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ON THE CAUCHY PROBLEM AND THE BLACK SOLITONS OF A
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Abstract. We consider the one-dimensional Gross—Pitaevskii equation perturbed by a Dirac
potential. Using a fine analysis of the properties of the linear propagator, we study the well-posedness
of the Cauchy problem in the energy space of functions with modulus 1 at infinity. Then we show
the persistence of the stationary black soliton of the unperturbed problem as a solution. We also
prove the existence of another branch of nontrivial stationary waves. Depending on the attractive or
repulsive nature of the Dirac perturbation and of the type of stationary solutions, we prove orbital
stability via a variational approach, or linear instability via a bifurcation argument.
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1. Introduction. We consider the one-dimensional singularly perturbed Gross—
Pitaevskii equation

(1) iy + Uge — you + (1 — |u|*)u =0,
with the boundary condition
(2) lu(t,z)| = 1, as |z| — 4oo.

Here, u : R x R — C, v € R, § is the Dirac distribution at 0, and the indices denote
the derivatives.

The Gross—Pitaevskii equation is a defocusing nonlinear Schrédinger equation
with nonstandard boundary conditions. It has numerous applications in physics, in
particular in nonlinear optics and for Bose-Einstein condensates. Since we assume
that |u| — 1 at infinity, a rich nonlinear dynamics is possible. In particular, there
exist solutions of (1) that are either stationary or propagating a fixed profile: the dark
and gray solitons.

Perturbations of nonlinear Schrédinger equations with one or more Dirac distri-
butions appear in different contexts in physics and mathematics.

In nonlinear optics, when polarization of light and birefringence are taken into
account in the modeling of optical fibers, the resulting model is a system of coupled
nonlinear Schrodinger equations; see [8]. In the study of the soliton-soliton collisions
(see, e.g., [25, 43]), if one of the components is very narrow, then its effect on the
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other via the coupling can be approximated by the Dirac distribution (see [18] and
the references therein). The mathematical phenomena related to the interaction of a
soliton with the Dirac perturbation have been studied in depth, first in the ground-
laying work by Goodman, Holmes, and Weinstein [36] and then in a series of papers
by Datchev, Holmer, Marzuola, and/or Zworski [24, 40, 41, 42].

Dirac distributions also naturally appear for nonlinear Schrédinger equations on
graphs. The motivation comes from nanotechnology where networks of quantum
wires are modeled by nonlinear Schrédinger equations on graphs with the Laplacian
on the edges and Kirchoff transmission conditions at the vertices. The equation (1)
constitutes the simplest example of a nonlinear Schrédinger equation posed on a graph
consisting of only one vertex and two edges. An introduction to nonlinear Schrédinger
equations on graphs is provided by Noja in [48].

The mathematical study of singularly perturbed nonlinear Schrédinger equations
started only a few years ago and is currently in very active development. Several
lines of investigation have been followed. Omne problem is to understand the effect
of the perturbation on the dispersive nature of the equation. Outstanding progress
has been made recently in this direction by Banica and Ignat [11, 12]. Another
challenge is to analyze the solitons and their stability. After the pioneering work
of Fukuizumi et al. [27, 28, 45], the analysis of solitons for nonlinear Schrodinger
equations on graphs has tremendously developed under the impulsion of Adami et
al. [1, 2, 3, 4, 5, 6]. Surprising phenomena appear, e.g., bistability in the recent work
of Genoud, Malomed, and Weishéupl [31]. Let us mention also the recent study of
the scattering problem by Banica and Visciglia [13].

To the best of our knowledge, our work is the first in which the singularly per-
turbed Gross—Pitaevskii equation (1) with the nonstandard boundary conditions (2)
is considered. We are interested in the Cauchy problem for (1) and by the existence
and stability of stationary solutions. As detailed below, two main difficulties arise.
First, due to the nonstandard boundary conditions, the natural energy space is not a
vector space, and we have to entirely rethink the strategy to solve the Cauchy prob-
lem. Second, the presence of the Dirac perturbation generates subtle modifications
on the stationary solutions of the equation; thus its treatment requires a fine analysis,
in particular for the spectral part of the study.

Before presenting our results, we give some preliminaries on the structure of (1).
At least formally, we have the conservation of the energy E. defined by

1 ¥ 1
By () = 51 + JP + [ (1= )P do.

where ’ denotes the derivative with respect to the variable . Then the equation (1)
can be rewritten in the Hamiltonian form

iuy = OE(u).
This energy is defined in the energy space
E:={veHL(R): v € L*R), (1—[v]*) € L*R)}.
Unfortunately £ is not a vector space, and this yields several difficulties in the analysis.

We will endow £ with the structure of a complete metric space. Several choices are
possible for the distance (see, e.g., the discussion in [33]). In this work, we have used
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the two distances dy and d., defined as follows. For u,v € £ we set

(3) dofu,v) = [[u’ = 2 + [u(0) = v(O)| + |Jul® = 0P|

Lz’

2 2
(4) oo (1,0) = ' = 0/l 2 + [[u = vl g + [ Jul® = Jol?|

L2’
The size of u in £ will be measured with the quantity

1 1
(5) Julg = Bo(u) = 3 [l/[[72 + 5 / (1~ |uf*)? de.
R

Note that we have used Ej instead of £, in the definition of |u|. because the Dirac
perturbation is not encoded in the energy space. Notice, moreover, that E.(u) may
be negative when ~ is negative.

1.1. The Cauchy problem. Our first main result concerns the well-posedness
of the Cauchy problem for (1) in the energy space £.

A lot of research has been devoted in recent decades to the study of the Cauchy
problem for various dispersive PDEs, and one would expect that a classical-looking
equation like (1) is already covered by existing results. This is, however, not the
case, as most of the works on dispersive PDEs deal with well-posedness in vector
function spaces for localized or periodic functions. Because of the condition |u| — 1
at infinity, (1) does not fall into that category, and the Cauchy theory for nonvector
function spaces like & is still in its early stages of development (see, e.g., [29, 33, 34]).
Another difficulty arising when dealing specifically with (1) is the effect of the Dirac
perturbation, which causes a loss of regularity at = 0 for the solution.

Our result is the following.

THEOREM 1.1 (the Cauchy problem). Let v € R. Then for any ug € & the
problem (1) has a unique, global, continuous (for ds and hence dgy) solution v : R — &
with w(0) = ug. Moreover, the following properties are satisfied.

(i) Energy conservation: For allt € R we have

B, (u(t)) = By (uo).

(ii) Continuity with respect to the initial condition: For R > 0 and T > 0 there
exists C > 0 such that for up, g € € with |ug|lg < R and |l < R the
corresponding solutions u and U satisfy

Vi e (=T, T), doo(u(t),u(t)) < Cdos(uo, to).

The proof of Theorem 1.1 is based on a fixed point argument. Several steps are
necessary.

A main task is to acquire a good understanding of the linear propagation. We
denote by H., the unbounded self-adjoint operator rigorously defined from the formal
expression —d,, + 7d (see subsection 2.2):

d2
H,y — —@,
D(H,) = {ue H'(R)NH*(R\ {0}) : v/(0F) —u/(07) =~u(0)} .

Note that H, differs from the usual second order derivative operator only by the jump
condition:

(6) O,u(0T) — 9,u(07) = yu(0).
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We start by giving an explicit characterization of the linear group e~ *#~. Precisely,
we decompose the linear group e~ in a regular part containing the free propagator
e~ Ho and a singular part I'(¢):

efitH.Y — efitHo +F(t),

and we give an explicit expression for the kernel of T'(¢).

As expected, the treatment of the free linear evolution does not cause any trouble,
and the tricky part is dealing with I'(¢). In particular, when v < 0, the kernel of T'(t)
is rather hard to handle, and we have to find a clever way to decompose it into
two parts that are treatable separately (see the decomposition in Lemma 3.2). This
decomposition is crucially involved in the rest of the study of the linear evolution.
Whereas the explicit formula for the kernel was previously derived in the literature,
the decomposition lemma is a new tool to deal with the propagator e *~.

With the explicit formula for the kernel of the propagator and the decomposition
lemma at our disposal, we are equipped for the study of the propagator e~*H~. We
first prove that it defines a continuous map on H!(R). It is clear if v = 0 since
Hy = —0,, commutes with derivatives, but it is no longer the case when v # 0. Then
we extend e~"H~ to a map on the energy space €. This map will inherit most of the
nice properties of the unitary group on L?(R). Finally, we prove that for ug € £ the
map t — e~ vy — g is continuous with values in H'(R). In other words, it sends
functions with nonzero boundary data at infinity to localized functions. That is a
central point in our analysis.

After the study of the linear propagator, we are ready to tackle the analysis of
the Cauchy problem. We rewrite the problem (1) in terms of a Duhamel formula, to
which we will apply Banach fixed point theorem to prove the local well-posedness.

The last step consists in proving the conservation of the energy. As usual (see,
e.g., [19]), we first consider a dense subset of more regular initial data, for which (1)
has a strong solution. However, the singular nature of the Dirac perturbation prevents
us from working with functions regular at 0. Thus, we have constructed the space
X,% of functions which have locally the H?(R) regularity and satisfy at 0 the jump
condition (6) generated by the Dirac perturbation. We prove the conservation of the
energy for such an initial condition ug and then, by density, for any ug € £. Global
existence is then a consequence of energy conservation.

1.2. The black solitons. When v = 0, (1) admits traveling waves, i.e., solutions
of the form k.(z—ct). In this case, a traveling wave of finite energy either is a constant
of modulus 1 or, for |¢| < V/2 and up to phase shifts or translations, has a nontrivial
profile given by an explicit formula.

The nontrivial traveling waves have been the subject of a thorough investigation
in recent years. When ¢ # 0, they are often called gray solitons, a terminology which
stems from nonlinear optics (such solitons appear gray in the experiments). For ¢ # 0,
orbital stability was proved via the Grillakis—Shatah—Strauss theory [38, 39] by Lin
[46] and later revisited by Béthuel, Gravejat, and Saut [14] via the variational method
introduced by Cazenave and Lions [20]. When ¢ = 0, the traveling wave becomes a
stationary wave and is now called a black soliton. The study of orbital stability
is much trickier when ¢ = 0, due to the fact that the solution vanishes, and it is
no longer possible to make use of the so-called hydrodynamical formulation of the
Gross—Pitaevskii equation (see, e.g., [14] for details). Nevertheless, orbital stability
of the black soliton was proved via variational methods by Béthuel et al. [15] and via
the inverse scattering transform by Gérard and Zhang [35] (see also [26] for an earlier
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result and numerical simulations). Recently, Béthuel, Gravejat, and Smets proved the
orbital stability of a chain of solitons of the Gross—Pitaevskii equation [16] as well as
asymptotic stability of the gray solitons [17] and of the black soliton [37]. Existence
and stability of traveling waves with a nonzero background for equations of type (1)
with a general nonlinearity were also studied by Chiron [22, 23].

When ~ # 0, the Dirac perturbation breaks the translation invariance, and trav-
eling waves no longer exist. However, stationary solutions u (¢, x) = u(z) solving the
ordinary differential equation

(7) W = ybu+ (1= JuP)u =0

are still expected. In fact, the black soliton kg is still a solution to (1) when v # 0,
and other branches of nontrivial solutions bifurcate from the constants of modulus 1.
Precisely (see Proposition 5.1) the set of finite-energy solutions to (7) is

{ew/{,ewbﬁ, NS ]R} if v >0,
{emn, eieby, ewl;,y NS R} if v <0,

where (see also Figure 1)

e o= tan (52 ) (o) =t (1) b )i o (122

for ¢y = % sinh_l(faﬁ). This existence result is obtained using ordinary differ-

ential equations techniques. The analysis of (7) is classical when v = 0, and the
difficulty when « # 0 is in dealing with the jump condition (6) induced by the Dirac
perturbation.

Fic. 1. Top left: The stationary state Kk = Ko = tanh(%). Top right: The stationary state
by (z) = coth(m%), ~v = —1. Bottom: The stationary state b for v = —1 and v = 1.

The next step in the study of stationary solutions to (1) is to understand their
stability. To this aim, and when possible, we give a variational characterization of
the stationary solutions. When v = 0, the traveling waves can be characterized as
minimizers of the energy on a fixed momentum constraint. This is a nontrivial result
due to difficulties in the definition of the momentum (see [14, 15]). We will show in
our next result that, depending on the sign of -y, either l~)7 or by can be characterized as
minimizers. The minimization problem turns out to be simpler than when v = 0, and
the stationary solutions are in fact global minimizers of the energy without constraint.

The minimization result is the following.
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PROPOSITION 1.2 (variational characterization). Let v € R\ {0}. Then we have
my = inf{E,(v) :v € £} > —o0.
Moreover the infimum is achieved at solutions to (7). Precisely, define
G, ={vel, E,(v)=m,}.

Then the following assertions hold.
(i) If v > 0, then G, = {e"b,,0 € R}.
(i) Ify <0, then G, = {€%b,,0 € R}.
In addition, any minimizing sequence (u,) C € such that E,(u,) — m., verifies, up
to a subsequence,
do(un, g,y) — 0.

In the cases covered by Proposition 1.2, stability will be a corollary of the vari-
ational characterization of the stationary states as global minimizers of the energy.
Let us recall that we say that the set G, C & is stable if for any € > 0 there exists
0 > 0 such that for any ug € £ with

dO(“ng"/) < 57
the solution u of (1) with u(0) = ug is global and verifies

sup do(u(t),G,) <e.
teR
When the stationary solutions are not minimizers of the energy, we expect them
to all be unstable. In this paper, we treat the case v > 0, and we show that x is
linearly unstable.
Linear instability means that the operator arising in the linearization of (1) around
Kk (see, e.g., [21]) admits an eigenvalue with negative real part. Precisely, consider the
linearization of (1) around the kink stationary solution k(z). For u solution of (1) we
write u = k + 1. The perturbation 7 verifies

(8) e+ L+ N(n) =0,
where the linear and nonlinear parts are given by

Ly = —i(Ogan — ¥6n + (1 — £*)n — 25> Re(n)),
N(n) = —i(=26Re(n)n — [n|*(x +n)).

The kink « is said to be linearly unstable if 0 is an unstable solution of the linear
equation

9)

ne + Ln = 0.

This is particularly the case if L has an eigenvalue A with Re(A\) < 0. Indeed, such
an eigenvalue generates an exponential growth for the corresponding solution of the
linear problem. It is expected that this linear exponential growth translates into
nonlinear instability, as in the theory of Grillakis, Shatah, and Strauss [39]; see [32]
for a rigorous proof in the case of a nonlinear Schrédinger equation.

The stability /instability result is the following.

THEOREM 1.3 (stability /instability). The following assertions hold.
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(i) (Stability) Let v # 0. Then the set G, is stable under the flow of (1).
(ii) (Instability) Let v > 0. Then the kink s is linearly unstable.

Remark 1.4. In the stability result, a solution starting close to a stationary wave
will always remain close, up to a phase parameter which may vary in time. This type
of stability is usually called orbital stability (see [20] for an early result on orbital
stability and [19, Chapter 8] for a discussion of the orbital nature of stability).

Remark 1.5. It is interesting to note that if we define m. 1aqa (resp., My 0da) to
be the minimum of E.,(v) with v € £, v even (resp., odd), then for any v € R we have

g’y,rad = {U S 57’1) even, E’Y(U) = m'y,rad} = {ewbv7 Qe R} if v> O7
g’y,rad = {'U S g,’U even, E’Y(U) = m’y,rad} = {eiggA” Qe R} if v < 07
g'Y’Odd = {U €&v Odd?E"/(v) = mw,odd} = {6iaf€,€ S R}

In particular, the kink « is always stable with respect to odd perturbations.

Remark 1.6. Perturbations measured in dy allow for overall phase changes. An
interesting question is whether a single minimizer can be stable against a class of
more localized perturbations (without phase change). In [35], orbital stability of
the kink was obtained without phase change for a class of polynomially decreasing
perturbations. However, their method does not apply in our setting.

As already said, part (i) (stability) in Theorem 1.3 is a corollary of Proposition 1.2.
The proof of part (ii) (instability) of Theorem 1.3 relies on a perturbative analysis
partly inspired by [45]. We first convert L into a new operator £ by separating the
real and imaginary parts. The operator L is of the form

0 L7
=i v
L0

where L7 and L7 are self-adjoint operators whose spectra are well known when v = 0.
Then we use the continuity of these spectra with respect to v to obtain information on
the general case. For instance, 0 is a simple and isolated eigenvalue of Lg. For v # 0,
|v] < 1, this eigenvalue moves on one side or the other of the real line, depending
on the sign of «v. Then we show that when v # 0 the kernel is always trivial, which
implies that the number of negative eigenvalues is constant for v € (—o00,0) and for
v € (0,400). With this kind of information on the spectrum of L}, we can prove
that £ has a real negative eigenvalue, which is also an eigenvalue for L.

The rest of the paper is organized as follows. In section 2 we analyze the structure
of the functional spaces involved in the analysis—in particular the energy space &.
Section 3 is devoted to the study of the linear propagator. This provides the necessary
tools to prove the well-posedness of the Cauchy problem in section 4. In section 5 we
prove the existence and variational characterizations of the stationary solutions, and
we analyze their stability /instability in section 6.

Notation 1.7. The space L?(R) will be endowed with the real scalar product
(u,v) 2 =7?e/ uvdz.
R

The homogeneous Sobolev space H L(R) is defined by

H'(R) = {uec H.L (R) : u' € L?}.
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Given an operator L, we denote by L* its adjoint. As usual, S = S(R) will denote
the Schwartz space of rapidly decreasing functions. We denote by C§°(R) the set of
C*® functions from R to C with compact support. For x € R, we use the Japanese

bracket to denote
(z) = 1+ [z[%

2. Functional spaces.

2.1. The energy space. In this section we give the basic properties of the
energy space £. Some of the properties presented are already known (see, e.g., [34]),
but here we give statements adapted to our needs.

Recall that we have defined two distances do, doo in (3)—(4) and || in (5). These
endow & with structures of complete metric spaces. We will use do, to measure the
continuity of the flow in Theorem 1.1, while dy will be useful for the stability result.

It is clear that for u,v € €& we have dy(u,v) < doo(u,v). On the other hand, dgy
does not control doo. Indeed, if for n € N\ {0} and =z € R we set

|z|
n+ |z|’

Un(z) =1 and v,(x) =@ with ¢, (z) =

then we have ) )
ofutn, on)? = 04132 = 2 [, ——0,

but for all n
doo(unavn) 2 ||u7l - U”HL” =2.

We start by showing that functions in the energy space are in fact continuous,
bounded, and with modulus 1 at infinity. Moreover, the quantities E.(u) and |u|g
are comparable. We will see that the first one is preserved for a solution of (1), and
the second will give the time of existence for the local well-posedness, so the following
result will be crucial to obtain global well-posedness.

LEMMA 2.1. Let u € £. Then u is uniformly continuous and bounded and

lim |u(x)| =1.
Jimfu(e)

Moreover, there exists C' > 0 such that for every u € £ we have
2/3
(10) lull e < OO+ ulZ),
4/3 2
(11) lule”® — O < By (u) < O+ [uff).

Proof. Let uw € €. Since ' € L?(R), u is uniformly continuous. Assume by
contradiction that there exist € > 0 and a sequence (z,,) such that

lim |z,|=+0c0 and |[1- |u(:cn)|2| > €.
n—-+o0o

By uniform continuity there exists § > 0 such that for n € N and z € [z,, — , z,, + J]
we have

11— Ju(z)]?| > %

On the other hand, since (1 — |u|*) € L2(R), we have

Tpn+0
lim (1 — |u[*)?dz = 0.

n—-+oo Tn—0



1068 ISABELLA TANNI, STEFAN LE COZ, AND JULIEN ROYER

This gives a contradiction, and hence |u(z)| — 1 as |z| — oco. Since u is continuous,
we deduce that it is bounded. Now let v = 1 — |u|>. Then v belongs to H*(R), and
we have
2 2
[l S0l 1012 S Tule lull o -

This gives
4 2 2
[ullpee ST+ N0l S 1+ Julg [lull o

and (10) follows. We easily deduce the second inequality of (11). The first one is
clear for v > 0. When v < 0 we write for some C' > 0

2 ]l 2 4/3 2/3 A A
By (w) 2 Julf = 5 ull ey > lulg® (jule® - C) - C.

This concludes the proof. 0

LEMMA 2.2 (continuity of the energy). Let v € R. Then the energy E., is contin-
uous on (€,dy) and hence on (€,ds). More precisely, for R > 0 the functional E, is
Lipschitz continuous on {u € £ : |u|; < R}.

Proof. For A, B € C we have
(12) AP - |BP| = [Re(A ~ B)@+ B))| < |A - BI(2}4] + |4 - B)).
Thus for u,v € £ we have
1By () — B,(0)
S [ =10+ [l = o @P| + [ 11— 1P = 1= o]
5 do(u,v) (1 + |u|5 + do(U,’U))-

Notice that we have used (10) to control |u(0)|. The result follows. O

We now look at the perturbation of a function w in € by a function in H'(R). This
will be used to apply the fixed point theorem in the proof of the local well-posedness.

LEMMA 2.3. The following assertions hold.
(i) Ifue & and w € H'(R), then u +w € &.
(ii) There exists C > 0 such that for u € & and w € H'(R) we have

fu+wle <O (1+[ulg) (1+ wln).

(iii) Let R > 0. There exists Cr > 0 such that for ui,us € €& and wi,wy € H*(R)
with max (|uy g, [us|g, w1 || g1, |well g1 ) < R we have

doo (U1 + Wy, uz +w2) < Cr (doo (U1, u2) + |wi — wall 41) -

Proof. Let u € £ and w € H'(R). We have u+w € H} _(R) and v/ +w’ € L*(R).
Since 1 — |u| € L3(R), u € L*®(R), and w € L* N L>(R), we also have by (10) and
Sobolev embeddings

Hl — |u+w\2‘

2
< 1= 1P|, + 20l Mol e + el ol

2
S 1+ fulg) (1+ Dl ) -

L2
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In particular, 1 — |u + w|*> € L%(R), and (i) and (ii) are proved. Now we consider
R > 0 and uq, ug, w1, wsy as in (iii). We have
[(w1 +w1) = (u2 + w2) | oo < [lur — w2l + [lwr — w2 1

S doo(ur, ug) + [lwy — wal| g1 -

The same applies for the L?(R)-norms of the derivatives. For the last term in do, we
write

< |luaf? = fuaf?|

H\Ul-l-wl\2—|uz+w2|2’ L2+H|w1|2_‘w2|2’

L2 L2

+ 2 lur(@r —w2)| 2 + 2| (ur — u2)wa]| 2 -
The first term is controlled by deo(u1,us). For the second we use (12). For the

third we use (10) to control ||u1||;«. Finally, for the last term we use the fact that
lur — |l 0o < doo(u, uz) (which would not be the case with the distance dy). O

Remark 2.4. For u € & fixed, the map w € H' + u 4+ w € &€ is also continuous
for the metric dy. In other words, the last statement of Lemma 2.3 holds with d
replaced by dy when u; = us.

In order to study the nonlinearity of (1), we set for u € £

F(u)=(1- |u|2)u

LEMMA 2.5 (nonlinear estimates). The function F maps £ into H'(R). More-
over, for R > 0 there exists Cr > 0 such that for u,uy,us € & and w,wy, ws € H'(R)
with

max ([ulg, [uile, [uzlg, W]l g lwill s w2l ) < R,

we have
1 (u+ w)[ g1 < Chr,
|F (ur +w1) = F(uz + w2)l| g1 < Cr(doo(u, uz) + wy — wa ).

Proof. Let u € &. We have (1 —|u|?) € L2(R) (by definition) and u € L>®(R) (by
Lemma 2.1), and so F(u) € L*(R). In addition, we have
(13) F(u) = (1 —2[u*)u — v
Since u? € L*(R) and «’ € L?(R), this proves that F(u)’ € L?(R) and gives the first
statement. By Lemmas 2.1 and 2.3 we have

1P+ w1) = Pluz +w2) |2 < [[lua + wal® = fua 4P| s + ]

—s—Hl—|uz+w2|2H (u1 +w1)—(U2+w2)||Loo

N
SR doo(ur + w1, ug + w2)
Sk doo(ur, uz) + [lwi — w2 g1 -

We proceed similarly for F(uj +w;) — F(ug +ws)’, starting from (13) and using (12)

to estimate
H|’LL1 +w1|2—|u2+w2|2H .
LOO

This concludes the proof. 0
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2.2. Functions with higher regularity. Functions on £ can only be solutions
of (1) in a weak sense. For computations it will be useful to have a dense subset of
functions with higher regularity.

We first give a precise meaning to the expression —d,,u + ydu, which appears in
(1). For u,v € H'(R) we have formally

<_aIfCu + ’)/(5U7 U> = Qy (ua ’U)a

where ¢, is the sesquilinear form defined on H'(R) by
¢y (u,v) = / u'v'dx + yu(0)v(0).
R

This defines a closed form bounded from below on H!(R). Then we can check that
the corresponding self-adjoint operator on L?(R) is given by

H=-a2

on the domain
(14)  D(H,) = {ue H'®)NH*®\{0}) : u/(0*) —'(07) = 7u(0)}

(see Theorem VI.2.1 in [44]). This means that for u € D(H,) we define H,u as the
only L?*(R) function which satisfies (H,u,®) = — (u,¢”) for all ¢ € C5°(R \ {0}).
Notice that H, can also be defined via the approach of self-adjoint extensions (see,
e.g., [10, Theorem 1.3.1.1]).

We remark that functions in C§°(R) do not belong to the domain of H, in general.
For computations in a weak sense, we will use the following space of test functions:

Dy(H,) = {u € D(H,) : supp(u) is compact}.

It will be useful to apply the theory of self-adjoint operators to H. on the Hilbert
space L?(R). However, functions in £ are not in L?(R). Set

x2 = {ue L=®) N A (R) N AR\ {0}) : /(0F) = /(07) = yu(0) } .

Functions in X,? have the same local properties as functions in D(H) (regularity and
jump condition), but the integrability at infinity has been relaxed to include a dense
subset of €.

LEMMA 2.6 (density results). The following assertions hold.
(i) Do(H,) is dense in H'(R).
(i) X2NE is dense in & for the distance dus, and hence for dy.

Proof. Tt follows from a regularization argument by convolution with a mollifier
(see, e.g., [33, Lemma 6]) that X2 is dense in €. Let u € XZ2. For n € N\ {0} and

z € R weset (,(z) =1+ %e‘"zz. We have

(Gn)'(0%) = (Guw)"(07) = u(0) (¢, (07) = ¢;,(07)) = yu(0) = ¥(¢uu)(0).
This proves that (,u € X2. On the other hand,

ln = U —=20, Gl e —— 0, and  [[1-1Gaf?|
n—oo n—oo

— 0,

L2 nm—oo
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and so
doo(u7 Cnu) —_— 07
n—oo
and the second statement is proved. Since H?(R) is dense in H!(R), we similarly
prove that Do(H.,) is dense in H*(R). 0

Formally, we can apply H., to functions in X% . However, to emphasize the fact
that a function u € X% is not necessarily in D(H,), we denote by f{Wu the function
—u" (again, this is the only L?(R) function which coincides with —u” on (0, +0c0)
and (—o00,0); in particular, for ¢ € C§°(R \ {0}) we have <Hyu, d)> = (u,—¢")).
Integrations by parts between functions in X2 and Do(H,,) read as follows: for u € X2
and ¢ € Dy(H,) we have

(Hyu, 0) = (u, Hy).

3. The linear evolution. In this section, we study the propagator associated
to the linear part of (1). We naturally begin in L?(R), and then we extend this
propagator to functions in the energy space £. For the proof of Theorem 1.1 it will
also be useful to prove some results for the linear evolution in H!(R) and X% .

3.1. The linear evolution in LZ(R). In the Hilbert space L?(R), the self-
adjoint operator H., generates a unitary group ¢ — e~ "> € £(L?(R)). In particular,
for ug € D(H.,,) the function u : t — e~ ryq belongs to C(R, L?(R))NC°(R, D(H.,))
and is the unique solution to the problem

Owu(t) +iHu(t) =0 VteR,
u(0) = up.

The purpose of this section is to describe more explicitly the operator e~*H~.

It is known that for ¢ # 0 the kernel Ky(t) of the free propagator e~ is given
by
1 ¢?
Ky(t, () = e ait,
0( C) \/m
As explained in introduction, our purpose is to give an explicit expression for the
kernel of e~y — e=Ho For 2,y € R we set I'(¢t,z,y) =0 if v =0,

“+oo
Tt 2,1) = _%/ e F Ko(t, s + | + [y])ds ity > 0,
0
+oo vls 2t vzl +ly
I(t,z,y) = —% e_‘TlKo(t,s — |z| — |y|)ds + %'ezTe_‘ B if v <0.
0

Then we denote by I'(¢) the operator on the Schwartz space S whose kernel is T'(¢, x, y).
We first observe that I'(¢)* = I'(—t) for all ¢t € R.

PROPOSITION 3.1 (description of the propagator). Let t € R. Then I'(t) extends
to a bounded operator on L*(R), and we have

efitH,Y _ efitHo +F(t)

The kernel of e~#~ was derived for v > 0 in [30, 49, 47]. A more general
perturbation (with ¢ and ¢’ interactions) is considered in [9] (see also [7]). Here we
give a proof for any v € R. The case v < 0 requires particular attention.
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For computations on I'(¢, z,y) when v > 0, we will often use the operators

2itsign(z) 0

L:v tv [l T (s [z + |y) 0z
(t,s,z,y) (s +|z| + |y|) Ox
2itsign(y) 0
15 L Gl ) 9y
(15) vb8 e y) =~ R T D By
2it 9
Ls tv (e T TGl + ) os
(t,s,x,y) (s + |z| + |y|) Os

These three operators leave invariant the function
(ta S, T, y) — Ko(t, s+ ‘$| + |y|)

They will be used in integrations by parts to obtain powers of ¢ and negative powers of
2 and y. Thus we also introduce the formal adjoints of these operators. For instance,
for L, we set

L 0 (sign(y)é(y)
16 L,(t oy 2t — | ——2—= |
Things will be quite different for v < 0 since (s — |z| — |y|) can vanish even if

(s,z,y) # (0,0,0). In this case the following decomposition lemma will be of great
use.

LEMMA 3.2 (decomposition of the kernel). Assume that v < 0. Fort > 0 and
p =0, let g(t,p) be defined by

+oo
e

1
o= (L
dimt J_2p%

(v—i~t)?
T do — 1) .

Then the following assertions hold.
(i) Fort > 0, the operator T' can be decomposed in

D(t) = Ty (t) + Ta(t),

where the operators T'1(t) and T'a(t) have kernels

|z]+]y]

lzltls]
Fl(tvxay):_%/ e
0

Y| 2%t _Ihldel+iuh lz| + |y]
Tyt z,y) = — Ui . ; .
26,2:9) 2" ¢ A 4Vt

(ii) For any T > 0 the function g is bounded on (0,T] x Ry.. Moreover, we have

Iy

|s
2 Ko(t,s — [z] = [yl)ds,

g(t,p) >0 ast— 0, p— +oo.

The interest of the decomposition I' = I'y + I'y is that on the one hand |s — |z| —
lyll > m when s < %ﬂ, so it will be possible to deal with the contributions of
T’y as for I'(¢) in the case v > 0, using operators of the form (15) with (s + |z| + |y|)
replaced by (s — |z| — |y|). On the other hand, Iy will have nice properties given by
the exponential decay in x and y of its kernel.
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Proof of Lemma 3.2. Let x,y € R and ¢t > 0. We have

TOO s (smlel—lyD? ety [T e w2
e 2 e it ds=c¢e 2 e 2 e 4t du
!

z|+|yl _ l=zl+1yl
2 2

i iz [T wmin?
=e'"' 7T e 2 e it de’

_ l=zl+1yl
2

and (i) follows. To prove (ii), we argue as follows. For R > 0, t > 0, and p > 0 we set

2R\[ _ (w—ivt)?
Ir(t, p) / Tt du.
\/4277 Qp\[
For t > 0 and z € C we also set
1 (z—int)?
zZ) = e 4it .
&) =

This defines a holomorphic function on C. Then we have

g(t,p) = e Ve Gim (= I, g(t) + Io,r(t, p) + I3(t, p)),
R—+o00
where for R > 0 we have denoted by I g(t), I2,r(t, p), and I3(t, p) the integrals of f;
along the curves 71 : 0 € [0, ﬂ = 2R\te? yo i 7 € [—p, R] = 2rV/telT = r/4it, and
v3:6 € [0, 5] = —2p\/te', respectively. We have

. T 0 ia4)\2
lim |13 r(?)] lim 2iRV e exp 7(2\/ER€ ' ivt) 50
fimbe Rotoo| Vdimt Jo 4it
S phm % /0 Cexp (—R2sin(20) — [y| RV cos(0) ) do

0.

Using the dominated convergence theorem, we obtain

. o 4it — iyt)?
R1—1>I£oo IQ’R(L P) o RI—IH-IOO \F / < 44t ) dr

\/>/+Ooexp(—r +mf—)d —— 1L

p—>+oo
And finally
ip [T (- 2p\/ e”’fwt )
I3(t,p)| = |—— e ex df
Ts(t,p) | 2 [T (-

exp( 20210 oy [iei iy >‘d6’

—p?sin(26) + |y|pV/t cos(0) ) de.
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At this point we have proved that I3 and hence limg—; +o Ir are bounded uniformly
inte (0,7) and p € [O,po] for any T, po > 0. For p > 1 we write

Bt < 2 / exp (|71 db + - / C o (g sin(260) + Vi) do
—p?sin(2p~3/2
gevx/ffJ( L Vrper e )>’

Ner 1
and hence s
eVt p) ——— 0
e 3( 7p) —too
uniformly in ¢. This concludes the proof. O

Before giving the proof of Proposition 3.1, we state a result about the decay of
I'(t)¢ when ¢ € S. This will be useful when defining T" in the distributional sense (see

(25)).
LEMMA 3.3 (decay estimate). Let ¢ € S and t € R. Then there exists C > 0
which only depends on t and on some seminorm of ¢ in S and such that
-2
[(T(t)e) ()| < C(x) "
Some computations are common to the proofs of Lemma 3.3 and Proposition 3.1.

Proof of Lemma 3.3. Since I'(—t) = T'(t)*, it is enough to prove the result for
t > 0. Fix such a £ > 0, and let ¢ € S. We first observe that I'(t)¢ € L>°(R) with

(17) IT@) el S N1l -
Assume that v > 0, and let © € R\ {0}. After an integration by parts in y, we
obtain

+oo
C6)@) =3 [ [ Koltost lal + DLy (15,20 6(0) dsdy

s Ko(t, s + |z)
. ol o\t
— 2ityp(0 ez —1— 7 (s,
K ()/0 S |l|

where L, (t,s,x)* is similar to L,(t, s,x)* defined in (16). After a similar integration
by parts with respect to s we get

v oo 3
(1)) (2) = —2 / Ko(t,s + [z] + ) L2 (e % L26) () ds dy
/ Kol Jal + )

200 T d
|x| Tl SO(y) dy

(18)

— 2it T Kot ) R
100 [ Kaltos 4 1oz () ds

Kot, |«|)
4yt?p(0) ———5 .
Using the fact that Lj and Lj are both of order ¢ and |#| =1, this proves that

3/2
(CO8) @] S = (SO + [0l ).
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With (17) to control the small values of |z|, this concludes the proof when v > 0.

Now assume that v < 0. We use the decomposition of Lemma 3.2. For I'y we
proceed as above and use that |s— |z|— |y|| > W when s < % The additional
boundary terms given when integrating by parts in s are exponentially small in |z|
since they contain e~"1(zI+1¥D/4 For I'y we have by Lemma 3.2

[l

|(T2()) (@) S e 7 (| e

This concludes the proof in the case v < 0. |

Proof of Proposition 3.1. As above, since I'(—t) = I'(¢)*, it is enough to prove
the result for ¢ > 0. Let ¢ € C°(R\ {0}). For t > 0 we set

u(t) = e Hop + T(t)p € L.
We first show that w is continuous at 0 and satisfies the equation pointwise. For

v >0, (18) now gives
t3/2

[(T®)e)(2)] < ? 1@l s

from which we infer that
(19) lim [T(1)6)] 2 = 0.

Let us prove that (19) also holds if v < 0. We proceed similarly as when v > 0
for the contribution of I';. For the contribution of I'y we consider ¢y > 0 such that
ly| = 4t(1)/4 for all y € supp ¢. Then for ¢t € (0,ty], z € R, and y € supp(¢) we have
%ﬂ}l{y‘ > t~1/% so thanks to Lemma 3.2 we have I's(t)¢ — 0 in L?(R) as t — 0. In

particular, we have u(t) — ¢ as t — 0 in L*(R).
The map ug : (¢t,z) — (e~ "Hog)(z) is smooth on (0, 4+00) x R and satisfies

Using differentiation under the integral sign and straightforward computations, we
can check that the map ur : (t,z) — (I'(t)$)(x) is smooth on (0, +00) x R\ {0} with

(10 + Oz )ur =0 on (0,+00) x R\ {0}.

This implies that the same holds for u.
We claim that for all ¢ € (0, 4+00) the following jump condition is verified:

(20) Opu(t,07) — Opu(t,07) = yu(t,0).

Let us make the computations to prove (20) in the case v > 0, the case 7 < 0 being
similar. We first remark that for the unperturbed part we have

(21) (D™ 0 8)(0F) — (Dpe™ "0 9)(07) = 0.
For the singular part, we have

(0:T (1)) (0%) = / 0, (£,0%, 4)(y)dy

Heo _s S+
/ / e S W g 4 s 4 y)o(y)dsdy.
RJO

N2

-7 2t
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Therefore,
@L(18)(07) - @TW6)07) =~ | / 52 s 4 i otdsdy
We recognize that 0,Ko(t,s + |y|) = Ql‘t LKy (t,s + |y|), so after an integration by

parts in s we obtain

(.T(1)8)(07) — (B:T(1)6) (0
“+o0
—V/Kot\lﬂ y)dy — 71 // “F Ko(t, s + |yl)éy)dsdy
e~ )(0) + A(I(£)6)(0) = yu(t, 0).

Combined with (21), this proves (20).
We now identify e~"v¢ with u(t). Let 1o € C§°(R\ {0}) C D(H,) and ¢ :
(t,z) > (e ®Hrehg)(z). For t # 0 we have

—(u(t), (1)) 2 = (we(1), 9 (1)) — (u(t), iH\(1))
)+ (u(t), itz (t))
(it (£, 0F) + it (£,07)) (£, 0) + iu(t, 0) (%(t,m) —wz(t,O*)>)

Since the map t — (u(t),¥(t)),- is continuous at ¢ = 0 this proves that for all t € R
we have

(" ru(t), Yo) = (u(), v (1)) = (6, v0)
Since C§°(R \ {0}) is dense in L?(R), we obtain

"hu(t) = ¢,

and hence '
u(t) = e~y g,
Since e~ is continuous on L?(R), this concludes the proof. |
Remark 3.4. With Proposition 3.1 and Lemma 3.3 we obtain that for ¢ € S and

t € R we have
e~ ()] S ()7

3.2. The linear evolution in H'(R). Having identified the propagator e~
on L?(R), we now describe its action on H!(R). The situation here is quite different
from the case v = 0, where it follows from the semigroup theory that e~ defines
an isometry on H!(R). We nevertheless can prove the following result.

itH,

PROPOSITION 3.5 (action of the propagator on H!(R)). The following assertions
hold.
(i) Let w € HY(R). Then e~w € HY(R) for all t € R and the map t
e~y is continuous on R.
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(ii) Let T > 0. Then there exists C > 0 such that for all w € H'(R) and
t € [-T,T) we have
™ ]| < Cllw]l g -
Proposition 3.5 is a direct consequence of the description of the propagator
e~y = ¢tHo 1 T'(t) given in Proposition 3.1, the fact that the result is already
known if v = 0, and the following result.

LEMMA 3.6 (action of I' on H*(R)). Let T > 0. There exists C > 0 such that for
t € [-T,T] and w € H'(R) we have T'(t)w € H'(R) and

IT@wllgr < Cllwllg -
Moreover, the map t — T'(t)w is continuous from R to H'(R).

Proof. Let ¢ € C§°(R). By Proposition 3.1 we know that the map t — I'(t)¢ =
e~y g — e~itHog is continuous from R to L2(R) with |T(£)¢|l;. < 2|4 2. Let
t € Rand z € R\ {0}. Since (z,y) — K (¢, z,y) can be seen as a function of |z| + |y,
we have

(T(H)) (z) = / 8,T(t,2,4)9(y) dy = sign(x) / 8, (¢, z. ) sign(y)d(y) dy

(22) = —sign(x)(T(t)(sign(y)¢')) () — 2sign(x)L(t, z,0)¢(0).

By continuity of I'(t) in L?(R) we obtain that the first term defines a function in
L*(R) of size not greater than 2 ||¢'[|;. and is continuous with respect to ¢.

The rest of the proof is devoted to the treatment of the second term in (22). Since
|6(0)] < 14l 1, it is enough to prove that ¢t — I'(¢,-,0) is continuous from [0, +00) to
L?(R) (the continuity on R will follow by duality).

First assume that v > 0. For ¢ > 0, x € R\ {0}, and 8 > 0 we get after an
integration by parts with L4(¢, s, x,0)

oA R
f/ e~ 2 Ko(t,s + |x|) ds
B

2
vt _ a8 . oo (e_és>
= — ¢ 2 Ky(t,f+ + 1yt Ko(t,s + Os | —— | ds,
are gt FHo Bl it [ Kott s+ s () o
and hence
6 Vit
23 L(t,z,0)| < —=+ .
(23) (0| S 2+ o

Applied with 8 = 1 for |z|] < 1 and 8 = 0 for |z| > 1, this proves that I'(¢,-,0)
belongs to L?(R) for ¢ > 0 fixed. Moreover, the map ¢ + I'(¢,z,0) is continuous on
(0,400) for all z € R and (23) is uniform for ¢ in a compact subset of (0,+0c0). By
the dominated convergence theorem we obtain that ¢ — T'(¢,-,0) is continuous from
(0, +00) to L*(R). It remains to prove that |T'(¢,-,0)|| ;> goes to 0 as ¢ goes to 0. For
t > 0 we write

(24) IT(t, - 0)[132 = /

| Kﬁr(t,x,on?d“/ IT(t, z,0))” da.

lz| >Vt
In these two integrals we apply (23) with 3 = v/t and 3 = 0, respectively. This gives

1
HF(t,-,O)H22<\/YE+t 7dl’<\/i—>0.
L2 ~ 2 ~
2> VE |2 t—0
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This proves the result for v > 0.

Now assume that v < 0. We use the decomposition of Lemma 3.2. We can
check that I'y (¢, , 0) satisfies (23) (the additional boundary term for the integration
by parts is harmless), and so we conclude as above for the contribution of I'y. For 'y
we use the exponential decay to see that t — T's(¢, -, 0) is continuous from (0, +00) to
L?(R). For the continuity at ¢ = 0 we write

ITa(t, -, 0)]12 = / Tat, 2,02 do + / ICa(t, 2, 0)[2 da.
|| <t/ || >t1/4

The first term goes to 0 since I's(¢, x, y) is uniformly bounded, and for the second we
use the fact that for |z| > t'/4 we have g(t,|2|/(4Vt)) — 0 (see Lemma 3.2). This
concludes the proof. 0

3.3. The linear evolution in £. In this paragraph we extend I'(¢) and hence
e~ "5 to maps on &.

We first recall that for u € H'(R) (and in particular for u € £) there exists C' > 0
such that for almost all x € R we have

lu(@)] < C(z)? .
Let ¢ € R. Thanks to Lemma 3.3 we can define a temperate distribution I'(t)u by
(25) Vo € SR), (T(t)u,d)s s = (u,T(~t)¢).

Then we can similarly extend e~#*H+. For u € H(R), the distribution T, (t)u is
defined by
Vo € S(R), (T,(t)u,¢) = (u,eg).

Of course, if u € H*(R), we have T, (t)u = e~ "~y € L2(R). As for H., we choose a
different notation to emphasize the difference between the propagator e **+ defined
on L?(R) by the usual theory of self-adjoint operators and the distribution 7% (t)
defined by duality. It will appear in what follows that T (¢) enjoys in fact most of the
properties of e~ #Hx .

The following result describes the action of T'(t) on functions of H'(R).

LEMMA 3.7 (action of I on H'(R)). Let T > 0. There exists C > 0 such that for

€ [-T,T) and u € H'(R) we have D(t)u € H'(R) and

IC@ull i < € (I'll2 + [w(O))

Moreover, the map t + T'(t)u is continuous from R to H'(R).

Proof. We first assume that u vanishes on [—1,1]. With calculations similar to
those in the proof of Lemma 3.6 we see that for ¢t > 0 and ¢ € C§°(R \ {0}) we have

O o) = =Re [ [ u(@)0,Pt,2.)50) dy d
(26) = —Re// x) sign(z)0,T(t, z, y) sign(y)o(y) dy dz

= (D(t)(sign(x)u’), sign(y)¢) -

Since I'(¢) is continuous on L?*(R), this proves that ¢ — (I'(t)u)’ defines a continuous
map from R to L?(R) and
1T @)l < Nl -
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Now assume that v > 0. After an integration by parts with the operator L,
defined in (15), we see that (u,'(—t)¢) = Re(A1(t) + Aa(t)), where

T u'(z)sign(z) _ae _
= e” T Kot ds dyd
" /// s+|a;|+|y| 2 Ko(t,s + |z + |y)o(y) ds dy dx

and

0 ufa) 5 _
=it — 3¢ 2 Ko(t,s+ ||+ dsdydzx.
! /]R/]R/o (s + || + [y])? o |z[ + [y])o(y) ds dy

With another integration by parts with L,, we obtain

o/ (@) |6(y)] -
@) || <P / / dydz <152 || o 6] o
|z|>1 JyeRr |£U| + |y‘ g g

The term As(t) is estimated similarly using the Hardy inequality:

u
O] g < )

In all the integrals given by these two integrations by parts we can apply the continuity
theorem under the integral sign to see that ¢t — T'(¢)u is continuous on (0, +o00). We
also see in (27) and the analogous estimate for A, that ||['(t)u| ;. goes to 0 when ¢
goes to 0. Thus the result is proved for v > 0 and u vanishing in [—1, 1].

For the case v < 0 we use the decomposition of Lemma 3.2. For I'y we proceed as
in the case v > 0, and for I'; we use the exponential decay given by Lemma 3.2 and
the Hardy inequality. Thus we have proved the proposition if w vanishes on [—1,1].

Finally, we consider the case of a generic u. Let x € C§°(R, [0, 1]) be supported in
(—2,2) and equal to 1 on [~1,1]. For u € H*(R) we have yu € H'(R), and (1 — x)u
vanishes on [-1,1], and so with Lemma 3.6 we obtain that ¢ — I'(¢)xu + I'(£)(1 — x)u
is continuous from R to H'(R). Moreover, for T > 0 fixed and t € [~T,T] we have

IT@ullgs S Ixwll g + 1= 2)w) 2 S 1 llpe + lullpoe 2,2y S I1u/llp2 + [u(0)]-
This concludes the proof. 0
Now we deduce from Lemma 3.7 the properties of the map t — T, (t).

PROPOSITION 3.8 (properties of the propagator T (t)). Let ug € €. The following

assertions hold.

(i) For allt € R the distribution T (t)uy belongs to &.

ii) For s,t € R we have T(s) o T (t) =Ty(s+t) on &.

iii) The map t — T (t)ug — uo is continuous from R to H'(R).

iv) The map t — T, (t)ug is continuous from R to E.

v) Let R > 0 and T > 0. Then there exists Cr > 0 such that for ug € & with
lugle < R and t € [=T,T] we have

—~

(
(

1T (#)uo = uoll g1 < Cr-

>0 and T > 0. Then there exists C > 0 such that for ug, g € € with
< R and E(tg) < R we have

sup  doo (T (t)uo, Ty (t) o) < Cdoo(uo, o).
te[—T,T)
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Proof. We first deal with the unperturbed part of the evolution. The map
t— TO(t)UO — Ug

is continuous from R to H!(R). Indeed, as was proved in [34], it is a consequence of
the formulation in Fourier variables:

To(t)uo — up = F (e“‘glzﬁo - ﬁo)

i€ _ it)e® _ 1~
=F ! ((_Zf)e |€2| 1(_i§)ﬁ0> =F! ((_Zf)e |€2| 1u/0> :

Then, thanks to Proposition 3.1 and Lemma 3.7, the same holds for
t—= T, (t)uo —up = e oy — ug 4+ T(t)ug.

With Lemma 2.3, this proves (i), (iii), and (iv). Statement (ii) is then clear by duality.
For the last two statements, (v) and (vi), we use again the fact that they hold if v = 0.
The contribution of I'(¢) is controlled by Lemmas 2.3 and 3.7. ad

3.4. The linear evolution in X,f The map t — e *Hvy is continuous for any

u € L*(R) and is differentiable for v € D(H.). We expect that the map t — T, (¢)uo,

continuous when ug € &, similarly enjoys better properties when ug € X,%.

PROPOSITION 3.9 (linear evolution in X?). Let t € R and u € X2. Then the
following properties hold.
(i) Ty(t)u e X2.
(i) H,T,(t)u = e~ [ u.
(iii) We have

¢
T,(u=u-— z/ e [ uds.
0

In particular, the map t — T, (t)u is differentiable on R and for all t € R we
have

T = —ie” " [ u € L*(R).

Proof. For t € R we set v(t) = T, (t)u. By Proposition 3.8 we have v(t) —u €
HY(R), and so v(t) € L®°(R) N H'(R). We can write v(t) = vo(t) + vr(t) with
vo(t) = To(t)u and vp(t) =T'(t)u. Let ¢ € C3°(R\ {0}). We have on the one hand

<’UO,¢”> — <'U,, eitH0¢//> — <u’ (eitHg¢)//> - _ <u/7 (eitHg¢)/>
_ <ull,€itHO¢> + Re ((ul(0+) . 'Ll//<07)) (efitHoa) (0))
= (u", "¢} +yRe (u(0) (e *H0$)(0)) .
With the same kind of computation as in (26) (except that w no longer vanishes on

a neighborhood of 0; see also the proof of Lemma 3.6 in this case), we have on the
other hand

(or, 8"} = (D(t)(sign(2)u’), sign(y)e) + 2Re (w(0) (N(1)(sign (1)) (0))
= (D(t)u",6) + Re (7u(0) (T(1)8) (0) + 20(0) (T(t) (sign(1)8)) (0) ) .
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If v > 0, we have

O30 =3 [ [ ¥ Kolt.s-+ o) sen()8 ) s dy
i / / ¢ E DKo (t, s + [y)o(y) ds dy
=1 [ s ar+ (3)° [ [ e Rotos + bl dsay
-7 / Ko(y)(y) dy - g(mw)(m,

and so finally
<U7§25N> — <u//7eitH7¢> )

We obtain the same result if ¥ < 0, and, finally, we have v” € L?(R) in both cases.
Now let ¢4+ € S be supported in R%. We have similarly

(oot =43 i [ [ Kot +

2 R—+oo
ingrfoo/ / Lt z,y)o+(y )dwdy>

Now assume that the sequence (¢) of Schwartz functions supported in R%L is an
approximation of the Dirac distribution. Then at the limit when n goes to infinity in
this equality we get

v (0F) = i%v(O).

Since v} (0%) — v{(0~) = 0, this finally proves that

v'(07) = v'(07) = yv(0),
which concludes the proof of the first statement. Then I:L,Tv(t)u is well defined, and
the second statement follows by duality (against functions in C§°(R \ {0}) and the

fact that e~*H+ and H, commute.
It remains to prove the last claim. For t € R we set

t
v(t) =Ty (t)u —u+ z/ e_iSH"HA,u ds.
0

This defines a continuous function from R to L?(R). Let ¢ € R and ¢¢ € Do(H,). We
have

t
(v(t),vo) = <U eZtH”/Jo — g — Z/O eiSH”Hvz/’o d8> =0.

By density of Do(H.,) in L?(R) we obtain that v(t) = 0 on R. Then, since the map
5 eIty ﬁ,yu belongs to C°(R, L?(R)), the last property is proved. d
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4. The Cauchy problem. This section is devoted to the proof of Theorem 1.1.
We first prove that for any uy € £ the equation (1) has a unique solution with
u(0) = ug. Then we study (1) and the conservation of energy in Xg. By density we
obtain the conservation of energy and then the global existence.

We first recall explicitly what is called a solution of (1).

DEFINITION 4.1 (solution of (1)). Let ug € € and T € (0,+o0]. We say that
u: (=T,T) = & is a solution of (1) with u(0) = ug if the following properties are
satisfied.
(i) The function u is continuous from (=T, T) to (€,d) (and hence to (€,dy)).
(ii) We have u(0) = uyg.
(iii) For v € S(R) we have in the sense of distributions in (=T,T)

i% (u(t), v) = (Dpu(t), Dyv) — yu(t, 0)v(0) + (F(u(t)),v) = 0.

4.1. Local well-posedness in the energy space. In this section we prove the
local well-posedness result of (1) with initial condition in £. As usual for nonlinear
problems, it is convenient to write it in Duhamel form.

PROPOSITION 4.2 (Duhamel formula). Let ug € € and u € CO((=T,T),E) for
some T € (0,4+00]. Then u is a solution of (1) with uw(0) = ug if and only if

(28) w(t) =Ty (t)uo +i /O e =) Hy py(s)) ds

T (t)up + i /O =I5 Byt — 5)) ds.

Proof. Since we are dealing with functions in £, which is not a vector space, we
have to be careful and check that the ideas of the standard proof indeed transfer to
our current setting.

We first assume that w is a solution of (1). For ¢t € (—=T,T) we set

a(t) = Ty(—t)u(t) — i/o e P(u(s)) ds.

By Proposition 3.8, the first term of the right-hand side defines a continuous func-
tion from (—7T,T) to (£,ds). By Lemma 2.5 and Proposition 3.5, the second term
is of class C! with values in H!(R), so by Lemma 2.3 the function @ belongs to
CO(=T,T),E). Then for v € C(R\ {0}) we have in the sense of distributions

d
7 (a(t),v) dt = 0.

We deduce that @ is constant (with respect to t), and hence w is indeed as given by
(28).

Conversely, we have to check that a continuous solution of (28) is a solution of (1)
in the sense of Definition 4.1. The first property holds by assumption, and the second
is clear. By Lemma 2.6, we can find a sequence (ug »)nen of functions in €N X,% such
that deo(to,n,uo) goes to 0. We can also find a sequence of continuous functions (F,)
from (=T, T) to Do(H.,) such that F, tends to (Fou)in LS ((=T1,T), H'(R)). Then
forn e Nand ¢t € (=T,T) we set

t
Un (t) = Ty (t)g  + i /0 e = B (s ds.
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Then, by Proposition 3.9, the function u,, belongs to C’O((T, T),S)7 is differentiable
with dyu, € C°((T,T), L*(R)), and for v € S(R)

i% (tn, v) = <I~{7un, v> (B (), 0) = (Dgtin, Dyt + Yaun (£, 0)0(0) — (Fy(t), v).

Now for ¢ € C§°(—T,T) we multiply this equality by ¢(¢), take the integral over
t € (=T,T), perform a partial integration on the left-hand side, and take the limit
n — 0o to conclude. a0

Now we can prove the local well-posedness of (1) and the continuity with respect
to the initial condition.

PROPOSITION 4.3 (local well-posedness). Let R > 0. Then there exists T > 0
such that for all ug € &€ with |ug|lg < R the problem (1) has a unique solution w :
(=T,T) — & with u(0) = ug. Moreover, there exists Cr > 0 such that for ug, @y € €
with |uplg < R and |tg|gz < R the corresponding solutions u and @ satisfy

Vi€ (=T,T), de(u(t),a(t)) < Crdo(uo, o).

Proof. Let ug € €&, T > 0, and w € C°((=T,T), H*(R)). By Propositions 3.5
and 3.8 and Lemmas 2.3 and 2.5 the function

S e*i(t*S)H”F(w(s) + Ty (s)uo)

belongs to CO((=T,T), H'(R)) for all t € (=T, T). Thus we can set
t

(29) Dy (W) 1t — z/ e_i(t_S)HWF(w(s) + T, (s)uo) ds.
0

This also defines a function in C°((—=T,T), H*(R)).
Given u € C°((~T,T),€), the equality (28) is then equivalent to
(30) w = P74, (w),
where we have set
(31) w = u(t) — Ty (t)uo.

Our purpose is to use the fixed point theorem to prove that (30) has a unique solution
in a suitable space.
Let R > 0 be greater than |ug|z. For T' > 0 we set

Wr(T) = {w € C°(-T,T), H'(R)) : [[w®)||;n < RVt e (-T,T)}.

By Lemma 2.3 and Proposition 3.8 there exists R which only depends on R such
that for w € Wr(T) and s € (=T, T) we have

lw(s) + Ty (s)uolg < R.

Then, by Propositions 3.5 and 3.8 and Lemma 2.5 we have for all T' > 0 and ¢ €
(_T7 T)

1P7uo (W) (D) gr ST sup  ||F(w(s) + Ty (s)uo) || ST
se(=T,T)
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This proves that if T > 0 is small enough, then we have

||q)T77J«O (w)”Loo((fT’T)}Hl) < R

We similarly prove that for 7' > 0 small enough we have

- 1 _
(32) 7o (W) — Prug (w>||Loc((_T,T),H1) < ) [|w — wHLm((—T,T),Hl) :

In particular, for T' > 0 small enough, &7, is a contraction of Wg(T'). Now let such
a T be fixed. By the fixed point theorem there exists a solution w € Wg(T) of (30),
which gives a solution u of (1) with u(0) = ug. Conversely, if u is such a solution on
(=T,T) for some T > 0, then w given by (31) belongs to Wg(T') for R large enough.
We deduce uniqueness.

Finally, we prove the continuity of u(t) with respect to ug. Let ug, g € & and
R > 0 be such that |ug|g < R and |tg|e < R. Let w,@w € Wr(T) be the fixed points
for ®p ., and P71 4,, respectively, ' > 0 being chosen small enough. As for (32) we
see that for 7' > 0 smaller if necessary we have

[Jw — IEHLoc((,T’T),HU = [|®7,u0 (W) — P, (w)”Loo((_T,T),Hl)

1 - .
S 3 (doo(uoauo) + lw - w||L°°((—T,T),H1)) ;

and hence

llw =Wl oo (7,7, 11y S doo (w0, Uo).-

With (31) and Proposition 3.8, we obtain that for all ¢ € (=7,T) we have

doo (u(t), a(t)) S doo(uo, Uo),

and the proposition is proved. 0
From Proposition 4.3 we deduce the following result.

COROLLARY 4.4. Let ug € €. Then the problem (1) has a unique mazimal solu-
tion u with w(0) = wg, defined on (=T_,T4) for some Ty € (0,400]. Moreover, if
Ty < 400, then

ult)le 7 oo

Proof. Let ug € €, and let u be the unique maximal solution of (1) with u(0) = wy,
defined on (—7_, T ). Assume by contradiction that T’y < +oo and there exists R > 0
such that for every n € N there exists ¢, € (T} — 1/n,T) with |u(t,)|s < R. Let T
be the time of existence given by Proposition 4.3, and let n be such that ¢,, +7 > T}.
By Proposition 4.3, u exists on (t, — T,t, + T). However, since t, + T > T}, we
have a contradiction with the maximality of 7'y. The same reasoning works with 7_.
Therefore, if T < +00, then

t) e —
[ult)le o +o0,

which is the desired result. O



A SINGULARLY PERTURBED GROSS-PITAEVSKII EQUATION 1085

4.2. Conservation of energy and global existence. In order to prove the
conservation of the energy, we need a solution of (1) in a strong sense. This is the
case when the initial condition is in X,%.

PROPOSITION 4.5 (local well-posedness at high regularity). Let up € £ N Xg,
and let u be the mazimal solution of (1) with uw(0) = wg, as given by Corollary 4.4.
Let (=T_,T4) be the interval of definition of u, with Ty € (0,4+o00]. Then for all

€ (=T-,Ty), u(t) € X2, u is differentiable with ,u € C°((T-, Ty ), L*(R)) and for
allt € (=T_,T) we have

(33) dru(t) = —iH u(t) + iF(u(t)).

Proof. Let R > 0. We prove that there exists T > 0 such that for all ug € € ﬂX?/
with |ugle < R and | H, ugllr2ry < R the maximal solution u of (1) is at least
defined on ( T, T), belongs to X2 for all t € (=T-,Ty), and is differentiable with
u € CO((-T.T), L*(R)).

Let T > 0 and R > 0. We denote by
the space CO((—T,T), H'(R)) N C*((-T, T)7
te(-T,7),

(T) the set of functions w belonging to
L?(R)) such that @(0) = 0 and, for all

lo®) g < R and  0pi ()] 2 < R

Let @ € Wx(T). For t € (-T,T) we set v(t) = w(t) + Ty(t)uo. By Proposi-
tion 3.9, v is differentiable with v, € C°((-T, T),L*(R)). Then (F o v) belongs
to CH((=T,T), L*(R)) with

(34) 0y(F ov)(t) = v, — 2|v|*v; — v?T;.

For t € (=T, T) we have (recall that ® was defined in (29))

(P 4y (W) (E+7) = (P, (@0)(1)

T

_ Z’/t s, Flo(t+7—238))— F(uv(t—s)) ds - i /t—s-T e_iusp(v(t +7—5))ds.
0 t

T T
Taking the limit 7 — 0, we obtain that ® , (w) is continuously differentiable with

O(Pz,,, (D)) € CO((=T,T),L*(R)) and for t € (—T,T) we have

(7, ()(0) =i [ B 0 v)(t ~ ) ds + ie” I Fluo).

0

where C'r only depends on R and Cj only depends on R. Moreover, for wy, W, €
Wx(T) we have

In particular,

0@, (@)(®)]| | S Crll+TCp),

(@, (@))(1) — 0@, <w2>><t>)

< TCrCh <||w1 = Wa| oo (7 7y, 1) T+ |01 — 8tﬁ}2HLoo((_T7T)7L2)) :

L2
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Finally, (@4, (1))(0) = 0, so for R large enough and T small enough the map T
defines a contraction of WR(T) Thus the equation ®7 , w = w has a unique solution

in WR(T). By uniqueness, this proves that the fixed point w of ®1,,, obtained in the
proof of Theorem 1.1 is in Wi(T).
Let t € (=T,T). We have

— 0(®g , (w))(E) = iF (v(1)).

T7—0

This proves that w(t) = (@4, (w))(t) € D(H,) with
—iHy (D, () () = Op( D, (w)) (1) — iF (v(2)).

Therefore, the solution of (1) satisfies (33) on (=T, T).

By uniqueness of a solution and the fact that the time T only depends on R above,
we obtain for ug € XAQ/ and T_, T, given by Corollary 4.4 a maximal interval (—T_, T} )
(with T € (0,T%]) such that the solution u of (1) lives in X2, is differentiable with
uy € CO((=T_,T,), L*(R)), and satisfies (33) on (=7, T ). Moreover, if T < 400,
we have

(35) u(t)]g + [ Hyu(t)| L2 @) ——— +oo.
t—+T4

Now assume that T’y < T4. Then by continuity of v in £ on [0,T) we obtain
that |u|z is bounded on [0,77.). By (28) we have for t € [0,T%.)

t
deu(t) = —iT, (1) Hyug + ie~ " F(ug) + z/ e O (Fou)(t — s) ds.
0

The first two terms are bounded on [0, 7). Since |u(t)|¢ is also bounded, we obtain
with (34) applied to u that there exists C' > 0 such that

t
10u(®)] 2wy < C+C / 100u(3)]] 2 s -

By the Grénwall lemma, d;u is bounded in L*(R) on the bounded interval [0,T,).
By (33), Hyu(t) is also bounded, which gives a contradiction with (35) and concludes
the proof. ]

We are now in position to finish the proof of Theorem 1.1, i.e., to prove the
conservation of the energy E, and the global existence for the solution of (1).

Proof of Theorem 1.1, global existence, assuming conservation of energy. Take an
initial datum wy € €. Let u be the maximal solution of (1) with u(0) = wg. It is
defined on some interval I of R. By conservation of energy and the energy bound of
Lemma 2.1, there exists R > 0 such that |u(t)|; < R for all t € I. By Corollary 4.4,
this proves that I = R. 0
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Proof of Theorem 1.1, conservation of energy. Let ug € £, and let u be the max-
imal solution of (1) with «(0) = ug. It is defined on some interval I of R.

If ug € X2, then by Proposition 4.5 the map ¢ — E, (u(t)) is differentiable on I
with derivative 0, so E,(u(t)) is constant on I (and hence I = R). The theorem is
proved in this case.

Even if 1 is not in X2, there exists a sequence (ugn)nen of functions in £ N X2
which converges to ug in £. For all n € N we denote by w,, the maximal solution of
(1) with initial condition ug . By the global existence result for ug ,, u, is defined
on R and, in particular, on I. By continuity of the flow in £ and the continuity of the
energy (see Lemma 2.2) we have for all t € T

E,(u(t)= lm E,(un(t))= lm E,(uon)= E,(uo)

n—+o0o n—-4o0o
Thus we have conservation of the energy for u, which is then globally defined. This
concludes the proof of Theorem 1.1. O

5. Existence and characterizations of black solitons.

5.1. Existence of black solitons. As announced in the introduction, the finite
energy stationary solutions to (1) are given in the following result.

PROPOSITION 5.1 (existence of black solitons). Let v € R\ {0}. Then the set of
finite-energy solutions to (7) is
{e”k,eb, : 0 € R} ify>0,
{em/ﬁ, ewbﬁy7 ewl;,y NS R} if v <0,

where

m(x):::tanh(\;Q) , by(x):::tanh<Lrt;écy> , gv(x):zzcoth<Lft;;Cv>

forcy = % sinh_l(—%‘/ﬁ).

Some preparation is in order. We first recall that u € £ is said to be a solution
of (7) if for all ¢ € CF°(R) we have

(36) / '3+ u(0)3(0) - / (1~ ul?)ud = 0.

By elliptic regularity, such solutions are in fact smooth, except at the origin, where
they satisfy the jump condition.

LEMMA 5.2. Let v € R\ {0} and u € € be a solution of (7). Then
u € C*(R\{0}) N C°(R),
W+ (1= |u)u=0 onR\ {0},
u' (07) — 4/ (07) = yu(0).

Proof. The continuity of u is given by Lemma 2.1. From (36) applied with ¢ €
C§°(R\ {0}) we deduce that u € £ is a solution of

(37) u” 4+ (1= |u?)u=0
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in the sense of distributions on R\ {0}. This implies that v is in fact smooth and a
classical solution of this equation on R\ {0}. Finally, we consider ¢ € C§°(R) with
¢(0) = 1. Starting from (36) and using (37) after an integration by parts gives the
jump condition and concludes the proof of the lemma. 0

Let us now determine the finite energy solutions on the half-line.

LEMMA 5.3. Assume that u € € is a solution to
(38) " + (1= |uPHu=0 on (0,+00).
Then there exist @ € R and ¢ € R such that either u(x) = ¢ for all x € (0,+00) or

Vo € (0,4+00), u(x) = e tanh(Z2),
c<0, Vre(0,+00), u(x)=-e"?coth( i ).

(39)

QN

The same conclusion holds if we replace (0, +00) by (—0,0) and ¢ < 0 by ¢ > 0.

Proof. Equation (38) may be integrated using standard arguments from ordinary
differential equations, which we recall now.
Multiplying the equation by u’ and taking the real part, we obtain

d (1, ,, 1 n2\
i (e -1 0-1p)) =0

so there exists K € R such that
*I 12— (1 ~[uP?)* = K.

By Lemma 2.1, 1|u/(z)|* goes to K as x goes to +-00. Since v’ € L?(R), we necessarily
have K = 0, and so

(40) *\ 12 - (1—\u|) =0

If |u(zo)| = 1 for some xg > 0, then |u’(zg)| = 0, and by uniqueness we have u = C,
where |C| = 1. Now we assume that |u(z)| # 1 for every = € (0, +00). Since |u(x)|
goes to 1 as = goes to +oo, there exists A > 0 such that |u(x)| > 0 for |z| > A.
Therefore, we may write u(z) := ¢”@p(z) for 2 > A, where 6,p € C? and p > 0.
Writing down the system of equations satisfied by 6 and p, we see in particular that

"p4+20p =0 for x> A,

which implies that

I (9’ 2Y=0 on (A4, +0o0).

Therefore, there exists K € R such that ¢/p2 = K for z > A . Since plx) = 1, as
x — 400, it follows that '(x) — K, and hence

W (@) = (o) + (027 > (0" —— K>

As above, it follows that K=0. As a consequence 6 = 0 on (A, +00), there exists
0y € R such that ‘
Vo> A, u(x) = ePp(z).
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Since |u| # 1 on (0, +00), we infer from (40) that

/

1
P 4" o (A, 400).

(1-p?) V2

By explicit integration, there exists ¢ € R such that for x > A we have

either p(z) = tanh (ix\}zc> or p(z) = coth (ix\/_;) , c < A

Since tanh and coth are odd, up to replacing 6y by 8y + 7 we have either

r—cC

V2

u(z) = % tanh ( ) on (A, +o0)

or
u(z) = €% coth (i};) , c< A, on (4,+00).

By the Cauchy—Lipschitz theorem we can take A = 0. 0

Proof of Proposition 5.1. Let u be a finite-energy solution to (7). From the ODE
description Lemma 5.2 and from the characterization given by Lemma 5.3, u is either
constant with modulus 1 or of the form (39) on each side of the origin. Assume by
contradiction that « is constant on (—o0,0). By continuity, |4(0)] = 1 and u is also
constant on (0, +00). This gives a contradiction to the jump condition. Thus w is of
the form (39) on (—o0,0). By continuity (or by a similar argument), u is also of the
form (39) on (0,+00). More precisely, there exist 6_,0,,c_,c+ € R such that for
+2 > 0 we have either

(41) u(z) = e tanh (“7 \_/gi)

or
; r — C+

42 cy <0, c >0, u(z) = e* coth .

(12) . @) (=)

Assume first that (41) holds. By continuity at the origin we have e+ = ¢%0-
or e+ = —¢¥-_ In the first case we necessarily have c; = c_. And with the jump
condition we see that in fact ¢y =c_ =0, so

» x
43 Vz eR, wu(z)=e?* tanh () .
(13) (@) N
If €+ = —¢?~ | then by continuity we have ¢ := ¢, = —c_. Thus
; x| —c
44 Ve eR, ux :ew*tanh( )
(49 @ =

Since u is even, the jump condition reads 2u’(0") = yu(0). More explicitly, we have

e () e ()
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and so

V2= ysinh 5 Y cost ( £ ) = Jsinh (-v2e) =~ J s (V2e)

and finally

=L (22
(45) C:C,Y.—\/Eblnhl< >

Note that ¢y > 0if y <0 and ¢, <0if v > 0.

Assume now that (42) holds. By continuity at the origin we again have e+ = ¢
or e+ = —¢¥~ but this time, due to the singularity of coth at 0, only e?/+ = —e¥-
is possible. Arguing as previously, we find that (42) is possible only if v < 0, and in
that case

i0_

(46) Vz € R, wu(z)= e+ coth <m|\;|—§c7) ,

where ¢, is as in (45).

In conclusion, the functions given by (43), (44), (45), (46) are the only candidates
for finite-energy solutions to (7). Conversely, we can verify directly that this is indeed
the case, which concludes the proof. 0

5.2. Variational characterizations. This section is devoted to the proof of
Proposition 1.2. Let us recall that for v € R\ {0} we have set

my = 1inf{E,(v) :v € &} > —o0

and that we want to prove that the infimum is achieved at solutions to (7). Precisely,
we want to prove that

G, =1{e",,0 €R}if y>0; G, ={e?b,,0 cR}ify<0,

where we have defined
G, ={veé& E,(v)=m,}

Finally, we also want to prove compactness of the minimizing sequences, i.e., any
minimizing sequence (u,) C &€ such that E(u,) — m, verifies, up to a subsequence,

do(un7 QV) — 0.

Proof of Proposition 1.2. We first remark that, by Lemma 2.1, the energy is
bounded from below, so m., is finite. Let (v,)nen C € be a minimizing sequence,
ie.,

1 1
By () = [0 122 + Zoa(0)]% + <1 = [va 2122 — m,.
2 2 4

By Lemma 2.1 again, the sequence (v},) is bounded in L?*(R). Since L%(R) is a reflexive
Banach space, there exists g € L?(R) such that, up to a subsequence, v/, — g weakly
in L2(R). On the other hand, the sequence (u,(0)) is also bounded, so v,, is uniformly
bounded in H*(I) for every bounded interval I C R. Hence by the Rellich compactness
theorem there exists f € L{S (R) such that, up to a subsequence, v, — f in LS (R).

loc
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Since H'(I) is a reflexive Banach space, there exists u € H}. (R) such that up to a

subsequence v, — u in HL_(R). But then ¢ = v’ € L*(R), and f = u. Finally,
v, ~u' in L*(R) and w, — uin L3 (R).
By the weak-lower semicontinuity of the L?(R)-norm and the Fatou lemma we have
1 1
Ey(u) = 5||u’||iz + %ngg}w [un (0)]2 + Z/nggir;;f (1= |on[?)? da
< liminf B, (v,),

n—-+oo

so that E,(u) = m.,. In particular, u € £, and we easily see that v, — u in (£, dy).
Now we show that this limit u is a solution of (7). Let ¢ € C§°(R) and ¢t € R.

We have
E,(u+tp) — Ey(u)

0 < liminf =2
\1gr;151 ;

< Re </R u' @' dx + yu(0)$(0) — /R (1—|u?) uJ)dx) .

Since the choice of ¢ is arbitrary (we can replace ¢ by —¢ or +i¢), we get for all
¢ € C5°(R)

/ u' @' dx 4+ yu(0)p(0) — / (1 - |u*) updx = 0.
R R

This is (36), which means that u is a solution of (7). 3
By Proposition 5.1 there exists § € R such that either u = e’eby, or u = e“gbaW or
u = €k. To conclude, it is enough to show that

{Ev(by) < B (k) if v >0,

(47) E,(by) > E,(k) > E(by) ifvy<0.

Since k, b, and 57 all satisfy for = # 0 the equation

1
= —(1 —u?),

V2
we have for all v # 0

+oo
E, (k)= /0 (1- H2($))2 dx,

400
By(b) = [ (- o+ (o)

—cy

7 oo 2( ’ 2l 2 [ &y
E,(by) = A 1 — coth 7 dx + 3 coth )
For x € R we set p(z) = tanh(z/v/2). With a partial integration we compute for
aceR
400 T 400
(48)/ (1 — tanh? <\/§>> d / ¢ (2)* dx
“+o0
= —V/2tanh <a) (1 — tanh? \;%)) + 2/(1 tanh? <\j§) tanh’ (\;%) dz
%)) + 27\/5 - 27\/§tanh3 <a> .

S
Il
2O

V2
V2

(
o () (1

NG] 33
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With o = 0 we obtain
(49) By (k) = 222

Now let v # 0. Using the identity

o (3) = 0 (1 (2)).

we obtain

S

(50) 0, = 7(1 — @,zy), where ©, = tanh <\C/’%) )

Notice that since ©, and «y have the same sign, we obtain

O, = Siin\/(;) (\/72 +8- Ivl) :

By (48), (49), and (50) we have

2 [ 7 2v/2
Ey(by) = Ey(k) = =65 (2 + 3®v> ;

which proves in particular that E.(b,) — E,(x) and v have opposite signs. It remains

to consider E. (b,) when v < 0. Define

5 S _po-t
@’Y = coth (\/i) = _@’Y .
By (50), we also have

(51) évz‘f@—é?).

As before, we obtain

+o0 T 2 ~ 2\[~ 2\@
[ (-eom(5)) eomta-Ber+ 52

Using (51) to linearize (:)3, we get

EW(BW):%_¥ (é,y—l).

Since (:)A, > 1, we have E, (57) < 0, and therefore
EW(B’Y) < Ey (k).
The alternative (47) follows, and Proposition 1.2 is proved. d

6. Stability and instability of the black solitons. In this section we prove
the orbital stability of the set of minimizers of the energy and the linear instability of
the kink x when v > 0.
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6.1. Stability of black solitons. We begin with the proof of part (i) (stability)
in Theorem 1.3, which is a consequence of Theorem 1.1 and Proposition 1.2.

Proof of part (1) (stability) in Theorem 1.3. We argue by contradiction. Let ¢ >
0, and let (ug,,) be a sequence of initial conditions in £. For n € N we denote by u,
the solution of (1) for which w,(0) = ug . Then we assume by contradiction that

lim do (’ILQ’n, g,y) =0

n—-+00

and

VneN,3t, eR, do(un(tn),Gy) > €.
By conservation of energy (see Theorem 1.1) we have

B (un(tn)) = B (uon) :;;j My,

and by the compactness of the minimizing sequences (see Proposition 1.2) we deduce
that, up to a subsequence,

lim do(un(tn),Gy) = 0.

n—4oo

This gives a contradiction and finishes the proof. ]

6.2. Instability of black solitons. This section is devoted to the proof of part
(ii) (instability) of Theorem 1.3. For this we have to prove that the operator L defined
in (9) has a negative eigenvalue.
We consider the self-adjoint operators defined on the domain D(H,) (see (14))
by
LY =H,—(1-+x%* and LY} =H,+2-3(1-x%.

These are the self-adjoint operators corresponding to the forms defined on H!(R) by
2
@ (0) = [ + 21O = [ (1= )l
2
g} () = [/ 2 +7[u(0)* + 2 |ul 7. — 3/R(1 = 1%)|uf*da.

Separating the real and imaginary parts of 7 in (8) gives the system

() () o

where

o (8 ) - (B0

Notice that a real eigenvalue of £ is also an eigenvalue of L, so the proof of part (ii)
(instability) in Theorem 1.3 reduces to proving that £ has a real negative eigenvalue.
We start by analyzing L7 and L.

PROPOSITION 6.1 (spectral properties of L)). Lety € R.
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(i) The essential spectra of LT and L) are oess(L)) = [0,+00) and oess(L)) =
[2, +00).

(ii) The operator L has a trivial kernel and at least one negative eigenvalue.

(iii) If v < 0, then L7 has a trwvial kernel and a unique negative eigenvalue. If
v =0, then 0 is the first eigenvalue of L9r. If v >0, then L7 has no eigenvalue
in (—o00,0].

Proof. We know that the essential spectrum of H, is [0, 400) (see Theorem 3.1.4
in [10]). This implies in particular that the essential spectrum of H., + 2 is [2, +00).

Since
1 — k%(x) = sech? (:r) —— 0,

the first statement follows from the Weyl theorem.

The forms ¢” and ¢ are analytic with respect to 7, and so L7 and L7 define
analytic families of operators of type B in the sense of Kato (see section VII.4 in [44]).
In particular, if I is an open interval of R and a,b € R are in the resolvent set of L7
for all v € I, then the spectral projection Hz’b of LY on (a,b) is an analytic family
of orthogonal projections, and the spectrum of the restriction of L] on H;”bLQ (R) is
o(LY) N (a,b).

For v = 0, we can check that the spectrum of LY is included in [0,+00) and
that 0 is a simple eigenvalue of Lg. Indeed, by differentiating with respect to x the
equation (7) satisfied by k, we see that £’ belongs to the kernel of Lg. Since it takes
positive values on R, this implies that 0 is simple and is the first eigenvalue of Lg.
Similarly, we check by direct computation that u® : x — sech (z / \@) takes positive
values and is an eigenfunction for L° corresponding to the eigenvalue —%.

By analyticity of the spectrum of LY, there exist v > 0 and two analytic functions
A:(=v,v) = Rand u: (—v,v) — L*(R) such that A\(0) = 0, u(0) = &/, and, for all
v € (=v,v), A(7) is the first eigenvalue of L7, it is simple, and u(7y) is a corresponding
eigenfunction. On the one hand, we have

(LYu(y),u()) = XDl 72 = N ()| 72 + O().

On the other hand,

(LT u(v),u(y)) = (L5 u(y), u()) + ylu(y)(0)]* = 7' (0)]* + O(v?),

and so
_ (o))

= > 0.
2
||“/||L2

X'(0)

Thus A(y) has the same sign as « for |7y| small enough.
Let I" > 0. Assume that v € [-T',0], u € D(H,), and A € (—o0, 0] are such that

lul| 2 =1 and L] u = Au. Since [u(0)]* < 2 |ull ||« we have

2 2 2
A=qi(u) > [z = Vw0 = 1> u'll> = 23] [l > — 1.

This proves that there exists C' > 0 such that for v € [T, 0] the operator L7 has no
eigenvalue in (—oo, —C].

If we prove that the kernel of L7 is trivial for all v < 0, this will imply that X
extends to an analytic function on (—I',0) which gives the unique eigenvalue of L7 in
(=C,0) and hence in (—00, 0). Indeed, the projection HZC,O is analytic for v € (-T,0).
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Since it is of rank 1 for |y| small enough, it is of rank 1 for all v € (—T,0), which
means that o(L})N(—=C,0) = o(L})N(—00,0) consists of a simple eigenvalue. Since
the choice of I' is arbitrary, this will prove that for any v < 0 the operator L7 has a
unique negative eigenvalue.

So let v € R\ {0} and v € ker(L]). Then v satisfies

—" +20-3(1-k*v=0 on (0,+00).
Since k' solves the same equation, there exists C' € R such that
vk —v'k ' =C on (0,+00).

Then, since v € L?(0,+00), this implies that there exists a € R such that v = ax’
on (0,400). Similarly, there exists 5 € R such that v = Sk’ on (—00,0). Since v is
continuous and «/(0) # 0, we have o = 3. And finally, the jump condition

V'(0F) = v'(07) = yv(0)

implies that & = 8 = 0 and hence v = 0. This proves that ker(L]) = {0} and
concludes the proof of the third statement.

Now we check that we also have ker(L”) = {0} for any v € R. Indeed, if v
satisfies the equation

—v" —(1—=£K*)v=0 on (0,+00),
then it is not hard to find out that there exist C1,Csy € R such that
v(z) =C (\/5 + zk(z)) + Coki(z).

Since v € L?(R), we necessarily have (Cy,C3) = (0,0), and hence ker(L”) = {0}.

It remains to show that L7 has at least one negative eigenvalue. For this we
prove that there exists v € H!(R) such that ¢” (v) < 0. For v < 0 we can take the
eigenfunction v = u® of LY. For v > 0, we need a more refined construction. Let
X € C§°(R,[0,1]) be equal to 1 on a neighborhood of 0. For r > 1 and = € R we set

xr(z) = x(z/r) and

e ()
ve(x) = k(|2 xr () + —u’ (z) = k(|z|)xr(x) + — sech [ —= ] .
(@) = sl (@) + =0 (@) = sl () + - 7
We first remark that
v;.(0%) = 7.(07) = 2v,.(07) = 7v,(0)
and then that v, € D(H,) for all r > 1. Therefore,
QJ(UT) = <7”;/ - (1 - H2)”m UT>

e " 2 I "\ \/i 0,0
=2 ((—/ﬁ -(1-r )ﬁ)x,.—2l-€xT—KXT>U,.+—<L_U_,UT>
0 Y
+oo 1
= —2/ (26" X0 + kX oy — — (U, v,
0 v
By the dominated convergence theorem we have

1
limsup ¢} (v,) = lim sup (—7 <u(l, Ur>) <0,

r——4o00 r—400
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so there exists r > 1 such that ¢ (vr) < 0. This concludes the proof of the proposi-
tion. O

Remark 6.2. The number of negative eigenvalues for L” and L7 gives no hint
toward stability /instability, unlike what was happening for the localized standing
waves studied in [45], where it was possible to appeal to Grillakis—Shatah—Strauss
theory.

Now we can prove part (ii) (instability) of Theorem 1.3.

Proof of part (ii) (instability) of Theorem 1.3. Let v > 0. We have to show that
L has a real negative eigenvalue. Since the operator L;Yr is positive, we can set

1 1
A= (@D ),
This defines a self-adjoint operator on the domain
D(A) = {u € D((L1)?) : (L7)*ue D(LY) and L7 (LY)*u e D((Ll)%)}.

Assume that w € D(A) \ {0} and X € R\ {0} are such that Aw = —A\?w. Then
we set u = (L’]r)_%w and v = %(Ll)%w (notice that (Ll)_% is a bounded operator
on L*(R) since the spectrum of L7 is included in [v,+o00) for some v > 0). By
construction we have u € D((Ll)%) and (L])zu € D((Ljr)%)7 sou € D(L]). We
also have v € D(L”). Moreover,

—L7v =X u and Llu=\v,

so A is an eigenvalue of £. Thus it remains to prove that A has a negative eigenvalue.
For this we prove that its essential spectrum is nonnegative while its full spectrum
has a negative part.

We denote by IT and IT7 the spectral projections of L on (—o0,0) and [0, +00),
respectively. Then we set Ay = (L7)2T1L(L7)%. By Proposition 6.1, I is of finite
rank, so it is a compact operator from L*(R) to D(LY) = D(L7). This implies
that A_ is a relatively compact perturbation of A. Thus, by the Weyl theorem, A
and Ay have the same essential spectrum. But A, is a nonnegative operator, so
Oess(A) C [0, +00).

Now let £ € D(L?) be an eigenfunction corresponding to a negative eigenvalue A
of L7 and = (L7)~2¢. Thenn € D((L7)?) and (L] )2n = € € D(L?). Moreover,
LY (LY)2n =X € D(LY) = D(L) € D((L))?). Therefore, n € D(A) and

(Ln,m) = (L7¢,¢) <0.

This implies that the self-adjoint operator A has a negative eigenvalue, which con-
cludes the proof of the linear instability of . ]
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