+) —(0-) (2.20)
For a pure ¢ interaction one has
B(®) = [[¢'|* + b g|? (2.21)
Besides, if 9 belongs to the operator domain of a §-interaction then
B(y) = [[¢'|I* + bl (0)? (2.22)

where, with a slight abuse of notation, we denoted by ¢’(0) the quantity 1'(0+) = ¢'(0—).

Remark 2.6. In the following we will frequently use the decomposition of the elements of the form
domain introduced in (2.19).

Obviously, such a decomposition holds for all other energy spaces too. Notice that for the elements
of Qo and Q1(= H*(R)) one has q = 0.

We will usually refer to ¢ as to the regular part, to & as to the singular part, to q as to the jump
of 1. Notice that if ¢ # 0 then the function ¢ is not square integrable, even though it is locally H':
indeed, at least one of the two quantities lim,_, 4o ¢(z) is different from zero.

All energy spaces can be endowed with the structure of Hilbert space by introducing the norm

+o0o —€
[l = 1P+ tim [ W@+ tim [ )R (223)
e—0+ c e—0+ o
where X denotes any form domain introduced in proposition 2.3. It is immediately seen that such a
norm is induced by the scalar product

—+00 —&

(o) = W)+ lim [ D@o(@)de+ tm [ Dol)da. (224)

— 00

In proposition 5.2 we prove that the norm defined in (2.23) is equivalent to the following energy
norm

Wl = B(w)+mlv|? (2.25)

where B is any form introduced in proposition 2.3 and the quantity m was defined in (2.6).

2.2 Dual of energy spaces

In the proof of the well-posedness for problem (1.2) in the energy domain we need to know the duals
of the energy spaces (at least in the case 3. of proposition 2.3). By definitions (2.8), (2.16), (2.14)
one has

QCQRuCQ, weCl, lw=1a€eR. (2.26)



Proposition 2.7. The following orthogonal decompositions hold

Qwa = QO D1 Span(wwa)
Q = Qwa DL Span((p—wafl) = QO DL Span((p-l-a 90—) (227)

where the notation g, oL where introduced in section 1.1.

Proof. One can decompose any ¥ € (J,, as follows:

Y=+ P(0+)pyr +(0-)p- = £+ Y(0—)pua-

Obviously £ belongs to Q9. One can directly verify orthogonality by performing the scalar products,
as defined in (2.24). O

Now the duals of form domains in proposition 2.3 can be easily computed.

Proposition 2.8. The following relationships hold between the spaces Qf, QL,, and Q*:

wa’

be = Q/QL, (2.28)
Q = QL./Qy = Q/Qy (2.29)

where, given' Y C X, the space Y+ C X* is defined as follows:
Yii={feX* st (fiy)x-x=0, YyecVY} (2.30)

Proof. The proposition immediately follows from a classical result in functional analysis (see e.g.
[26], sec. 4.5). O

Proposition 2.9. The spaces Qf, QF,, and Q* can be represented as follows:

. - fk)
Q = {f € H'(R), s.t. N dk = o} (2.31)
ba = Q®Span(3*(0+)) (2.32)
Q" = Q& Span(5(0+),6(0—-)) (2.33)

We used the notation 6(0%) to denote the functionals acting as follows:
(B0£).0)x-x = lim_ v(a)

with the quotient notation for duals introduced in (2.30).
Besides, we denoted 6“*(0+) the functional that vanishes on Qo @ Span(¢_,.-1) and gives wa
when acting on Yuq -

Proof. From the first decomposition in proposition 2.7, choosing w = 1, a = 1, we obtain

H'(R) = Qo @ Span(y1).

Then, the second formula in proposition 2.8 provides
Q= H'(R)/Qq-

10



From elementary linear algebra we know that the dimension of Q& as a subspace of H~1(R) is given
by
dim[(Q ) g—1(r)] = dim(H'(R)/Qo) = 1.

Since §(0) belongs to the one-dimensional space (Qp) H-1(R), it spans the whole space. So formula
(2.31) is proven.

Imposing the constraint that any element f of Qi must be orthogonal to the function eIl one
obtains the representation in the Fourier space (2.31).

Now we prove formula (2.32). First, reasoning as in the previous case it is immediately seen that

dim[(Q5)qz,] = dim(Qua/Qo) = 1.

Since §“*(0+) belongs to the one-dimensional space (Q&)QLG, it spans the whole space. So formula
(2.32) is proven.
The proof of (2.33) is analogous. So we proved proposition 2.9. O

Corollary 2.10 (Decomposition of dual spaces). For any f € Q* there exist fo € Qf, fua € QLas
a, B € C, such that:

f = fo+ad(0+)+ B6(0—) (2.34)
B —wala _
f = fwa + W[Cﬂé(o_) - wa6(0+)] (235>

Proof. Let f be an element of Q*. For any ¢ € @) define

Jo() == f(v) (2.36)

where 1) is the Hol-component of ¢ according to decomposition (2.27). Moreover, define

a = fles), B = fle-) (2.37)

and decomposition (2.34) is proven. Furthermore, we define the functional f,, as follows:

waa + (3

5 a? [@ad(04+) 4+ 6(0—)] (2.38)

Jwa == fO(w) +
To see that f,, is indeed in @7, it is sufficient to show that it is orthogonal to Q__,-1, where
orthogonality is to be understood in the sense of (2.30). But this is straightforward: since such
orthogonal space must be one-dimensional (see (2.27)), so it must be spanned by the function ¢_,,,-1,
which is manifestly orthogonal to f,,. So (2.35) is proven. O

Corollary 2.11. The functional fi reads as follows:

Fu®) = To(@) + 3o+ B)(@(0F) +¥(0-)) (239
and the related decomposition gives
Fo= h+ 25000 - 04 (2.40)

11



Remark 2.12. Sometimes the correspondence between the functional f and its Q5 or H ~1 compo-
nent may be not so evident. For instance, consider the functional f7 € Q*, defined by

(f1 )o@ = (n,9),

where 7 € C§°\{0}. Even though represented by a smooth function in @, it has non-trivial §(0+)
and 6(0—) components. Indeed, applying f” to any function ¢ € @) one gets

(f10)gxq =,%0) +(0+)(n, p+) +(0=)(n, p-) (2.41)

and therefore the functional f7 decomposes as follows:

f1=fi + (0, 04)6(0+) + (n, 0-)3(0-) (2.42)
where f7 acts on Q as the scalar product in L? with the function 7, and vanishes on Q({.
Definition 2.13. For any energy domain X we define the norm in X* by
[ ) xe x|

[fllx+ = sup (2.43)
vex\{oy  1Yllx
Remark 2.14. It appears that, for any f € X*, w € C with |w| =1, and a € R,
Ifollgs < Nfwall@r, < IIfllQ (2.44)

Vice versa, given f € @, it is possible to define its trivial extension f 10 Quq as the functional acting
like f on @y and vanishing on ¢,,,. Obviously, it can be further extended to f, that vanishes on
©_wa-1- One has

Ifles = Iz, = 1Fllq- (2.45)

3 Estimates

In this section we prove estimates for functions in the energy spaces. We give results for functions
in @, but it is obvious that they hold for the other form domains introduced in proposition 2.3 too.

First of all, we introduce a decomposition for the elements of @), that in the sequel will prove
useful.

Lemma 3.1. For any function v € Q, there exists a unique couple of even functions 1y ,v_ € H'(R)
such that

(@) = x4 @)y (2) + x- ()Y (2), (3.1)
Proof. Given ¢ € @ we define the functions ¥, ¥_ as follows:

v(£x), x € (0,4+00)
Yy(x) =1 ¥(0L), z=0 (3.2)
T,Z)(:Fl‘), T e (_0070)

It is immediately seen that both functions ¢+ belong to H!(R) and satisfy (3.1). Any other decom-
position in even functions lying in H'! must fulfil (3.2), so uniqueness is proven. U

12



Remark 3.2. The following formulae link decomposition (3.1) to the one introduced in (2.19):

o) = x+(@) (@) = 1) +x-(@) (v-(@) + %) (3.3)
¢'(x) = xt+(@)P () + x-(2)Yl (z) (3.4)
¢ = ¥(0)— v (0) (3.5)
Remark 3.3. As a consequence, the following estimates hold:

2 1 2, 1 2

112 = 2l + o (36)
1 1

117 = SH4I+ Sl P (37)
Il < v2|¢| (3.8)
lg] < %Hm—w_um < %(I|¢+IIH1+II¢—IIH1) (3.9)

Remark 3.4. The norm introduced in (2.23) for elements of the energy space can be expressed as
follows:

101IE = %IIMH?p + %H?ﬁ—\l?p = (Il + ll¢'|I? (3.10)
Remark 3.5. From the previous remarks we know that
Yl < Cll¥llg (3.11)
1] < Cllvle (3.12)
ldl < ClYlle- (3.13)
Therefore, using (3.3),
[8llc < Cl¥llg (3.14)

Notice that, since the H-norm is stronger than the @-norm, all these estimates hold in D(H)
too.

We prove a lemma that extends the one-dimensional Gagliardo-Nirenberg’s estimate to the space
Q.
Lemma 3.6. For any p € (2,+00] there exists C, > 0 such that, for any ¢ € Q, ¥ = ¢ + ¢5,

1_1 1,1
[l < ColldllZ 7 |ly]|2 "7 (3.15)

Proof. Let i be an element of ). Using lemma 3.1, we can write ) as

¥ = X404 + x-9-
Then,

19l < Cplllesllp + llo-11p)
Applying standard Gagliardo-Nirenberg’s inequality and recalling (3.8)

;i1 1,1 ;i1 1,1
Il < Cp (4N F I 777 + 275 275
11 1,1 141
Colle'l127» (Il 1275 + o=+
1_1 141
Coll 127> ]| =+

and the lemma is proven. O

IN

IN
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Remark 3.7. In particular, for p = 0o we obtain the generalization to Q of the embedding of H' in
Lo
1 1
[¥llee < ClI[IZ 1192 (3.16)
Furthermore, by (3.13),
1 1
gl < Cld]1[lv]>. (3.17)

4 Global well-posedness in D(H)

In this section we prove existence and uniqueness for the problem (1.2) in the operator domain of
H. Furthermore, we show that L?-norm and energy are conserved quantities and use this result to
prove that all maximal solutions are global in time (i.e. there is no blow-up phenomenon).

Theorem 4.1 (Existence and uniqueness for solutions in D(H)). Let H be any self-adjoint extension
of the operator Hy defined in (2.1), (2.2). Let its domain be denoted by D(H).

For any 1o € D(H) there exists T € (0,+00) such that the equation (1.2) has a unique solution
¥ € C([0,T), D(H)) N CY([0,T), L*(R)).

Moreover, equation (1.2) has a maximal solution 1 (t) defined on the interval [0,T*). For such a
solution, the following alternative holds: either T* = +oo or

T (1)l = +oo.
Proof. Let us use the notation
X = C°(0,T], D(H)) N C1([0, T, L*(R?)) (4.1)
and provide the space X with the norm
= t Opp(t 4.2
[¥]lx e ()| + ax, [0 ()] (4.2)

where the norm || - ||z has been defined in (2.7).
Given ¢y € D(H), we define the function G: X — X, as

G = e Mg —ix / ds e =9 ()2 eh(s) (4.3)
0
First, it is immediately seen that
le™ " oller = [oller,  [NOee™ ™ oll = [|H|| (4.4)
Therefore, '
le= wollx = [voller + |1 Heoll < 2[leolla- (4.5)

Next, integrating by parts we obtain the identity
/0 s e 5) P

= —i(H +m) o) Pe(t) +ie T (H +m) ™ [yo|*ho + m(H +m) ™! /Ot ds e =)y ()| 24p(s)
+2i(H +m)~" /O ' ds i) |0 (s) [0t (s) + i(H +m) ™" /O ds e HU=9) 2 ()01 (s)

= (De+ D + (I + (IV)e + (V)
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Furthermore,

IDeller < O3 @I < Cllv®)lIz
1)l < Cliwollr

(1D = \m!‘ /0 dse” MU y(s)Pu(s)| < CT max (@)l @
IVl = 2” / s (s 0006)]| < OT mas (1O 1)
V)l < €T e (IOl 12:5(0))
Then,
[ ase e uopae)| < cru (1)

Now we estimate the L2norm of the time derivative of terms (I)¢, (I1)¢, (I11)s, (IV )¢, (V)s.

10:(D)ell = NI(H +m) "2l ()POrp(t) + * (O < Cllw®) 1z 102
0T D:ll < Ilbollz

10,111, HmH+m> () 2) —zm/dse HO=9) B (4 )~ () Pab(s)
< CUOI 1] + T o 1) (o)

(4.9)
10V )il < C | (H -+ m) ™ b(e) Por(e)]| +2 /0 s (e FE(H + ) s) P )|
< CI IO +CT max (WO 100:(2))
0.V )ll < Cll @) o @)+ CT mase (0(0) 3 10
Therefore .
o[ dse-iH<t-S>|w<s>|2¢<s>H < oTlY (4.10)

and from (4.8), (4.10) and (4.5) one finally finds
IGYllx < 2lollm + CTIWlI% (4.11)
Now let us consider two elements of X', say ¥ and £. As before, integrating by parts
t .
/0 ds e )[4 ()P (s) — |€(5)[*E(s))
= —i(H +m) (RO (r) — [EOFE®) + e (H +m) ™ (ol Yo — §]*S0)

m(H+m)‘1/ ds e =) (gh(5) P (s) — €(s)PE(5))
0 (4.12)

+ 22'(H+m)_1/0 ds e (|4(5) D51 (s) — 1€ (5) P D& (5))

+i(H +m)™! /0 ds e =) (4 (5)000(s) — €2(5)DsE(5))
=VI)+ (VI + (VIII) + (IX) + (X),
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Now,

VDl =lllv®)Pe@) —1E@OPEDI < C(Ilw@IF +IEDONE) [¥#) — @)l
< C(I001% + llElz) v — €l
I(VIDla < O (Ill% +lIEI%) ¥ — €llx

VIl < m /0dse_iH(t_s)(W(S)?/_)(S)—52(8)5(8))

‘ < OT (191 + 1€12) 1 — €]l

1IX) <2 H [ s D (0 90.066) - €5)0.805)
1Kl < OT(I% + €131 —

‘ < CT(WIZ + €)Y — €]l

(4.13)

Then,

/0dse_iH(t_s)(W(S)Iz?/)(S)—|£(8)|2£(8)) < CT(ll% + Izl — €l (4.14)

‘ H

Moreover,

10V Dilla < ClllE PO — [EO PRI + 020 (1) — EBRED)]
< Ol + €131 — €llx
19:VIDM < Ol + €13 - €l
18:VIIDL < CURI% + IEI3N — €lle + CTAI + €Y — €llx w1

18:(IX): | < C\\\w(t)\zatw(t)—!S(t)!20t€(t)H+C/0 ds ||[v(s)*0st(s) — €(5) "0t ()l

< CT(ll% + lIEZ) N — €l
10:X)ell < CT(Iel% + €131 — €l

Then,

O / ds e M=) (g (5) 4 (s) — [€(s)[%E(s))
0

‘ < CT(ll% + €% 1Y — €llx (4.16)

From (4.14) and (4.16)

1GY — GEllae < CT([0IF + €13 IY — €llx (4.17)

Let us fix M := 4||¢yg|| gz and consider the ball of radius M in the space X', namely

Yi={v e, [[¢|x <M} (4.18)

Obviously, Y is a complete metric space with the norm induced by X. From (4.11) and (4.17) one
has that

M
|G x <5+ CTM?

|Gy — GE|lx < OM>T||p — €| x

(4.19)
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If one chooses T = (2CM?)~!, then G is a contraction in ). By Banach-Caccioppoli’s contraction
lemma we immediately obtain the well-posedness of the problem (1.2) in D(H). The blow-up alter-
native follows from the fact that the size of the interval of existence of the solution is a function of
the H-norm of the solution.
The theorem is proven.

O

Remark 4.2. Actually, existence and uniqueness hold in the space C([0,T), D(H)), as appears from
the fact that the time derivative of any solution in such space must belong to C([0,T), L?(R)).

Corollary 4.3 (Local existence and uniqueness for strong solutions). Let H be any s.a.e. for the
operator Hy defined in (2.1), (2.2). Then, for any g € D(H) there exists T € (0,+00) s.t. the
initial value problem
{200 = o0+ APV 30)
P(O0) = Yo '

has a unique solution v € C([0,T), D(H)) N C*([0,T), L*(R)).

Proof. The solution of the integral equation (1.2), whose existence has been shown in theorem 4.1,
solves (4.20) too. O

Proposition 4.4 (Conservation laws for strong solutions). For any solution ¢ € C([0,T), D(H)) to
the problem (1.2) the following conservation laws hold at any time t in the interval [0,T):

@ = llvoll (4.21)
El()] = €l (4.22)
where the energy functional is defined as
A
ElY] = B(Y) + §H¢II3 (4.23)

and B is the quadratic form associated to the operator H.

Proof. Let 1o be an element of D(H), and (t) the solution to (4.20) at time ¢.
The conservation law for the L?-norm can be immediately obtained recalling that

Qllp@)I* = 2Re (¥(1), (1))

and applying (4.20).
For the conservation of energy, first we prove that for any ¢ € (0,7) the quantity (¢(t), Hy(t))
is differentiable and

Op((t), Hip(t)) = 2Re (Op(t), Hi(t)) (4.24)

Indeed, exploiting self-adjointness of H one easily finds

(Yt +h), H(t + h)) — (), HY(t))
h

(D00 gy (o, A= 0)

(4.25)
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In order to prove (4.24) one needs only to show that

fllin% Hy(t+ h) = Hiy(t) (4.26)
in the strong L? sense. To this aim, one notices that, after some algebra, integrating by parts yields
t+h
;[ dse o) Puts)
¢
= — it 4+ h) Pt + h) + ie™T (1) P (t) (4.27)
t+h ' t+h ' .
+ 21’/ ds e 3 |0(s) |2 Oph(s) + z/ ds 5% (5) 0y (s)
¢ t

and taking the strong limit term by term one easily sees that the sum in the r.h.s. goes to zero. This
proves (4.26) and thus, by (4.25), equality (4.24) is proven.

Then,
O ((t), Hy(t) = —2XIm (| (6)[(t), He (1)) (4.28)
On the other hand,
O (1), [ Pe(1) = a(w?(t),v*(t) = 4AIm (j9(t)[*(t), Hy (1)) (4.29)
By (4.28) and (4.29) conservation of energy is proven. O

Now we use the conservation laws to prove that strong solutions are global in time.

Proposition 4.5 (Eternity of strong solutions). Any solution to (1.2) with 1o € D(H) is global in
t.

Proof. We treat the case of H = Hyy with b # 0 (see definition (2.3)). All other cases can be treated
in the same way.

Using standard techniques one can prove that for any )y there exists a maximal time T*(¢g) of
existence for the solution 1 (t) to the initial value problem (4.20). We prove that T* (1) is infinite.
If not, by the blow-up alternative, one should have

lim t = 400 4.30
dm s (4:30)

On the other hand integration by parts yields

(H + m) /0 ds €= =) 3y 5) Pap(s)

t
— i|p(&)[Pb(t) + ie™ o *ho + m /0 ds e =)y ()| 2p(s) (4.31)

+ 2 / ds e HE=9)|4h(5) 2050 (s) + i / ds e =942 (5)0,1)(s)
0 0

Then,

| [ asemetuo ot

H

< @3l @1 + NIz l12oll +m/0 ds [l ()12 0 (s)ll (4.32)
+3/0 d8\|¢(8)\|§o\|H¢(S)II+3IA|/0 ds || ()% M1 (s) P (s) |
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Using conservation of energy, conservation of L?-norm, and inequality (3.15) first with p = oo and
then with p = 4 one easily finds that, for any ¢ < T* (1)),

Elo] = E@®)] = ll¢' O —2M (%o l)ll¢' ()] (4.33)
where ¢(t) is the regular part of ¥(t) (see (2.19)) and

A

1
M([[ol)) = 5C b (lal + ld] + 2)[voll + = Cillol* (4.34)
Therefore, from (4.33) one obtains
'@ < 2M(|[oll) + V/E[wo], for any t < T*(¢o) (4.35)
and then, by (3.15) with p = oo one has
)3 < 2CIollIM (Ivoll) + VER]] = K(wo), for any t < T*(to). (4.36)
From (4.32) one then has
| [ asem oot
0 H
t t
< &) @+ mollnl +3 [ aso) +30) [ aslpePeel] @)

< K*(3o) [(2 +t(m + 3|ALK? (1)) 2ol +3/0 ds IIT/)(S)IIH] :

Therefore,

WOl < ol + INE> (o) [(2+t<m+3rArK2<wo>>>uwou+3 / dsuzp(swﬂ]. (4.38)

Then, by a Gronwall-type estimate one obtains

m
[v@)a < (IlwollH+2IAIK2(1/)0)H¢0H+§H¢o\|+IAIK2(¢0)II%II) S o, (4.39)
then ,
limsup |[Y(t)||lg < C(h)edMNE"WIT W) 4 g (4.40)
t—T*(o)—0

that contradicts the blow-up alternative and then the finiteness of 7*(1)y). The proof is complete. [

5 Global well-posedness in ()

In this section we prove the global well-posedness for the problem (1.2), provided that the operator
H is as.a.e. of Hy (see (2.1), (2.2)) with energy domain equal to @ (see proposition 2.3). The other
cases will be treated in the next section.

Lemma 5.1. For any function ¢ € Q,

lFvlle < Clivlig (5-1)
Furthermore, for any couple of functions 1,12 € Q the following estimate holds:
101 — [2Palle < C([eallg + lv2lig) v — v2llo (5.2)
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Proof. By (3.16) ¢ is a bounded function, then |1|*¢ is in L?. Exploiting decomposition ¢ = ¢ + ¢$§
given in (2.19), we obtain an analogous decomposition for |¢|>, namely

€
WPy =n+ "y

where

P94 al6? — 015 + 20 — (O]

i =16%(0) +2qr¢><0>12 + ‘Q’Tq

n =¢l°¢ +q¢*= + lq
(5.3)

To show that 7/ € L? we first notice that 7 is continuous, since the coefficient of € appearing in the
first equality in (5.3) vanishes at the origin. Now let us consider the first term in the definition (5.3)
of 7. It can be rewritten as ¢%¢. Its a-derivative consists of two terms: we analyse only one of them,
for instance q%’. To show that it belongs to L?, we estimate the factor ¢? by its L>-norm, so we
are left with the L?-norm of 5,, which is finite. Then we obtain

1081 < 121 < Cllul:

The L?-norm of the other terms in 1’ can be estimated similarly: indeed, each term consists of three
factors, and it turns out that one of such factors is in L?, while the two others can be estimated by
their L*°-norm. Using remark 3.5 one finally obtains

Il < Clvl: (5.4)
Now we estimate the Q-norm of |11]?11 — |12]?12. We have
i1 Pn — 2Pvalle < I Pobr — [l 42 ]l + Iy — m3 (5:5)

where 7; denotes the regular part of |1;|?1;. For estimating the first term in the r.h.s of (5.5) we
add and subtract the terms [¢1]%1 and |¢)2]?¢;. By triangular inequality,

P91 — [Pl < (IenlZ + l¥nllolltballos + 142112, [t — 42|
< C(Ilnllze + vall) lltn — 2l (5.6)

Now we estimate ||} — n,||. By formula (5.3) we have
7y = 72l
— —
¢ (I061261) — (6aPéa) + 1433 — G341 + >0} — laal0%)

Hal(ef = ¢1(0)el — B0(63 — ¢30)el'll + llar[(91]* = [61(0)*)e]" — ga[(|d2]* — [¢2(0)[*)e)'[])
= (H)+UD)+{UI)+{IV)+ (V) (5.7)

IN

To estimate term (I) we rewrite it as

(I¢1°¢1)" — (|2l d2)’
= 2 [@51@5/1 (¢1 — @2) + D10o(d) — dh) + Prpa(1 — ¢2)] ‘1‘5/1((251 ¢3) + ¢2(¢ ¢2) (5.8)
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Then

(D) < 2(I61llooll @t + lp2llo 651l + 121 161 + Bollo) 161 — P2llc0 + 2/ 61115 + Id2l3) ) — 5l

(5.9)
Inequality (3.14) implies
[¢1 — d2llc < Cllvn — 12l (5.10)
Then, by (3.14), (5.9), (5.10)
(1) < C(Ilnllgy + 192011 = Y2l (5.11)
Terms (I1),(I1I),(IV),(V) are estimated similarly using (3.13), (3.14) and (5.10), and the proof is
complete. O

Proposition 5.2 (Equivalence of energy norms). The energy space norms defined in (2.25) and
(2.23) are equivalent.

Proof. We give the proof for the case at point 4. in the proposition (2.3). The others are simpler
and can be treated the same way. So the energy space coincides with () and the expression of the
form is given by (2.17).

Denoting by ¢ the regular part of ¢ and defining

CoIbl2(lal + |d| + 1)2>

m

A := max <1,

where the constant C, was given in (3.15), one has

AllYls = B(w) + CX b7 (lal + |d| + 1)

@11 = Coolbl = (lal + |d| + D' [l + CZ 1617 (|lal + |d] + 1)*[[]|* (5.12)

1 _
5 (161 + Clpl=*(lal + [d] + D*[[¢]*) = el

>
>

>

where ¢ := min(3, 20| 72C2 (|a| + |d| + 1)?).
On the other hand,

1l < 16117 + Coolb| = (lal + ld] + DI Il + mlpl* < CllllE (5.13)

where C := max(1,m) + 3|b| *Cso(|a| + |d| + 1).
So we showed the existence of A,¢,C > 0 s.t. CA_1||1[)H22 < |lvl% < C’||1/)||22 and the proof is
complete. O

Lemma 5.3. Let H be a s.a.e. of Hy (see (2.1), (2.2)), and X be the related energy space (see
proposition 2.3). Then, for any vy € X,t € R,

e aollx < Clivollx (5.14)

where the constant C depends on 1o and H, but not on t.
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Proof. As in the previous proof, we treat the case at point 4. in proposition 2.3 only, the others
being easier. Since b # 0, the domain of the form B associated to the operator H coincides with Q).
Besides, the value of the form is conserved by the linear flow, namely

B(%) = B(T/)O)

where we used the notation ¢ = e~ *4),. Then, from equation (2.21) and the unitary character of
the propagator e~ in L?(R), denoting by ¢; the regular part of 1; one has

1B(o)l = il = Coclbl ™ (la] + |d] + )| &}l %o] (5.15)

where the constant C, was defined in (3.15).
From (5.15) one immediately has

letl* < Cl1B(o)l (5.16)
where C' depends on |al, |b], |d|, and ||1)g]| only.
Conversely,
1B(wo)l < llgol® + 61 (lal + |d] + Dligolllvoll < Cllvlly (5.17)
Then, from (5.17) and (5.15) one immediately has
6] < Cllvolle
and, since ||¢¢|| = ||1o]|, the proof is complete. O

Now we can prove the well-posedness for the local Cauchy problem in the form domain of the
s.a.e. H, provided that it coincides with the space Q.

Theorem 5.4 (Local existence and uniqueness for weak solutions in Q). Let H be a s.a.e. of ﬁo
(see (2.1), (2.2)) whose corresponding quadratic form has domain Q.

Then, for any vy € Q there exists T € (0,+00) such that the integral equation (1.2) has a unique
solution ¢ € C([0,T),Q).

Proof. Given 1y € (Q we consider the Banach space
Y:={Y€Q. [¢llg <2C|lole}

where C' is the constant appearing in (5.14).
We define the operator I acting on L>°([0,71],)), with T to be specified:

(T)(t) := e M apg — i /0 ds e ()24 (s). (5.18)

By lemmas 5.1, 5.3 R
IT)®)lle < Cllvollg + CTI¢N G q0.17,x) (5.19)
and for any 1,2 € L>([0,T],Q)

ICe) () — i) Olle < CT(lr 2oy + 2l 3oy, 0) 01 — 2l (o71.0) (5:20)

From (5.19), (5.20) it follows that for T = (9C’C~’2H¢0Hé)_l, I is a contraction of L*°([0,7],)),
then there exists a unique solution of equation (1.2) in L*([0,T7],)).
By a one-step bootstrap in (1.2) it is immediately seen that the solution actually belongs to

co([0,7],Y). O
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Now we give a simple lemma in order to immediately prove a corollary on well-posedness. Yet
the lemma proves useful for showing the conservation laws too.

Lemma 5.5. The function t — eft)(t) is differentiable both as a function in L? and in Q, and
dreMap(t) = —ire™u(t)*y(t) (5.21)
Proof. Indeed,

At [ T sy )P s) s — (o) o)

t+h ) )
<[\ / ds ([ 4 () Pap(s) — € s (1) P (8)| (
¢ 5.22)

h
§|A||h|_1/0 ds ™[t + 5) P (t + 5) — T () Py ()|

h
+MHh\_1/O ds | e ()P (t) — ) Pe(e)|

The first term can be estimated using continuity in time of the solution v, the second by the continuity
of the propagator e **. Notice that the norm can be understood either in L? or in Q. ]

Corollary 5.6. The local solution in Q to the problem (1.2) lies in the space C([0,T],Q)NC([0,T), Q).

Proof. Consider a function £ € D(H). One then has

(@(t),E)arq = 0(W(t).€) = A y(t), e ™€)

’ (5.23)
= (=A@ Pe(1), &) + B((1),€)
where we used formula (5.21).
Then
{0 (t), E)aral < INIw@®IBIIEN+ Cle@llelille, (5.24)
so Oy (t) belongs to @*. Furthermore, the correspondence t — 9y1)(t) is continuous in @* due to the
continuity of ¢ — v (t) in @ and to estimate (5.24). O

Remark 5.7 (Blow-up alternative). Since the size T of the time interval where the solution exists
depends on the )-norm of the solution only, one obtains the following alternative: either the solution
is global in time, or there exists T* < oo such that

m (@)l = oo

5.1 Conservation laws and global existence

As for the usual nonlinear Schrédinger equation, the main conserved quantities are the L?-norm and
the energy of the solution.

Proposition 5.8 (Conservation of the L:norm). For any solution ¢ € C([0,T),Q) to the problem
(1.2), the following conservation law holds:

W@l = vl for any t €[0,T). (5.25)

23



Proof. Using (5.21) one immediately finds

B((t), () = Bu(eha(t), e p(t)) = 2Re(e™ (1), By (1))
=2Im(e™y(t), M () Py(1) = 2Am(y(t), [P(1)*$(t) = 0

Proposition 5.9 (Conservation of the energy for solutions in Q). For any solution ¢ € C([0,T),Q)
to the problem (1.2) the conservation of energy (4.23) holds.

Proof. Let T* be the maximal time of existence of 1. Due to the density of D(H) in @, there exists
a sequence 1, € D(H) that converges to 1y in ). We prove that time evolution propagates the
convergence in @) at any time T € (0,7%).

Indeed, denoted by 1, (t) the solution to (1.2) with initial data g, one immediately has

D) = a(t) = e (o — o) - M/O ds e ) (g () P(s) — [1hn(5)]*tn(s)) (5.27)
Then, using (5.14) and (5.2) we have
t
[9(t) = n(Bllq < Cllvo —vonle + C/O ds (|l ()G + l[dn ()G (5) = ¥n(s)l@  (5.28)
From (4.35) we know that ||¢,,(s)|lg is bounded uniformly in s and n. Notice that ||1(s)| o must be

bounded for s in (0,7") too, otherwise the blow-up alternative would prevent the solution from being
extended up to 7. Therefore, there exists Cp > 0 such that, by (5.28),

146~ ba(ile. < Cln = vuallo +Cr [ dss) ~ (sl (5.29
and then, by standard Gronwall’s inequality,
() = du®)lle < Ce o —donllq, Yte[0,T). (5.30)
Then, we have that
lim ¢,(t) = (t), in the topology of @, for any t € [0,T). (5.31)

n—oo

Since the energy functional is continuous in (), and exploiting conservation of the energy for solutions
in H, we get
EWW] = lim Ep(] = lim Efna] = El (5.32)

n—oo

and the proposition is proven. O

Proposition 5.10 (Eternity of solutions in Q). Any solution of (1.2) with vy € Q is global in t.

Proof. 1t suffices to proceed further with the previous proof. The energy conservation (5.32) implies
inequality (4.35). Therefore, the quantity ||¢(t)||g can be estimated uniformly in ¢ € (0,7*). There-
fore, by continuity of time evolution in @, [|¢¥(T7*)||g is bounded, and so the blow-up alternative
implies T* = 4o0. O

Remark 5.11. All proofs in this section can be extended to any s.a.e. H of ];AIO whose energy domain
is Qo, Qo+, Qo— or Qi the only condition is the stability of the energy domain under the action of
the cubic nonlinearity.
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6 Global well-posedness in (),

In this section we prove the well-posedness for the problem (1.2) in the form domain @, of a
hamiltonian operator H defined by boundary conditions (2.3) with b = 0.

When dealing with such s.a. extensions the main problem lies in the fact that the boundary
condition that defines Q. is not stable under the action of the nonlinearity, therefore the simple
proof given for the well-posedness in ) cannot be extended to this case and a more careful analysis
is required.

As already pointed out, if @ = 41 then the proof for the problem in @ holds for this case too.

In order to cover all other cases we shall use the “integrated by parts” form of the Duhamel
formula. To that purpose we need to extend the action of the resolvent of H from L?(R) to the
whole space Q*.

6.1 Extension of the resolvent to Q)*

We start by extending the resolvent of the free Laplacian to H~1(R).

Definition 6.1. Let Hy be the s.a.e. of Hy (see (2.1), (2.2)), defined on H2(R). For any z €
C\(—00,0] denote by Ro(z) the resolvent operator (Hy + z)~*, acting on L*(R).
We define the extended free resolvent Ry(z) as follows. Given f € Q*,

1f1()
k242

Ro(2)f = (6.1)

where, according to (2.40), f1 is the H~‘-component of f, fl is its Fourier transform as a Schwartz
distribution, and F~1 denotes the inverse Fourier transform in the same space.
Remark 6.2. We point out that:

o for any f € Q*, Ro(2)f € H'(R);

o ]5;0(2) is not invertible, indeed its kernel coincides with the subspace of Q* generated by 6(0+) —
5(0—). However, its restriction on H™'(R) is invertible;

. éo(z) is bounded as an operator from Q* to H'(R).
Indeed,

1Ro()f 2y < C / L) Dok < e (6.2)

As a second step we extend to Q* the resolvent of the s.a.e. of ﬁo with Dirichlet boundary
condition at zero.

Definition 6.3. Let Hyo be the s.a.e. of Hy (see (2.1), (2.2)), whose domain Dp contains all
functions in H?(R) wvanishing at = 0. For any z € C\(—o00,0] denote by Rp(z) the resolvent
operator (Ho + 2z)~1 acting on L*(R).

We define the action of the extended resolvent ED(Z) on f € Q* as follows:

Rp(2)f = Ro(z )f—7< ©*) o .Q (6.3)

where the functions ©* were introduced in section 1.1.
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Remark 6.4. Notice that:
e Rp(2)f = Rp(2)f if f € L*(R).
e Rp(z) is a continuous linear map from Q* to HY (R).

Indeed, from continuity of Ro(z) and continuity of the second term in the definition (6.3) of
Ry(z), we have that Rp(z) is continuous from Q* to H'(R). Now, fix f € Q* and consider a
sequence f, € L?(R) N Q* that converges to f in the topology of Q*. Obviously, Rp fa(0) =0,
and by continuity Rp fn converges to Rp f in H'(R). But this implies pointwise convergence,
then Rpf(0) =

e Decomposing f as in (2.34) one immediately has
R = R - o*.0- 6.4
p(2)f 0(2) fo 2\/E<f0’(‘0 )Q*.Q (6.4)

e From (6.4), N N
Rp(2)f = Rp(?)/fo.

Now we can extend to @* the resolvent of any s.a.e. of flo.

Definition 6.5. Let H be any s.a.e. of flo. For any z in the resolvent set of H we define the
extended resolvent R(z) as follows:

=~ — Brls 1k (2)
R(z)f = Rp(2)f +j7k:i NE

where the coefficients o and 3 were defined in (2.34), the function @3 in (1.4), and the parameters
1k (2) give the difference between the ordinary resolvent operators R(z) — Rp(z) according to Krein’s
formula (see [3], chapter 7, section 84).

05 (f, P o.Q (6.5)

Remark 6.6. As in the previously discussed cases,
o R(2)f =(H +2)"(2)f if f € LA(R).
e it is easily seen that é(z) is a continuous linear map from Q* to Q;

e by decomposition (2.34), one has

R(z)f == Rp()fo+ > Fik

k=%

2\[ cp](fo,cpi—cpk ot gz Zﬂj-i- )% + \ﬁﬁ;ujv—@)%
(6.6)

Remark 6.7. Applying Krein’s theory one easily verifies that, if H is a hamiltonian operator defined
by the boundary condition (2.3) with b = 0,a # +1, then the action of its extended resolvent is
represented by the integral kernel

- - 1

Rw,a,c(zax7y)f = RD(vaay)f + (CL2 + 1)\/;_‘_ ac
+waly (x)0_(y)e VeV + Gab_(z)0, (y)eV?Te V3 4+ 0_(2)0_(y)eV* eV

(6.7)

|20, ()0, (y)e™VZre Vo

where the functions ¢3 were explicitly written.
Moreover,
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e for any f € Q*, we find Ew,w(z)f € Qua. To prove it, we just notice that for any f € Q*

~ 1
Rw,a,c(z)f(0+) = (CL2 T 1)\/2 T ac [a2<f> (pj—>Q*,Q + wa(fa sz—>Q*,Q]

Renel)0-) = o [Ball. @)oo + (2% )a-al

(6.8)

Then the correct boundary condition is fulfilled;

e R, .a,c(2) is not invertible, since its kernel coincides with the subspace of Q* generated by
0(0+) — wad(0—). However, its restriction to QF,, is invertible;

® Ry .q.c(2) is bounded as an operator from Q* to Quq.

6.2 Proof of the well-posedeness

Before proving the well-posedness for the problem (1.2) in the space QF
continuity of R(m) one immediately has the following lemma:

*a> We notice that, by using

Lemma 6.8. Let f be a map in C°([0,T),Q) N C’l([O,T),Q;), with v, p € C. Then,

o MTTER(m)f (1) = i’ TN () + T R(m)O, (1), (6.9)
where H is any s.a.e. of ﬁo and the derivative of f is to be understood in Q.

Then formula (4.6) can be generalized to
t
[ dse o))
0

= —iR(m)[ (1) Py (1) +i€_th§(m)|¢o|27/)o—I—mé(m)/o ds e M= |y (s) () (6.10)

+ 2iR(m) / t ds e =) 4(5) 2050 (s) + iR(m) / t ds e =) ()01 (s).
0 0

We finally prove global well-posedness in Q).

Theorem 6.9 (Existence and uniqueness for global solutions in Q). Let H be any self-adjoint
extension of the operator Hy (see (2.1), (2.2)), defined by the boundary conditions (2.3) with b= 0,
a # x1. Let its energy domain be denoted by Qq.

Then, for any vy € Qua the equation (1.2) has a unique solution 1 € C([0,400),Qua) N
CH([0,+00),Q%,). Moreover, for the solution the conservation laws of L*-norm and of energy

Bua(¥(t)) + A/2¥(t)|] hold.
Proof. We define Z := C([0,T), Qus) N CY([0,T),Q%,) and show that the map

O : Z — Z,

v e Mgy i [ ds eI, (6.11)
0

where Z, is a closed ball of radius r (to be chosen) in Z, is a contraction, at least for small values of
T.
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The proof of the first estimate of interest closely follows the line of the proof of the bound (4.8)
in theorem 4.1. Some more care is required in the estimate of the two last term of (6.10). We show
how to proceed considering the second-last term.

By continuity of R(m) : Q¥ 1 — Quq one gets

IBm)[o ()P0 ()llo.. < Cllv@®Po®lq: - (6.12)

Furthermore, approximating d;(t) by a sequence in L? and using continuity it is clear that the
multiplication by [ (t)|? is to be understood by duality, therefore

ORI, O0r 0. = @b, [0(OPE) oz, gue (6.13)
where £ is an element of @, ,-1.
Hence,
@ Po@)llgr —, < IeOI%I8w ez, < Clv@I,, 10w q:, (6.14)
Then, B
IR(m)[(6) o (t)lgua < Cllv®)lIG,, 10 (1)llgs, (6.15)

Now we estimate the time derivative of ©(t) as a functional on Q. First, we define it in the
usual way: given ¢ € Quq

(O9(1), O)Qt0.Qua = (O9(1), ().
Then,

<at®¢(t)7 <>QLa,Qwa = at(@w(t)v C) = Z/\(|7/)(75)|27/)(75)7 C) + Bwa(¢(t)7 C)
< OIS, 1< Qua
where we exploited formula (5.21), with e/7'©q)(t) replacing e’ !+ (t) in the Lh.s.. The proof proceeds

as in theorem 4.1 so we omit repeating it.
We can conclude

(6.16)

le¢lz < Cllvollgu. + CTlvllz (6.17)

For the proof of the Lipschitz condition we first consider the C([0,7T), Qo) norm. The situation
is analogous to the one discussed in the proof of the analogous point in theorem (4.1). More care
is needed to treat the analogues of terms (IX) and (X) in that proof. We show how to proceed for
term analogous to (IX), the other being very akin.

@)oo (t) —1EDPaED @, < @I — [E@Plllde®lqs, + 1EDIG,, 10w () — 96)qy,
and then
101 — ©&llc(0,1),Qua) = Al Hﬁ(m)/ovds e =9 (|op(s)[ 051 (5) — |€(3)[20sE(5))

< CT(IlIZ + lIElZ) v — €l

C([0,T),Qua)

(6.18)

The Lipschitz bound in the norm C*([0,7), Z) is easily obtained applying formula (6.16). So we
have

10y — ¢z < CT(|vlIZ + lIE1Z) v — £l = (6.19)
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Mimicking the proof of theorem 4.1 from formula (4.17) to the end we prove that © is a contraction
when restricted to a suitable ball centered at the origin and a suitable time interval [0,7'/2]. Since
both the size of the ball and T depend on ||¢y||q,, only, we have the blow-up alternative.

Conservation of the L?-norm and of the energy, and therefore the global character of the solution,
can be proved following the line used for the analogous issues for solutions in ). The only delicate
point arises when proving the conservation of the energy. Indeed, the persistence of a boundary
condition in the definition of the energy domain prevents one from directly generalizing (5.30) to
Qua- We sketch the necessary modifications to the proof of proposition 5.9: first, as in the case of
@, one approximates the initial data 1 by a sequence vy, in D(H); second, denoted by 1, the
solution to (1.2) with initial data vy ,, and using that ¢ (t) lies in Q),q4, one proves, proceeding as in
proposition 5.9, that

[0() = a®)|| < Ce“TT |lhg — tbonll, Vte€[0,T); (6.20)

for any T in the existence interval of 1». Therefore 1,,(t) converges to 1 (¢) uniformly in L?(R); third,
integrating by parts in the Duhamel’s formula (see (6.10)) one gets

t
160000l < € (0 = wollqs + s 1) = o] +C [ ds 10.6(6) - 255,

telo,
(6.21)
Finally, using (6.20) and Gronwall’s inequality again one has that 1, (t) converges to 1(t) in Quq-
Then, by continuity of energy in (.., the proof is complete.
O

Remark 6.10. The well-posedness result holds in the space C([0,+0), Qus) too. Indeed, from
(5.23), (5.24) we immediately obtain that any solution in such space has a time derivative in Q.
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