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Abstract. In this paper, we prove a criterion determining if a black soliton
solution to a one-dimensional nonlinear Schrodinger equation is linearly stable
or not. This criterion handles with the sign of the limit at 0 of the Vakhitov-
Kolokolov function. For some nonlinearities, we compute numerically the black
soliton and the Vakhitov-Kolokolov function. We then show that linearly un-
stable black solitons are also orbitally unstable. In the Gross-Pitaevskii case,
we rigorously prove the linear stability of the black soliton. Finally, we nu-
merically investigate the dynamical stability of these solutions solving both
linearized and fully nonlinear equation with a finite differences algorithm.

1 Introduction

We consider here the Nonlinear Schrédinger equation (NLS) in the one-dimensional spatial
case:

{ i0u+ O*u+ f(Jul*)u =0, (t,z) € R?, (1)
u(0) = o,
where f is a real valued function and |ug(x)|* — po as * — oo. In all that follows, we
will assume that f(py) = 0 and f’(py) < 0. In nonlinear optics, this equation is a model
for the evolution of the complex amplitude envelope of a electric field in optical fibers, or
for the self-guided beams in planar waveguides. We refer to [KLD] for a list of physically
relevant nonlinearities f. NLS equation also appears in the description of defectons or in
the theory of one-dimensional ferromagnetic or molecular chains (see [BGMP], [BP], [B]).
Equation (1) has two invariants which are at least formally conserved by the flow: the
charge



I(u) = /]R [|ul> = po] dz

and the energy

Bw) = [ (90 +Vi(jup)] o

where V(r) = [ f(s)ds is the potential.
In this paper, we focus on stationary solutions u(t,z) = ¢(x) to (1). Thus we are faced
with the second-order differential equation

¢+ f(lel*)e = 0. (2)

In [dB] (see also [BGMP], [BP]), A. de Bouard studies one special kind of these solutions:
the stationary bubbles, which may exist under some conditions on the nonlinearity f.
Namely, if V' vanishes in the interval (0, pp) and if the largest zero of V' in this interval is
of multiplicity one, there does exist a stationary bubble solving (1), that is a real, strictly

L . . . 12
positive, even function, growing on R, tending to p,’~ at infinity.

Now, if V' is positive on [0, py), (1) admits an other kind of stationary solution: a black
soliton, that is a real, odd function tending to ip(l)/ % at £00. As an example, for the Gross-
Pitaevskii equation, which is (1) with f(r) =1—1r, pg = 1, V(r) = (1 — r)?/2, the black
soliton is explicitly known as () = tanh(x/v/2). The term “black solitons” comes from
optics, where they can be experimentally detected as black spots on bright backgrounds
(see [KLD], [KK], [MS]).

In [dB], the stationary bubbles solving (1) are shown to be all unstable. The proof is
based on a subtle analysis of the spectrum of the operator obtained by linearization of (1)
near the bubble. On the contrary, it was first thought by physicists that the black solitons
were all stable (see [KLD], [MS]). However, Y.S. Kivshar and W. Krolikowski were the first
who observed numerically unstable black solitons ([KK]). In the same paper, they justify
by variational arguments a criterion determining if a dark soliton (and in particular, a
black soliton) is stable or not. We recall that a dark soliton solving (1) is a solution of
the form u(t, z) = u,(x — vt), where v € R is the speed of the soliton, and |u,(z)|* — po
as © — oo (see [G1]). This criterion reduces to the analysis of the sign of the derivative
dP,/dv, where P, is the momentum of the dark soliton of speed v, given by

e Po
P, = ’Jm/ Oy Uy Uy (1 - 2) dzx.
o |

Namely, u, is stable if dP,/dv > 0 and unstable if dP,/dv < 0. This criterion has been
rigorously proved by Z. Lin ([L]). However, the proof is based on the hydrodynamical
form of Equation (1). A solution to (1) is written as u = (py — r)'/2¢?, and Z. Lin makes
the analysis on the system satisfied by (r,6,), which has a Hamiltonian structure. This
analysis is valid for non-zero speeds (or for stationary bubbles), because the dark soliton is




in that case a bubble, which in particular means that |u,(z)| > 0 for € R. This approach
breaks down for the black solitons, which vanish at one point.

The goal of this paper is to fill as far as we can this gap concerning the study of the
stability of the black solitons. We make a spectral analysis as it was done by A. de Bouard
on the stationary bubbles. Denoting by ¢ a black soliton solving (1), we look for solutions
to (1) of the form ¢ + uy + ius, where u; and uy are real valued. The linearization of (1)

near (up, us) = (0,0) writes
3 Uq o Uy
wl)=2 () g

(0 L
a=( 5L T)
Ly =—=0?— f(¢°) = =02+ qu,
Ly = =02 — f(¢*) = 20°f () = =02+ q1 + go.

We will see that f(¢?) and ¢*f'(p?) converge exponentially at infinity. It follows as in
[dB] that the essential spectrum o.(A) of A is contained in 7R.

Under this framework, we establish the following criterion of linear stability of the black
soliton?.

where

Theorem 1.1 We assume that f € C3(R,)?% Ly is a self-adjoint operator on L* with
domain H?, its essential spectrum is [0, +00), and Ly has a unique negative eigenvalue g
which is simple.

The Vakhitov-Kolokolov function

g\ = < (Li=A)71¢ >, (4)

defined for X € (Ao, 0), is of class C', increases on (X, 0), and g(A) — —o0 as X | A\g. If
the limit of g(A\) as X\ T 0 is strictly positive, then A has a positive eigenvalue, and ¢ is
linearly unstable, while if it is non-positive, the spectrum of A lies in iR, and o is linearly
stable.

As for the stationary bubbles studied in [dB], we prove that the black solitons which are
linearly unstable are also orbitally unstable.

Theorem 1.2 Let f € C*(R.) be such that there exists a black soliton p solving (1). We
assume that ¢ is linearly unstable. Then it is also orbitally unstable, in the sense that there
exists € > 0 such that for every § > 0, there exists vy € H* with ||vo||gr < & such that,

!The notion of linear stability that we consider has to be understood as spectral stability: ¢ is said to
be linearly stable if the spectrum o(A) is a subset of {A, 9eA < 0}, and linearly unstable in the other case.
20nly f € C*(Ry) is needed for the sufficient condition of linear stability.



if u(t) € ¢ +C((=T.,T*), H') denotes the solution to (1)* with initial data @ + vy, there
exists t € (0,T*) such that infseg ||u(t) — Ts¢||p~ = €, where 7,f(x) = f(x — s).

Note that we used in Theorem 1.2 the notion of orbital instability associated to the
L> distance, and not H' distance as it was done in [dB]. The reason is that we observe
numerically that the black solitons which are linearly stable, are also L*°-orbitally stable,
but H'-orbitally unstable. More precisely, we observe that the solution of (1) we obtain
by perturbation of a linearly stable black soliton differs from the black soliton from a small
constant, on a spreading domain. A slightly modified version of our proof shows that such
a kind of instability also holds for the stationary bubbles, at least in dimension one.

It has also to be mentioned that since ¢ does not vanish at infinity, the instability result
above implies that

- €
3e > 0,Y0 > 0,Vug € o + H' with [[ug — ¢ < 6,3¢, inf inf [[u(t) — 75| > 5.
9€R s€R 2
That is the reason why we call in the sequel orbital instability what seems to be at first
glance only instability modulo translations. Indeed, if infseg ||u(t) — Ts@||r~ > € and 6 € R,
either | — 1|||¢||r~ < /2, and thus for every s € R,

lu(t) = e repllre = lu(t) — Tl — (1 — )7l > € —e/2=¢/2,

or e — 1||¢|lz~ = €/2, which directly implies

lu(t) = e“rplli= > lim |u(t,2) — oz — 5)| = Vpoll — ] > ¢/2,

since u(t) € ¢ + H' and ¢(x) — \/po = ||¢[/r~ as x tends to infinity.

As it will be seen, Theorem 1.1 is a numerically efficient criterion in order to check
linear stability or linear instability. On the contrary, given a nonlinearity f such that there
exists a black soliton solving (1), it is not easy to prove rigorously via this criterion the
linear stability or the linear instability of the black soliton. We can however do it for the
Gross-Pitaevskii equation, thanks to the explicit expression of the black soliton ¢ and the
spectral properties of L.

Theorem 1.3 The black soliton p(z) = tanh(z/v/2) of the Gross-Pitaevskii equation is
linearly stable.

This paper is organized as follows. In section 2, we give a definition of the black solitons
and a necessary and sufficient condition on the nonlinearity f ensuring that black solitons
exist. Section 3 is devoted to the proof of Theorem 1.1. Theorem 1.2 is proved in section

31t is not difficult to see that the Cauchy problem (1) is locally well-posed in ¢+ H!, since iA generates
a group on H' and v — f(|o+v|?)(¢ +v) is locally Lipschitz continuous on H*. For a more detailed proof
as well as conditions under which the problem is globally well-posed, see [G2]. (=T, T*) denotes here the
maximal interval of existence of the solution in ¢ + H*.



4. In section 5, we show that Theorem 1.1 is numerically efficient: we have checked for
several nonlinearities if the condition in Theorem 1.1 is satisfied or not. Theorem 1.3 is
proved in section 6. Finally, we numerically study in section 7 the dynamical linear and
nonlinear stability of the black solitons, for the pure power defocusing equation as well as
for the saturated equation. Each time, a finite differences scheme both in time and space
is used. We prove in the appendix some technical lemmas which are used in section 4.

Notations. Throughout this paper, C' denotes a harmless positive constant which can
change from line to line.

If A is an unbounded operator on a Banach space, we denote by o(A) its spectrum, by
o.(A) its essential spectrum and by p(A) its resolvent set.

For s € R, p > 1, we define the spaces H* := H® x H® and IL? := L? x LP, endowed with
their natural norms. Finally, < -,- > denotes the L? scalar product.

2 Existence of a black soliton
Definition 2.1 Let py > 0. A black soliton of (1) is a solution of (1) of the form
u(t, r) = p,(x — vt) = a,e™ (x — vt)

where v € R, ¢, € C'(R), a,(0) = 0, a,(x) > 0 for x € R*, 0, is of class C* on R*, and
piecewise C' on R, with 6,(04) = 7 + 0,(0_), and a, — p(l)/2, Oza, — 0, 0,0, — 0 as
r — Fo00.

Even if this definition does not a priori exclude the case where black solitons are travel-
ling at a non-zero speed v, we will see thereafter that black solitons may only be stationary
solutions (i.e. v = 0).

Next, we give a necessary and sufficient condition on the nonlinearity f which ensures
the existence of a black soliton to (1).

Theorem 2.1 Under the assumption f € C(R,) and py > 0, there exists a black soliton ¢
of (1), of speed v € R, with amplitude tending to p(l)/2
conditions are satisfied:
() Flpo) =0

(i) v=0

(@1) V(r):= [ f(s)ds > 0 forr € [0, po).
Moreover, if these conditions are satisfied, up to the multiplication by some €?, o is unique,
odd, and may be assumed to be real, positive for x > 0.
Under the further assumption f € CY(R.)* and f'(po) <0 (f'(po) < 0 is a consequence of

(1) and (ii7)),

at infinity if and only if the following

Vo — pl) = e-ertied),

4Tt is sufficient to assume only that f is differentiable at py.




¢ () ~ e(Vpo = e(x)),
(@) ~ = (Vo — ()

as x — +oo, where ¢ := \/—2po f'(po) is the sound speed.

Proof. Let us assume the existence of a black soliton ¢, = a,e® = ae of (1), with
amplitude tending to p(l)/ % at infinity.
¢! = (a’ +iabf)e? tends to 0 as x — Fo0, and ¢, solves

—ivg, + ¢ + f(leo]*) o =0, (5)

thus |2 (z)| — ]f(po)]p(l)/2 =: lyp as © — Zoo, and therefore f(py) = 0. Indeed, let
us assume by contradiction that [y > 0. There exists A > 0 such that x > A implies
3lo/4 < |@ll(x)| < Bly/4. ¢, solves (5), thus, since ¢!, and ¢! are bounded, ¢, and ¢! are
uniformly continuous, and so is ¢!. It follows that there exists n > 0 such that |21 — 22| <7
implies |@!(x1) — @i(z2)| < lo/4. If 21,20 > A and |21 — 22| = 1,

[l (x1)| + |, (@2)] = [ (21) — @ (22)]
/ o(x)dz| > / (I (e0)| — lo/A)dz > Ton/2. (6)

xr1 x1

Let ¢ € (0,lyn/4) and B > A such that x > B implies |¢)(x)| < e. For 1,29 > B and
|z1 — 22| =7, (6) yields a contradiction.

For z € R*, ¢/ (z) = (a'(z) + ia(2)¢'(x))e?®™@. Letting = tend to 04 in this equality
and using the regularity properties of ¢ and 6, it follows that '(0+) = a’(0+)e?®+). Since
0(0;) =7+ 6(0_), we get a’(0_) = —a'(04).

Moreover, we deduce from (5) that ¢, € C*(R), and a straightforward computation yields
for x € R*,

0u(x) = 50 (1 - &(‘;’)2) (7)
—0gq(T) = fy(a($)2)a($), (8)

where f,(r) := f(r) + %( — f—é) We also define V,(r) := [ f,(s)ds = V(r) — W.
Multiplying (8) by a, and integrating between x; and x5 (x1, z3 € R}) leads to

—ag (1) + az(12)* = =V, (a(21)?) + Vi(a(z2)?).
Letting x5 tend to £oo (depending on the sign of ), we get
—d'(11)? = =V, (a(x1)?), z; € R*".

Therefore V,(r) > 0 for r € [0, p). In particular, v = 0.
Since a > 0 and a(0) = 0, we have a’(04) > 0. Now, if a/(04) = 0, a = 0 and ¢ cannot
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be a black soliton. Thus, in a neighborhood of 0 in Ry, a is the solution of the Cauchy
Problem

CLI(ZB) = V(a(x)Q)l/Q, (9)
a(0) = 0.

Therefore a is strictly increasing as long as V' (a?) > 0. Let us assume by contradiction that
there exists r € (0, pg) such that V(r) = 0. Let ro := min{r € (0, po), V(r) =0} € (0, po).
Since V' > 0 on (0, pg), we must have f(rg) = —V'(r9) = 0. The intermediate value theorem

/2, which is a

ensures that there exists xy € R% such that a(z) = ré/ ? and then a = r,
contradiction to the fact that ¢ is a black soliton.

On the other side, if the assumptions of the statement are satisfied, we easily construct
a black soliton ¢ = ae? with amplitude tending to p(l)/ % at infinity, in the following way :
we show that the solution a to (9) is global. Indeed, let us denote by [0, X*) the maximal
interval of existence of the solution to (9). If there exists xy > 0 such that a(zy) = p(l)/ 2,
a'(zg) = 0 and the uniqueness in the Cauchy-Lipschitz Theorem yields a = p(l)/ ?_ which
is a contradiction with a(0) = 0. Thus 0 < a(z) < p(l)/2 for z € [0, X*), X* = 400, and
a(x) 1 ,0(1)/2 as r — +0o. Next, we extend a to R in such a way that a is even, and we
choose 0 =0, € RonRY, 0 =0_=m+0, on R*.

From now on, we assume f € C}(R,) and f’(py) < 0. It follows from (9) that

a(z) ~ c(ypo—alz)), (10)

which may be integrated as
\/,0_0 _ CL(I) _ e—cac(l—l—o(l))' (11)
The last asymptotics follows from the identity a”(z) = —f(a(x)?)a(z). O

3 A linear stability criterion

In this section, we prove Theorem 1.1. Let us denote by ¢ the soliton obtained under
the conditions (i)-(ii)-(iii) of Theorem 2.1, with the extra assumption f € C3(R,) and
f'(po) < 0. In our study of the linear stability of ¢, we use the same notations as in [dB].
The only difference is that here, ¢ denotes a black soliton, whereas it denotes a stationary
bubble in [dB]. As we mentioned it in the introduction, the linearization of (1) near the
black soliton ¢ yields to the system (3).

We first focus on the spectra of L; and L, which are self-adjoint operators on L% As
for the stationary bubbles studied in [dB], since f(¢(x)?) — 0 and —2p(z)? f'(p(x)?) — 2
as T — 00, 0.(Ly) = [0,+00) and 0.(Ls) = [c*, +00). The fact that ¢ solves (1) writes
Lip = 0. The differentiation of this equality yields Ly’ = 0. ¢ admits exactly one zero,
whereas ¢’ does not vanish. Therefore Sturm’s theory (see [BS]) ensures that 0 is the



lowest eigenvalue of L, and that it is simple. It also suggests that L; has a unique strictly

negative eigenvalue which is simple. That is what we prove in the next lemma?®.

Lemma 3.1 L, has an unique strictly negative eigenvalue Ay, which is simple. The asso-
ctated eigenvector uy can be chosen positive.

Proof of Lemma 3.1 Ifv € H?,

< Lwew>= [ [l0.0F = F)NF] do = Q(u.),

where @ is defined on H'. Since o.(L1) = [0,+00), the existence of v € H' such that
Q(v,v) < 0 will imply the existence of a negative eigenvalue Ay of L;. Let x € Ci°(R)
supported in [—2,2], with x(0) = 1. For § > 0, we define the function ¢s on R by

_ J le@@)] if |z >0,
#s(2) —{ o(8) if —5< <,

and for n,d > 0,

Ps.n(2) = ps(z)x(x/n).
It is clear that s, € H'. Since ¢’ € L', thanks to the asymptotics given in Theorem 2.1,
so does 5. Thus

Qesmenn) = [ |ebePxtomp + 2ost@)eionte/m /)
geaa P (a/n)? = (o) osa o/ | da
e | [05(2)* = f(p(2)*)ps(2)*] do.

In spite of the fact that @5 & H', we will denote this very last quantity by Q(ys, ©s).

Olgs ) = / P = S et + / ~Hp(e)?)p(8)da

|z|<6

0
+ /6 [_(p,(x)Q + f((ﬂ(l‘)Q)((p(x)Q _ (,0((5)2)] dr

_ . ! 2
=, —200(0) + 0(9),

°Note that in the case of the stationary bubbles studied in [dB], ¢ was positive while ¢ vanished exactly
once on R. Thus L; was positive, whereas Ly had an unique negative eigenvalue. This explains why in
the sequel, the roles of Ly and Lo are exchanged in comparison with [dB].
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where we have used the fact that L;pp = 0. Thus we can choose 6 > 0 small enough
such that Q(ys, ¢s) < 0, and then n large enough in such a way that Q(¢sn, gsn) < 0.
Therefore Ly has a smallest eigenvalue Ao < 0. It is a classical result (see for instance
[BS]) that A is simple, and that there exists a positive associated eigenvector ug. Let
us assume by contradiction that L; has another eigenvalue A; € (Ao, 0), and let u; be an
associated eigenvector. Since u;_lug and ug > 0, u; must vanish at some xy € R and the
Sturm’s theory implies that ¢ vanishes in both intervals (—oo, z¢) and (xg, +00), which is
a contradiction, because ¢ vanishes only at 0. 0

As we already mentioned in the introduction, the essential spectrum of A is purely
imaginary, as it may be shown in a similar way that for the stationary bubbles (see [dB]).
Moreover, if A is an eigenvalue of A with associated eigenvector (uj,us), —A is also an
eigenvalue, with associated eigenvector (—uy,uy). Thus the linear instability of ¢ is equiv-
alent to the existence of an eigenvalue of A with non-zero real part. If A (# 0) is such an
eigenvalue and if (uy, us) is an associated eigenvector, we have

Liyuy = Auy,
—LQ'LL1 = )\UQ.

In particular, since L, is self-adjoint, uy € (ker Ly)t = (¢')* and u; € —)\1:271/1,62“_81)311(%0,)7
where we have denoted by Ly the restriction of Ly to (') (it is clear that L, is invertible).
Therefore, taking the scalar product with us (which is orthogonal to ¢'), and using the
fact that Ly is a self-adjoint coercive operator on (¢')*, we obtain

< L1U2, U >

—\2 =
= — .
< Lo Ug, Uy >

We deduce that —\? € R, thus A € R U iR. Therefore, if )\ is an eigenvalue of A with
non-zero real part, A € R*, and the quantity

. < Lyv,v > . v,V

inf ~i—17: inf Ll’)

veE ()P NH? < Ly wv,v> ve(¢)TNH < Ly v,v>
v#0 v#0

~ -1
is strictly negative. Since L, is positive, we also have

= inf Q(U’2U) < 0.
veE(P)tnH! HUHLQ
v#0

We next prove that if @ < 0, the infimum « is reached. Indeed, let (v,), be a sequence
of (¢')* N H! such that ||v,|r2 =1 and Q(v,,v,) — a.

/ ‘3xvn’2dﬂf = Q(Umvn) + / f((pQ)"Un‘de < supQ(vn,vn) + HfHLOQ(O,pO)a
R R n
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thus (v,), is bounded in H'. We can extract a subsequence (also denoted by v, for
convenience), such that v, — v, in H'. We have < v,, ¢’ >= lim < v,,¢ >= 0, and the
n

fast decrease of f(p?) at infinity ensures by compactness that [ f(¢?)|v,]? — [ f(¢?)|ve]?
On the other side, [ |0,v,|*dx < liminf [ |9,v,|*dz, thus

Q Vs, vy) :/\8xv*\2dx—/f(g02)]v*]2dx < liminf/ \&cvn]?dx—lim/f(ng)\vn\de:a.
R R R R

Moreover, ||vi||zz < liminf ||v,|/2 = 1. Assume by contradiction that ||v.||zz < 1. Then

Q(U*7U*) <

loullZ2 oz

< a<0,

Q(’U* ,’U*)

a11Z,

the infimum « is reached at v,. Hence v, satisfies in H~! the Euler-Lagrange equation

which is a contradiction with the definition of a. Therefore ||v.|zz = 1, = «, and

Lyv, = av, + B¢/, (12)

where 3 € R. We deduce that v, € H*> = D(L;). It can be easily seen that a > .
Indeed, it is clear that a > Ag, and if a = Ao, (12) implies

0 =<v,, (Ll — Ao)UO >=< (Ll — /\0)U*,UO >= ﬁ < QOI,UO >,

where u denotes a positive eigenvector of L; associated with the eigenvalue \y. Since ¢’
and wug are both positive, it follows that § = 0. Eq. (12) with § = 0 implies that v, is
colinear to ug, because )\g is the only negative eigenvalue of L; and is simple. This is a
contradiction, because ug & (¢')*.

Since a(Ly) N (A9, 0) = (), we can define on the interval (Ao, 0) the Vakhitov-Kolokolov
fonction g by

g\ = < (L= N7, > (13)

We have just seen that if ¢ is linearly unstable, the infimum « € (\g,0) of the ratio
Q(v,v)/||v||3, when v describes (¢')-NH" is reached at some v, € (¢')+ which satisfies the
Euler-Lagrange equation (12). This last equation can be rewritten as v, = 8(L; — o)~ !¢/,
and thus g(a) = 0.

Now, g is of class C! on (X, 0) and ¢'(A) = |[(L1 — A)"'¢'||7. > 0, thus g is increasing
on (Ag, 0). Moreover, if we denote by IIy the orthogonal projection on ug,

o 1 < Ug,. >
Ao — A uoll3.

(Ll — )\)_1 Ug + Ho(L1 — )\)_IH(],

and thus

1 <ug, ¢ >?
A=A [luoll7e

g(\) + < (L1 — N) Mgy, Hoy' > . (14)

10



Letting X\ decrease to A\, the first term of the right-hand side tends to —oo, whereas the
second one remains bounded. It follows that g(A\) — —oc as A | Ag. Therefore g vanishes
on (Ag, 0) if and only if the limit of g(\) as A T 0 is strictly positive.

At this stage, we have proved that if the limit of g(A) as A T 0 is equal to or less than
0, then the black soliton is linearly stable.

Conversely, let us assume that limyo g(A) > 0. Let a € (A, 0) be such that g(a) = 0.
Denoting v := (L; — a) 7'y, v € H® because ¢’ € H* and f(p?) € C}, and we have

0=g(a) =<v,¢ >=<uv,(L; —a)v>.

Thus < Lyv,v >= afjv||7. < 0.
Since Lo is a strictly positive self adjoint operator on (¢’)*, one can define the contin-

~ _1/2 ~ —1/2 .
uous operator Loy 2?2 .n (@)t — H'N (). Moreover, Lo ”? is continuous from

H3N(¢')* into H*, because f € C3(R,). Since v € (') NH3, wy := L, e ()N H™.
We have
< Egl/ziligl/zwo,wo >=< L1U,U >< 0,
where Ly := ITL;II is the restriction of Ly to (¢')* and II denotes the orthogonal projection
on (¢")*. In particular,
. < 1721/2171[:21/210, w >
v = inf 5 < 0.
w e (¢)t N H [wl|7:

Next, we use the two following lemmas.

Lemma 3.2 v > —o0.

/27 7 1/2

Lemma 3.3 The essential spectrum of the self adjoint operator on (¢')*, Egl 2L1L2 ,

with domain H* N (¢')*, is included in R

Let us temporarily admit these lemmas. Let (w,,)nen be a sequence in (¢')* N H* such
~1/2 ~ ~1/2

that for every n, ||wy||r2 =1 and < Ly " Ly Ly " wy, w, >— 7. Thus

< (E21/2I:1E21/2 — v)wn,wn >—0

/ /2

2~ -1
L1L2 — ’}/Id
—1y) C [—7,00). Therefore 0 < —v is not

as n goes to infinity, which implies that 0 belongs to the spectrum of EQI
Next, thanks to Lemma 3.3, ae(E21/2E1E21/2
in the essential spectrum of E21/2E1E21/2
choose an associated eigenvector 2o € H*N ('), and define uy := E21/2z0 € H3N (¢ )t as
well as uy := Lyug/y/—7. We may easily see that (uy, us) is an eigenvector of A associated

to the eigenvalue y/—v > 0, which implies that ¢ is linearly unstable. 0

— 7, which means that it is an eigenvalue. Let us

In order to complete the proof of Theorem 1.1, it remains to prove Lemma 3.2 and
Lemma 3.3.
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Proof of Lemma 3.2. A similar lemma is proved in [dB]. For every w € (¢')* N H,
we have

~1/

< Lo /

2 2

/ w >
~1/2

w,Lg/w>

w,Egl/
~1/2
= < (L2 —¢q)Ls /

> || Lawl|32 — [|gal| 1 < Low,w >

2~ ~1/2 ~ ~ 1
L1L2 w,w > = <L1L2

_Hq?H%w H

WV

|72

ILawlZ2 = llgallzoe | Lowl| 2wl 2 =

4
We have used a Young inequality for the last estimate. It follows that v > —||ga[|3e /4 >

—00. O
Proof of Lemma 3.3. It is quite clear that [:21/2[:1[:21/2, with domain H*N(¢’)* defines
a self-adjoint operator on L? N (¢')*. Next, we write
<12~ ~1)2 ~1/2 ~1/2
Ly " LyiLy = Ly "T(La — q2)IIL,
~1/2, ~ ~ 12 ~1/2 ~1/2
= Ly (La— )Ly "~ + Ly ""TI(¢* — qo)T1 Ly

/2 ~1/2

= I:QQ — CQI:Q + 1:21 H(02 — QQ)HLQ y

and we will show that Egl/QH(c2 — QQ)HI:21/2 is a relatively compact perturbation of E22 —
¢®L,. Indeed, it suffices to show that the image by Egl/QH(c2 — QQ)HI:21/2 of the ball

B:={f€D(Ly —Ly), |fl7: <1, (Lo = La)fll7- < 1}
is a compact set in L2, If f € B, then

g ~ 2 ~ 2 ~ 2 ~ ~
IL2flIL2 =< La"f, f >< |[Le” fllzzl fllze < [(L” = La) flleell fllze + I Laf [ 2]l £l ze-

Thus 3 5
ILafl17: < 14 || Laf]| L,

and there exists a constant Cy > 0 such that for every f € B,
L2 f|lz2 < Co.
Thus, for every f € B,
~ 2 2 - .
ILe" fllze < I(Lo” = La) fllz2 + || Laf]] < 1+ ¢*Co =: O,

which means that B is a bounded set in D([:;) = H*N (¢')*. Next, " is continuous
from H*N (¢')* into H3N ('), Moreover, since 9*(ga(x) — c?) — 0 for @ < 2 as x goes to
infinity, the multiplication by ¢? — g, is compact from H? N (¢')* into H2. 1 is continuous

from H? into itself because ¢’ € H?2. Finally, E21/2 continuously maps H? N (¢')* into

12



L* N (¢')*t. Therefore E21/2H(62 — qg)Hljglﬂ(B) is compact in L?. We then deduce from
the Weyl’s criterion that

~1/2 ~ ~1/2 ~ 2 ~
O'e(LQ / LlLQ / ) = O'e(LQ _CZLQ).

Next, since Ly — 2L is the restriction of L% — ?L, to the orthogonal (¢’)* of the kernel
of LQ,
0.(Ly” — PLo) = 0o (L} — L)

The operator L3 — ¢*Ly is a differential operator which may be explicitly computed:
L3 — Ly =T+ 8,

where

T =0 — 292,
S =2(c* —r(x)0? — 2r'(x)0, — " (x) + r(z)(r(z) — )

and r(r) = q(z) + qo(z). It is clear that D(T) = H* C D(S). Turning into Fourier
variables, we easily compute o.(T) = o(T) = Ry. Let U = C\R,. Since the operator
S(—1—T)"! is compact on L? Theorem Al in [H] ensures that one of the two following
properties occurs: either U C C\o(T' + S), or U C o(T + S). The second possibility is
excluded since T+ S is self adjoint, and thus o(T" + S) C R. Therefore o.(T + S) C R,
and the lemma follows. O

4 Linear instability implies orbital instability

As it is mentioned by A. de Bouard in [dB], the linear instability of the stationary bubbles
implies their orbital instability. Our aim here is to prove Theorem 1.2, which states that if
a black soliton is linearly unstable, it is also orbitally unstable. As in the previous section,
we assume that f € C*(R.) and f'(pg) < 0.

Throughout this section, we denote as before by A the operator on L? x L?, defined by

{ V(Ul,UQ) € D(A) - H27
A(uy, uz) = (Liug, —Lauy),

and we assume that o0(A) ¢ iR. The analysis developed in section 3 ensures then that o(A)
is the union of /R and of some pairs of opposite real eigenvalues with finite multiplicity.
We denote by \,, > 0 the greatest eigenvalue of A. We also define an operator A; on H!
by

{ V(ul,u2) € D(Al) = H3,
Aj(uy, ug) = A(ug, ug).

Our proof of Theorem 1.2 follows the lines of that of Theorem 4.1 in [dB] (see also
Theorem 2 in [HPW]). However, in order to obtain a result of L> orbital instability

13



(and not only H! orbital instability), more accuracy is required for the description of
the spectrum of the group generated by A;. This will be done thanks to the Spectral
Mapping Theorem of J. Priiss [P], using a method introduced by F. Gesztesy, C.K.R.T.
Jones, Y. Latushkin and M. Stanislavova in [GJLS] for localized solitary waves of Nonlinear
Schrédinger Equations. Once we have proved that o(e41t) = et orbital instability is
obtained by perturbation of the black soliton in the direction of the eigenfunction associated
to the maximal real eigenvalue of A. Since the proof may be adapted to the case of a one
dimensional stationary bubble, it answers in this case to the question asked in [dB], Remark
4.1.

First, let us remark that o(A;) = o(A). Indeed, similarly to A, A; is a relatively
compact perturbation of a differential operator with constant coefficients, which has ‘R
as essential spectrum. Thus o.(A4;) = iR. Next, if (u;,us) € H? is an eigenvector of A
associated to the eigenvalue \, 9?uy, 9?uy € H' and thus (uy,us) € H? = D(A;). Therefore
A c O'(A1>.

Next, if (u,us) € D(A;), we have

Re <A1(U1, UQ), (Ul, U2)>H1
= Re [<—8§U2 + q1ue, U1>H1 — <—32U1 + qrur + quy, U2>H1}
= Re [<Q1U2, U1>H1 - <(C]1 + C]2)U1, U2>H1] .

In particular,
[Re (A1 (ur, uz), (ur, u2))pn | < Cllaalla + [zl [uall [zl o
< Cll(u, ) [l

It follows that A; is the generator of a Cy-group on H', which will be denoted by e,
We are going to prove that the spectrum of e equals the set e?*. This will be done
using the following Spectral Mapping Theorem, which is due to J. Priiss.

Theorem 4.1 Let X be a Hilbert space, A an unbounded operator on X and S(t) a Cy
semigroup on X, with generator A. Let p# 0. Then p € p(S(t)) if and only if E = {\ €
C, eM = u} C p(A4) and sup{||(A — A) | z(x), A € E} < 0.

In order to apply Theorem 4.1 to the operator A;, we will first prove uniform estimates
on the resolvent of A for A € ', ,, := {a +i7,|7| > 79}, where a € R* and 75 > 0 is large.
We will then easily deduce uniform estimates on the resolvent of A, for A € I, ;.

Let us now prove the uniform estimates on the resolvent of A. Our method is similar to
the one used by F. Gesztesy, C.K.R.T. Jones, Y. Latushkin and M. Stanislavova in [GJLS]
for localized solitary waves. For A = a + i7, where a,7 € R*, we have

A—A = B)\+MQ,

where
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A 0?
B)‘:(—{)?Q—i-c2 )ic)

Mo = ( 6(2)2 I ) - ( —f(?) —29221”(902) a f(gQ) ) |

-
—8(2)—1—02) Oa’“" ) is included in iR and A\ ¢ iR, B, is

invertible, and A — A may be rewritten as

and

Since the spectrum of ( —(

A— A= B, [Ild+ By Mg].

Next, we have the following lemma, which is proved in the appendix.
Lemma 4.1 Let a # 0. Then there exists Cy > 0 such that for every A = a +it, |7| > 1,
IBX ey < C

Let T be the continuous operator on .2 defined by

Ty = B;'Mp
(B RE )0 AN — (-0 + )y ,
= Uae-eCaiepie —arent-aedtd)a )

We will next prove that each of the four block operators on L? in the right hand side of
(15) tends to zero in £(L?). This will imply that for 7y large enough, || 7| zwz2) < 1/2 as
soon as A € I'y ;. We deduce that Id + T} is invertible in this case and thanks to Lemma
4.1,

1= A) Ml < 26

Let us define now

Ky = Q(x)(=0;)(\* = 05(=0; + %)),

K3 = Q@A = 03(=0; + 7)™

and

K} =Q(z)(—=02 4+ )\ = 02(=02 + )71,

where () = @)1 or ()9, in such a way that Ki € L(L?), j = 1,2,3 are the adjoints of
the block operators in the right-hand side of (15). Since || K3 z2) = HKﬁ\*Hﬁ(LQ), we are
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reduced to prove that ||K7|| 12y tends to zero as 7 goes to infinity. As in [GJLS], this will
be done as follows. ' '
We first remark that for j = 1,2,3, K3 writes Qg3 (:0,), where

2

H(2) = .
IANE) = A2+ 22(2% + 2)’
9 A

gi(x) = A2+ 22(22 + 2?)
and

- x? 4+ c?
A2 a2(22 + ?)

ga(x)

Thus K7 is an integral operator with kernel (z,y) — Q(z)g)(z — y), where § denotes
the inverse Fourier transform of g.

Note that @) converges exponentially to zero, therefore it clearly belongs to L?. Thus,
since |gi| < |g3], it suffices to prove that for j = 2,3, g} € L*(R) and ||g}||z2 — 0 as T
tends to infinity, which will imply that the K f\ are Hilbert-Schmidt operators which tend
to 0 in £L(L?) as T goes to infinity. More generally, we prove the following lemma.

Lemma 4.2 Let A = a + it where a # 0. For j = 2,3, for every q¢ > 1, gi belongs to
LY(R) and ||g}||« — O as T tends to infinity.

Next, we show that the uniform estimate on [|(A — A)~!||zqz2) for A € I'y 5, that we just
obtained imply a similar uniform estimate for ||(A — A)~!{|z@). Indeed, let a € R* and
7o > 0, C' > 0 such that for every A =a+i7 € ', 5,

(A= A) Mz < C.
Then if A € Ty, F € H' and V = (A — A)~'F, then

VL2 < C||F |l (16)
We also get that V € H? and
(A — A),V = 8, F — MoV,

/
where Mg = ( Cg’ %l ) Thus
2

10Vl < CUl0:Flle> + (larllze + llgallze) IV]]2)
< Ol Flle- (17)
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It follows from (16) and (17) that (A — A;)~! : H' — H! is continuous, with a norm
uniformly bounded as A stays in I, .

At this stage, we conclude by Theorem 4.1 that

Alt) Aq)t

= 60(

ole = oAt (18)

In particular, the spectral radius of e4!* is e*»?. Once (18) has been established, the proof
of Theorem 1.2 follows the broad lines of Theorem 2 in [HPW] and Theorem 4.1 in [dB].

It can easily be seen (see for instance [G2]) that there exists a neighborhood U of 0 in
H' such that for every (vi,ve) € U, there is a unique solution u € ¢ +C([0,1], H' +iH"') to
(1), such that u(0) = ¢ + vy + ive. For ¢t € [0,1] and (vq,v2) € U, we define the nonlinear
flow

T(t)(vy,v2) := (Reu(t) — o, Imu(t)).

Using these notations, Equation (1) equivalently expresses as

U(t) =T(t)(v1,v2) = eAlt(vl,vg) —l—/o €A1(t77)g(T(7')(1}1,Ug))dT, (19)

where g : H' — H! is defined by

g(vi,v2) = ([f(©*) = f((o+v1)* +03)] v,
Fllo+01)? +03) (o +v1) — f(£°) (o +v1) = 267 (9*)01) -

It is quite clear that there exists ag, cg > 0 such that U contains the ball of radius ag in
Hl and Hg(Ul,Ug)HHl < C()H(Ul,UQ)H]%Il as soon as H(Ul,UQ)HHl < ag. If H(Ul,UQ)HHl < aop, let
t* = sup{t € [0, 1], |[U(t)|lm < ao} > 0. Since the spectral radius of e/t is et for every
n > 0, there exists M > 0 such that ||e?|| gy < MeP» 4t Thus for every t € [0, "],

¢
U@ [ < Me()‘m+”)t||2/{0||H1 + Mao/ e()‘m+”)(t77)co||2/{(7')HHldT,
0

where Uy = U(0) = (v1,v5). Multipliying by e~*»*7* and using the Gronwall lemma, we
get

ld (@)l < MUy | ePmFrEdteone) € (0,7, (20)

Thus, one can choose a; > 0 small enough (for instance a; = e~*mHntMeoao)qy /N1 in

such a way that ||[Up||m < ay implies ||U(t)||m: < ap for every t € [0,1]. For such a choice
of Uy, for every t € [0, 1], it follows from (19) and (20) that
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t
HZ/{(t)_eAltuOHHl < COMSG()\ern)tHuOH]%Il/ 6(2Mc0a0+)\m+n)7-d7_
0
< bllUolff, (21)

where b = coM3ePmtn) (@MeoaotAntn) _ 1) /(2Mcoag + A + 1). From now on, we fix
n € (0, \n). Let Cy be the norm of the continuous Sobolev embedding H! C L. Let U,,
be an eigenvector of A; associated to the eigenvalue ),,, normalized in such a way that
Uy |l = 1. We fix ay € (0,a1) and A = Mbage™ A+ /(eAn= — 1) where ay is small
enough, such that A < 1/2 and ACs/(1 — A) < ||Up|jL=/2. Let R =1/(1 —A) > 1, let
N e N, and € = aze ™" /R. Let us finally choose Uy = eld,,.

We first show by induction on n that, denoting by T*(Uy) the maximal time of existence
in H' of the solution to (19) with initial data Uy, we have for every n € {0,..., N},
T*(Up) > n and

|U(n)|[m < eRermm. (22)

For n =0, [|[(0)|[m = ¢ < eR by choice of U(0) and R. Let us now take n € {1,..., N},
and assume that (22) holds at orders k € {0,...,n — 1}. Then

_ Am(n—1) AmN _
~ ~ )
lU(n —1)||m < eRe < eRe™Y =ay < ay

therefore the time of existence of U is at least n, and we have

led ()l < NUd () = €I tolsmr + [l Uo g

< T e 2

Hl

n—1
Ze(nflfk)Al [Z/{(k + 1) . €Alz/{(]€)]
k=0

n—1
< YD ML TR () |y + € o

k=0

because of (21), and since Uy is an eigenvector of ¢"4t associated to the eigenvalue e*".
The induction assumption then ensures that

26(>\m—n)n —1

UN)||m < eetmm {Mbe’\me”("l)aR +1

eAm=n — 1

< e (RA +1) = e R,

which is the announced result. Note that the computation we just made also proves that
for every n € {0,..., N},
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|U4(n) — ™M Up||m < e " RA. (23)

Thus, for n € {0,..., N},

()l > Nl Ul — [led(n) — €Ml

Amn

2

ge

> e (Ul — CAR) > U [oe- (24)

For n = N, we get

66)‘mN a9
N o 2 m||L° = S5 |[|{UAm||Lee
)  llm = 22kl
[25) a2
= S0 AWl > 2 )

Finally, we show that U(N) stays far from the curve I' = {v = (p(- —h) —¢,0),h € R}
in IL°°, which will complete the proof of Theorem 1.2.

Let us first define, for p > 0, the cones

5, = {w e L™,

w = | < pllwl
and

—~

Zp = {w — LOO, ’/IU + HwHLOQ(');/

< plhwl
]LOO

where Uy, = Uy, /Ul and @' = (¢/,0)/ (¢, 0)llu~.
We claim that for n € {0,..., N}, we have U(n) € X,,, where py = 4AR/|U,| L.
Indeed, since e"1Uy = e*"Uy = ce*"U,, and thanks to (23) and (24),

__ U o
7 7 A %
e [ [ Lo

Un)||Le

< un) —enAIMOH]Loo T w U ||
U o

< U(n) — e Pyl + [[le" Uslle — [24(n) L |

4A
< 2ARee™m < K U)o
[ o

—t
Next, we show that if v € I' is close to 0, then v € X,, for some py > 0. Let v € I
with ||v||lLe~ < y/po/2. There exists h € R such that v = (v1,0) with v; = ¢(- +h) —p. We
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assume for instance h > 0. Since ¢ is a diffeomorphism from (— ¢~ (y/p0/2), ¢! (\/P0/2))
onto (—+/po/2,/po/2), and since v1(0) = ¢(h) € (0,,/po/2), the Mean Value Theorem

induces
VP . VP
h < TO sup  |(¢7)'(s)] < 5 — . — =i a.
Js1<v/P0 /2 inf _|¢'(s)]

Isl<e~1(v/P0/2)

It follows from the triangle inequality and a Taylor formula that

~ U1 U1 90/
v— ol = h.__H_) v
o= et e Wz Tl | e
() o1/ || Lo
S h[——w/ gl |1 — 1/l
h Lo e
U1 / 2 "
< 2h|5 | <2 (26)

Moreover, for h < «, since ¢’ is decreasing on R, the Taylor expansion at order one at
r = 0 yields

plh) o= _ ol

h= fol ¢'(sh)ds S od(a) ()

(27)

We deduce from (26) and (27) that v € f];:r with py = 2||v||Le]|¢” ||z /¢ (a)?. Tf h <0,
similar computations induce v € g]\p:i

—t
Finally, if v € X, , the triangle inequality gives

(V) = vllse > U)ol F UN) 20

oo

= ) = st | = || AN e = o)

o (=
Loe Loe

thus, since U(N) € 3,,,

(A 1PN ) AN = ol > U e [Un 7 &

o~ PN e = p2f|vlfue. (28)

Up to a change of as, one may assume that p; = 4AR/||Up||L~ < HZ:{; T QZ’HLOO/Z
2C5a2 < \/po/2 and 8Csas||¢” |1 /¢'()? < ||Up F ¢'|lL/4. Under these conditions, if
v €T, two cases may occur: either ||v||p< > 2|[U(N)||L~, which implies by (25)

a
[UN) = vl > HWMHw?fHZJmHLw, (29)
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or ||v]|Le < 2[U(N)|lL=. In this last case, it follows from (22) that

HUH]Loo < QCSCLQ < \/%/2
Thus v = (p(- + h) — ¢,0) with h < «, and (27) holds, as well as (28). Moreover, using
once again (22)

BIIU (N[ £ 19" | o

palvll= <

@' (a)?
8Cee* N R||¢" || 1o
~ N [o'e]
il O]
808a2"¢,/"Lm 1 —~ ~
SOl 0y < M 7,0l
O U < g [ F S 60

Using (28), (29) and (30), we finally obtain, for every v € T,

a2
16(1 + [[¢'[[1=)

HZZHF&

HUmHLoo> :
]LOO

. a2
U4(N) = ]~ > min (Zuumum

and the proof of Theorem 1.2 is now complete.

5 Numerical check of linear stability

In this section, we numerically investigate the linear stability of the black solitons for
different kinds of nonlinearities, using the criterion given in Theorem 1.1. First, it is
possible to find an approximate value ® of the black soliton ¢ using a differential solver,
since ¢(0) = 0 and the value ¢'(0) is explicitly known. In fact, if we multiply (2) by ¢’
and integrate between 0 and infinity, it can be shown that

¢'(0) = v/V(0).

For instance, for the pure power defocusing equation

i— 4+ = + (1 — [u]*)u =0, (31)
X

¢'(0) = \/UTH

It is sufficient to compute the approximate solution of (2) on a sufficiently large domain
in such a way that the derivative almost vanishes at the boundary. For some prescribed A,
the Vakhitov-Kolokolov function is given by
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gN) =< (L1 = M) "¢/ @' =<4, ¢' >,

where ¢ € L?(R) satisfies the differential equation (L; — AI4)1) = ¢'. This equation can be
solved with use of finite differences, seeking the approximate values v; of the solution at
gridpoints z; = jh where j = —J,--- | J. In this case, the discretized linear system can be
written as MV = @' where U = (¢_;,9_jy41,+ -+, 1,05)T € R¥TL @' € R?*! stands
for the approximate value of ¢’ computed from ® = (¢_;, 0 511, ,07-1,07)" and the
matrix M is given by

2 —1 0o - 0

) —1 2 -1 . :
M:ﬁ 0 . . .0 +diag<Q1($j)—/\,—J§j§J)‘

: | 2 —1

0 -~ 0 -1 2

The approximation G of the Vakhitov-Kolokolov function g is then given by G()\) =
< WU, ® >. In Figures 1 and 2 are respectively plotted the profiles of black solitons obtained
for (31) considered with different values of o (¢ = 0.5, 1, 2 and 3) and for each case the
Vakhitov-Kolokolov function with respect to log (—\).

1
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0.4

0.2

ok

-0.2

-04r — sigma = 0.
— — sigma=1

— - sigma=2
-18f sigma =3

-0.6

-0.8[

| I I I 2 I I I I I I
-6 -4 -2 0 2 4 6 -20 -18 -16 -14 -12 -10 -8
X log(-lambda)

Figure 1: Black solitons for different Figure 2: G with respect to log(—\) for
values of o. different values of o.

It can be observed that the function G is always strictly negative when A tends to
zero and admits at each time a strictly negative limit at zero. This numerically checks
the linear stability in this case. It can be also observed that this limit seems to be an
increasing function of 0. Nevertheless, when o becomes large, it has been found that the
limit value I(0) when A tends to zero is always strictly negative. As indicated in Figure 3,
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Figure 3: Plot of I(o) versus o.

it seems that [ := lim [(0) exists and remains strictly negative (we have [ ~ —1.13). This
o—0Q

result suggests the linear stability of black solitons for any nonnegative value of o.
We then focus on the case of the saturated equation

Ou N 0?u N ( 1 1 )
I — u
ot 0x? (1+alul?)? (14 a)?
where a is a prescribed positive parameter. Here, the nonlinear term still vanishes for
|u|* = 1 and remains positive between the two values 0 and 1. The value at the origin of

the black soliton derivative is given by

=0, (32)

#(0) = 1\%/—aa'

It is still possible here to compute the soliton and the Vakhitov-Kolokolov function. In
Figures 4 are shown the profiles of black solitons for different values of a. It can be noticed
that contrary to the first equation investigated, the black soliton derivative at zero is no
more a monotonous function of the parameter (in fact, the maximum value obtained is
reached for a, = 1). In figure 5 is plotted the value G()\g) for A\g = —107° for different
values of a. We observe that for sufficiently large values of a (say, a > ayx), the Vakhitov-
Kolokolov function becomes positive if A is close to zero, which ensures that the black
soliton is linearly stable when a < ayx =~ 7.47 and linearly unstable when a > ayg. This
kind of instability threshold has been already observed in the literature (see [KK]).
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Figure 4: Black solitons for different a. Figure 5: G(\g) versus a.

6 The linear stability of the black soliton of the 1D
Gross-Pitaevskii equation

In the cubic defocusing case f(r) = 1 — r, the black soliton ¢ is explicitly known:

x
r) = tanh —.
o() 7
Thus .
/
¢'(z) = s 12 20
v/2 cosh 7
Flpf) = ——
= —,
cosh %
and P
1
L = Ll = —ﬁ — W .
x cosh” 75
We also know that the lowest eigenvalue of L is A\ = —1/2, and an associated eigenvector
is
1
() = cosh%'

The explicit form of this data enables us to prove the linear stability of the black soliton
of the Gross-Pitaevskii equation stated in Theorem 1.3.

Proof of Theorem 1.3. Let A € (—1/2,0), and

vi=(L—-\"1¢ € H* C L™

24
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Then it is clear that v is even, v(x) — 0 as z — o0, and v solves

v(x) 1
cosh? \% v/2 cosh? 7

T
2

V'(x) = — Mv(z). (33)

For every integer n > 1, let us define

+o0
Uy, 1= / 71}}1(;) —dz
—0o cosh™ =5

+o00 1
Ap = / le’
—oo COsh 7

Note that u; = v/2g()\). The strategy of the proof is as follows. First, multiplying (33)
by 1/ cosh*” % and integrating over R, we obtain an induction relation between w, and
Ups1. Summing this relation, we express the first term in the asymptotic expansion of w,
in function of u;. Next, using the definition of u,,, we express the same quantity in function
of v(0). The comparison of these two expressions yields a link between u; and v(0). In
particular, this relation implies that v(0) > 0 as soon as u; > 0. Finally, we show that the

condition v(0) > 0 is inconsistent with the fact that v(z) — 0 as © — oc.

and

Let us as announced multiply (33) by 1/ cosh2” 5 and sum the obtained equality over
R. We get

+oo " 1
/ Uigf)dx = —Upp1 — —=Upy1 — AUy (34)
—oo Cosh % V2

Using integration by parts, the left hand side of (34) can be expressed as

“+o00 "
/ Uigf)dx = 20°u, — (20 + 1)ntpg. (35)
— cosh™

From (34) and (35) we infer the following induction relation:

1+22 1 An+1
— T Uy I B aa— 36

mn

Unp+1

(36) yields a relation between wu, 1 and u;:

- 1+ 25 1 &< 1+212 A1
unﬂzn(il ) 5 I () i @

=1 212 21 212
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We will next compute asymptotic expansions of each term in (37). We begin with the
term containing u;. First remark that the product Py :=[[2, (1 + %) converges. Thus

ﬁ (1+ 2%) = Py +o0(1),

=1

with Py € (0,1) (because A € (—1/2,0)). On the other side, there exists a constant P > 0

such that .
T (15 - 5 ) = PV + o)

Therefore

Il@fé?z>=:;%ﬂ+“m‘ )

We begin the computation of the asymptotic expansions of the two others terms in (37)
with the following lemma:

Lemma 6.1 Let p € C*(R), bounded, even, with ©(0) # 0. Then
[ el s e

= — —dy(1 1
o cosh®™ gz . v Jo VY y(1+o(1)).

Proof. We write

+oo [e%¢)
/ @(-T) dr — 2/ gp(l‘)e_2n1nCOSh$d$,
0

o cosh®™zx
and we make the change of variables y = 2nIn cosh x, such that

/+°° o(z) P 2/Oo go(arccoshe%)e_%%dy

2n 9
—oo cosh™ et 1 2n

- =/ o vt

- ¥ e’ Y
o(y) == go(eurccoshe?)\/eyi\/__1

and ¢(0) = ¢(0). ¢ is continuous on R, and the dominated convergence theorem yields

where for y > 0,

© -y

| ety — [0
LA ¥ Y
0 n \/@ n—oo Jo \/@

and the lemma follows. ]
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We apply this lemma on the one side with ¢(z) = v(v/2z), on the other side with
() = 1. We obtain respectively

. Y20(0)
- \/_/oo Cosh2” IV A \/*d y(1+o0(1)) (39)

and

:\/i/zcosflﬁn ﬁ Ooe;dy(w o(1)). (40)

We next give an asymptotic expansion of the last term in (37). We rewrite it under the
form

1+ 2
Al () i

k=1 l=k+1 21 212

1 - 1+ u a
L 22 k+1
\/§<H1+2l 212>Z k ( Loy

—j——)(%ﬂ+k—n

The series in the right hand side converges and we will denotes its sum by S. Indeed, it
follows from (38) and (40) that

g1 \/_P\/_ 1 1
X = Y51 +0(1) =O0(3)
Hz 1 ( = ) (2k2+ Kk —1) 2VEPy Jo \/_ "

Lo =g

Therefore, using once again (38), we get

1+2/1\2 k41 _ P\S)
\/_ZH <1+%——>2/€2+k—1 - Pm(l"i_o(l))‘ (41)

k=1 I=k+1 212

We inject (39), (38) and (41) into (37), and we obtain the relation

0o -y P

Vau(0) [ S = P+ 2. 42

O [ =Py (42)

For A\ € (—1/2,0), it is easy to see that Sy > Sy € (0, +00). Therefore, if we assume by
contradiction that u; > —Sp/2v/2 > —S,/2v/2, (42) implies v(0) > 0.

In the sequel, A\ € (—1/2,0) is fixed, and we assume by contradiction that w; >
—Sp/2v/2, and thus that v(0) > 0. We will show that this implies that v(zr) — —o0
as © — 400, which is a contradiction with v € L2
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Let us first define, for z € R,

x
w(x) := v(x)cosh —. 43
(x) = o) cosh - (43)
Then for x € R, we have
oa) = AT
V2

w' () 1 tanh
cosh 75 \/ﬁcosh

V'(x) =

" 9 tanh 2 1
gy W) 2 b “’(?f)x L1l
cosh 75 \/2 cosh e cosh” = 2 cosh 75
Since v satisfies (33), it follows that w solves
W (@) = v tanh ~—w/(z) — ———— — (X £ Nw(a). (44)
V2 V2 cosh NG 2

Remark that w(0) = v(0) > 0, w is even and w’(0) = 0. Evaluating (44) at = = 0 and
using the fact that A > —1/2, we thus have
1 1
w// 0 - __— _ (=
0=~
Therefore there exists 1y > 0 such that if € [0, 7], w”(z) < 0 and w(z) > 0. Thus we
can define

+ Nw(0) < 0.

z1 :=sup{x > 0,w(y) > 0 and w”(y) < 0 for every y € [0, x]}.

If 21 = 400, we have w”(y) < 0 on [0, 00) which implies that w’ strictly decreases on R;

thus for x > 1, w'(z) < w'(1) < w'(0) = 0. Therefore for z > 1, w(z) < w'(1)(z—1)+w(1).

In particular, w(z) < 0 for = large enough, which is a contradiction with the assumption
= +o00. Thus z; < co.

Next, we show that w(zy) = 0 or w”(z1) = 0. Indeed, if it was not the case, thanks
to the continuity of w and w”, there would exist a neighbourhood of z; in R, on which
w > 0 and w” < 0, which would yield a contradiction with the definition of x;. We next
prove that w”(z) < 0, and thus w(z;) = 0. Indeed,

1 1

w’(xy) = \/ﬁtanhﬂw/x - — (=
(1) (z1) \/icosh% (

V2
1

— <
\/ﬁcosh%

5 + MNw(xq)

X
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because w’ is strictly decreasing on [0, 2] (thus w'(z;) < w’(0) = 0), 1/2+ X > 0 and
w(zy) = 0. Therefore v(z;) = w(z;) = 0, and v/(z;) = 2 < 0. It follows that there

cosh

exists 17, > 0 such that —1/v/2 < v(x) < 0 for x € (z1, 7, + 771]. Thus we can define

Ty = sup{z > 1, —1/vV2 < v(y) <0 for y € [x1,2)} > 21 + 171 > 7.
For x € [x1, x5), since —\ > 0, v(x) < 0 and 1/v/2 + v(x) > 0, we have

oz) = ﬁ (% + v(x)) ~ () < 0.

=
Therefore v’ is decreasing on [x1,23), and v(x) < v'(x1)(z — z1) if © € |21, 22). Now, since
v'(21) < 0, we have x5 < 00, v(22) = —1/v/2 and v/(x3) < v'(z1) < 0.

From now on, we distinguish the two cases:

1. x> x) = ﬁarccosh\/%—/\,
2. Ty < TH.

In the first case, for x = w2, - + A < 0. v'(x9) < 0, therefore there exists 1y > 0,

h2 z
v'(z) <0 for o € [x9, 2 + 1], and the definition of x3 > x4 as

x3 :=sup{x > 9, v'(y) < 0 for y € (w9,7)} > xo

makes sense. v is decreasing on [x9,x3), thus v(z) < —1/v/2 for every = € [xy,x3). It

follows that for x € [z9, x3), — —|— )x) v(xz) <0, and

cosh2 z

() 1 1 1 o) o) < 1 1 <0
V() =—-——=—m— — | —— v(r) L ——=——— .
\/ﬁcoshZ% cosh? L V2 cosh2 g

V2
Therefore v' is decreasing on [r9,x3). This implies that z3 = 400, and for x > o,
v(x) < v(xe) + V' (x2)(x — 22), thus v(z) — —o0 as  — +o0.
We are now concerned with the second case zo < x,. We introduce

Xy 1= Sup{x € (.Tg,x)\),/l/(y) < 0 for (7S [$27x)}

and the open set Q := {z € (9, 24),v"(z) > 0}. Q is the disjointed union of its connex
parts w; = (a;,b;) for i € I, where I is a finite or countable set. For z € w;, v"(x) > 0, and
thus integrating twice, for x € w;,



Using (33) and the fact that x < x, it follows that

" 1 1 1
v"(z) < (m +>\> (—v(a;) = v'(a) (2 — a;)) — NEER

V2 V2
which may be integrated between a; and x. After an integration by parts, we obtain
Viz) < v(a) — (V20(a;) + 1 (tanhi—tanh&)—)\vai T —a;
(z) (ai) = (vV20(a;) + 1) 7 NG (ai)( )

(r— ;) — ' (q \/étanhix—ai +'(a; /gc\/ﬁtanhid. 45
( )" —v'(ai) \/5( )+ v'(a:) 5 Nk (45)

For z € (x9,74), v'(z) < 0, thus v(x) < v(xy) = —1/+/2. In particular, v'(a;) < 0 and

v(a;) + 1/v/2 < 0 (indeed, a; > x5 because v”(z5) = A\/v/2 < 0 while v"(a ) = 0).

T € wy, it follows from (45), the mean value theorem and the inequality tanh 2% < 1t t

SI

1 1
v'(a;) — [( (@) + —=)—a
\/2’ cosh 7
:—U”(ai):o.

—)\U/(Zai) (z — a;)* — v’(ai)\/ﬁ/:(l — tanh i)oly

V()

N\

+ /\U(ai)] (x — a;)

-

V2

= v'(a;) {1 —V2 I(l — tanh %)dy — )\(%%)2]

< V() {1 — \/5/00(1 — tanh %)dy] =v'(a;)(1 —2In(1 + e V2e2)) (46)

We provisionally admit the fact that (1 — 2In(1 + e“/i‘”)) > 0. Let us assume by
contradiction that v'(x4) = 0.

If 2, ¢ Q, there exists n > 0 such that v"(z) < 0 for € [v4 — n,24], and thus
0 =v'(z4) < V(x4 —n) <0, which is a contradiction.

Thus x4 € Q. Let (c,), be a sequence in € such that ¢, — x4. For each n, ¢, € Wi(n),
and ¢, < bin) < 24. Thus iy — x4. If by was constant (equal to x4 = by,) for n > ny,
we would have by (46)

0=1v"(z4) =0 (b;,) < V'(a;,)(1—2In(1+ e_‘/i‘”)) <0,

which is a contradiction. Thus by, takes infinitely many values. We next remark that if
y € (0,z,) satisfies v”(y) = 0, it follows from (33) that

1

v(y) = ~ A Freosl” 7) = f(y).
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Here, we have 0 = v" (b)) — v"(x4), thus v"(x4) = 0, and v(x4) = f(x4). Next,

il Z4 Z4
sinh ﬁcosh s

fi(@g) = A < 0=1v"(zy).

<1 + A cosh? %)2
This implies that there exists 14 > 0 such that v(z) < f(z) for x € [x4—n4, x4). For n large
enough, b;n) € (4 — N, 24), V" (biny) = 0, thus v(bin)) = f(biny). This is a contradiction.

If 24 < z), the definition of x; implies that we must have v'(x4) = 0, which we have
just seen to be impossible. Thus x4 = x and v'(z4) < 0. Then, we conclude as in the case
To = x), with x5 replaced by 4.

To complete the proof, it remains to prove the estimate
21n (1 + e*ﬁ“) <1 (47)

in the case x5 < x,, which will be done by bounding x5 from below. For z € [0, ],

A+ —%—= >0, and we have seen that v is decreasing on [0, z5], thus v(z) < vy = v(0) for
V2

x € [0, 23], and

1 1
" = — (A — - -
v(z) ( cosh? i) v() V2 cosh? =

V2 V2
1 1
2 - /\+ B} )UO 2
( cosh % V2 cosh 7

1 1
ST
\/2 ) cosh \%
because —Avg > 0. Integrating this inequality between 0 and z € [0, 25|, we get

W/ (2)] = —'(2) < (1 + voV2) tanh —= < (1 + voV/2).

V2

Using the mean value Theorem, it follows that

1
NG + v = [v(w) = 0(0)] < (1 +v9V2)s.

Therefore 25 > 1/ V2, and
2In(1 + e V22) < 2In(1 + e < 1.

This completes the proof. 0

31



7 Dynamical stability

In this section, we numerically investigate the dynamical stability of the black solitons.
For this purpose, we use finite differences in both time and space.

7.1 Description of the numerical method

Space and time steps h and 6t being given, all the computations will be made in a rect-
angular grid at spatial points x; = jh and at discrete times ¢, = ndt. Let us define u] as
the approximate value of u(z;,t,). For any given smooth function w, we also define the
operators L, as

0*w

(Lyw); = %(wfrl — 2w; + wj,l) = <@>] +O(h?)

that can be seen as the discretization of the differential operator 9?/dz* with use of Taylor
formulas. We then consider the symmetric Crank-Nicolson discretization of (1): setting
u" /2 = (u™ + u"t) /2, the system writes

i 1 1/2 +1/2)2y n+1/2

S = ) (Lo V2 (R = 0
for n > 0 and |j| < J, with J given. This is a nonlinear algebraic discrete system that is
solved at each time step using a fixed point method. This way of discretizing the system
enables us to have the conservation of the discrete first invariant on the whole space

L=Y (\uyﬁ - 1) — Iy, ¥n>0.

JEZ.

7.2 The boundary problem

When dealing with asymptotic behaviour of time evolution problems, numerics may become
delicate since for obvious CPU reasons, computations have to be made in a bounded
interval of R, often referred to as the computational domain. In this case, an inappropriate
boundary condition can lead to artificial reflection and may cause a wrong approximation
of the exact solution. In all the cases that will be investigated, the solutions under study
tend to different limit values at +o0o. The most natural way to proceed is to set these
values for the numerical approximation at each extremity of the computational domain.
This is justified because given a black soliton ¢; the Cauchy problem for (1) is well-posed
in o+ H' (see [G2]). We show here that even in the linear case

Oou  Pu
or T oar T
with boundary conditions —1 and 1 at —oo and oo, this treatment can seriously affect the
solution asymptotics. In order to avoid such problems, a numerical trick consists in adding

0 (48)
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a diffusion term in (48), that will come into play near the boundary. We thus replace (48)
by

, ou  0%u

(i — a(x)) i + e 0, (49)
where the function « vanishes at the interior of the numerical domain. This means that the
original problem is turned into a diffusive-like equation where the diffusion term only plays
a role close to the boundary. Consequently, waves that could reflect on the boundary are
absorbed. The term « is referred to in the literature as a sponge factor. Such a function
is plotted in Figure 6. Remark that since we deal with a modified equation, conservation
of invariants for initial problem no more holds.

1
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Figure 6: Plot of «.

We now show the results obtained for the numerical resolution of (48) considered with the
initial data ug(x) = tanhz, for the following choice of grid parameters: h = 0.1, J = 200,
0t = 0.1 and a sponge factor given by

a(z) = exp(—(|z| — L)*/4),

where L. = Jh. In Figures 7 and 8, we view the solution computed with the sponge
factor compared to both solution computed with nonhomogeneous Dirichlet conditions
u(t,—L) = —1, u(t,L) = 1 and solution considered in the larger domain | — 3L, 3L],
for which the solution is not affected by the boundary on the small domain. It can be
observed that the first solution is a much better approximation of the reference one than
the solution obtained with Dirichlet conditions. In all what follows, such sponge terms will
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be used for our tests. Note that in this case, there is no need in using a numerical scheme
which preserves the charge on the numerical domain since the modified equation is no more
conservative, even if the lack of conservation is only relevant close to the boundary.

re(u(t,x)) attime t = 15
T T T

15

— — Dirichlet conditions
— - Sponge factor
—— Solution on a larger domain

- L L L L L L
~20 -15 -10 -5 [ 5 10 15

Figure 7: Profile of the real part of
the solutions of (48) with Dirichlet
boundary conditions, with sponge fac-
tor and computed on the larger domain
| = 60,60[, plot on the small domain
| —20,20[, T = 15.

re(u(t,x)) at time t = 15
T T

B — — Dirichlet conditions
— - Sponge factor
—— Solution on a larger domain

L L L L L L L L
4 6 8 10 12 14 16 18
X

Figure 8: Profile of the real part of
the solutions of (48) with Dirichlet
boundary conditions, with sponge fac-
tor and computed on the larger domain
| —60,60[, T = 15, zoom near the right
boundary.

7.3 The pure power defocusing equation

Since the stability condition stated in Theorem 1.1 deals with linear stability, we first
perform computations for the linearized equation

d%u

0
L T F(@%)u+ 207 f (P Reu = 0,
ox?

"ot

with f(r) = 1 — r? (which is an other way to write system (3)) in order to check if a
stability threshold occurs. We start from the initial condition

(50)

—0.01z2

e(z)=e : (51)

that can be seen as a perturbation of zero. Note that due to the linearity of (50), this
perturbation is not needed to be small. We numerically solve equation (50) using the same
semi-implicit discretization of the linear term as in the nonlinear case and plot the evolution
of the maximal amplitude in order to look for the generation of an unstable mode. For the
sake of clarity, we have preferred to view the profile of k(t) := log(1 + [Ju(t)| =)/t if k
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tends to zero as t is large, then no exponential growth is obtained and the black soliton can
be considered as linearly stable. If k tends to some positive constant A, then instability
occurs with the corresponding growth rate given by .

Our first simulations showed successive drops of k, caused by periodic changes of the
sign of the real part. It has to be noticed that this phenomenon still occurs if the sponge
term is removed. Surprisingly, dealing with well-adapted grid parameters enables us to
delay it. In most of the tests that will be discussed, we have decided to deal with large
numerical domains considered with small space step h, for the following reasons: firstly, if
we look for an unstable mode for which & tends to a positive limit value, the space domain
has to be large enough in such a way that the eigenvector is well-localized. Furthermore,
the black soliton ¢ computed using a differential solver (see Section 5) has to be accurately
described around the origin where the variations of ¢ are most significant: this requires to
work with reasonably small values of h.

We have computed the evolution of k for different values of o (0 =1, 0 =2 and 0 = 5)
with parameters J = 50000, h = 0.002, 6t = 0.2 and N = 10000. Figure 9 indicates that k
decreases to 0: there is no positive eigenvalue for the linearized operator, which illustrates
linear stability for any value of o.

T
sigma = 1
18+ |! — — — sigma =2
| sigma = 5

16 |-

14

12

10

log(1+Ju(®ll )1t

200 400 600 800 1000 1200 1400 1600 1800
t

Figure 9: Plot of k versus time, 0 =1, 0 =2 and ¢ = 5.

We then numerically solved problem (31), injecting as initial data a small perturbation
of the black soliton numerically calculated: we take ug = ¢ + ¢, with

e(z) = q(1+14)e " cos 2. (52)
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We took the following parameters : h = 0.01, J = 20000, 6t = 1, N = 1000 and
g = 3.107%. For any value of o, the numerical solution seems to travel with a velocity
depending on o¢. This may suggest that the black soliton is not stable. However, we
translate the solution in such a way that the real part changes its sign at the origin and we
study the L error with respect to the black soliton. We plot in Figure 10 the evolution of
the L* norm of the error between the black soliton and the translated numerical solution
obtained for o = 1, with respect to time. It can be observed that this difference is bounded
through time, which is a grant of stability. Other tests performed for different values of
o have shown a similar behaviour. Note that it can be observed small oscillations of the
error caused by the translation of the solution from an integer number of grid cells and
the large value of the derivative of the black soliton at = 0. Thus, the period observed
in Figure 10 corresponds to the time the solution takes to go through a grid cell.

x10°°

3.5 |

1.5 1

0.5 4

00 160 260 3(;0 460 560 660 7(;0 8(;0 960 1000
t

Figure 10: Plot of the L error between the translated solution and the exact black soliton

versus time, o = 1.

We then perturbed the initial data with an oscillatory function e(x) = 0.5¢™*" sin 5z (z).
In our test, we set J = 800, h = 6t = 0.05 and for simulations performed until final time
T = 5. In Figures 11 is plotted the solution profile at successive times t = 1, ¢ = 3 and
t = 5. It can be observed a propagation to the right of the wavetrain, with a similar effect
to the left side for negative x. Since its length seems quite constant through time, the
global L? error between the numerical solution and the black soliton will remain bounded.
Since it is worth investigating the behaviour at the left of the perturbed wave, we also
define the local L? error, that is computed around the origin (in our simulations, we chose
the domain D = [-10, 10]). In Figure 12 are plotted the two errors and it can be noticed
that once the perturbation has left D, then the approximate solution mimics the soliton
profile and the local L? error becomes small, while the global error stays bounded since
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the travelling perturbation keeps the same amplitude. This effect could be referred as local
asymptotic stability, meaning that in compact domains of the real line, the black soliton
attracts the solutions for large times.

11 T T T T T T 0.15

T T T T T T T
t=1 — Whole domain
- t=3 — - Small domain
t=5

0.1f

0.051- \

09 I I I I I I I I I
o] 0 0.5 1 15 2 25 3 35 4 45
time

Figure 11: Snapshots of the perturbed
solution at different times (¢t = 1, t =
3 and t = 5) around the black soliton

Figure 12: Evolution of global and local
L? error between the perturbed solu-
tion and the black soliton versus time.

profile, 0 = 1.

These two simulations have shown different behaviours for the solution of (1): the first
perturbation leads us to a travelling wave that remains close to the black soliton in L*
norm, whereas the second perturbation generates local oscillations going away to infinity
and a stationary global profile (that is with no translation effect). This could suggest that
the perturbed solution mimics travelling solitons of (1) with velocity depending on the
initial perturbation, the velocity being equal to zero in the last experiment. Such states
are referred as travelling bubbles and are explictly given in the case o = 1 by

cpy(x—vt):\/1—%2tanh<\/1—%2x;\/;t)+i%, (53)

see for instance [GO]. Note that for v # 0, the phase shift of the bubble differs from the
black soliton one. In particular, the numerical boundary conditions © = +1 at * = £2,44,
(Tmae = Jh) are not well-adapted to describe these bubbles. However, it is possible to
compare the numerical solution with such a bubble on a subdomain D C| — Zyaz, Tmaz[:
first, up to a multiplication by a constant phase term exp ¢, the imaginary part of exp 6 u}
is observed to be constant, say equal to v (that does not depend on time), on D. The
numerical value of the velocity is then deduced from (53) by v = v/2y and can be compared
to the velocity of the solution deduced from Figure 10 by the relation v = Ad/At, where
Ad stands for the distance covered by the bubble between two local extrema of the L
profile (taking into account that the distance h is covered during a period) and At is
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the corresponding time. For instance, the computations made for perturbation (51) with
q =3 107* give /2y ~ 2.086 10~* and show a good agreement with Ad/At ~ 2.083 10~*
(the values are chosen in such a way that At ~ T in the plot). For o > 1, the explicit form
of travelling bubbles is not known but it is still possible to compute the velocity v of the
bubble from the minimum intensity 7, of the solution: indeed, setting

V() o= vy -2

7o is the unique zero of V,, on the interval (0,1) (see [G1]); consequently, v expresses as

V (10) 0

L —mno
the value ng being determined from the numerical solution. Starting from the same pertur-
bation as in the previous test for the resolution of (31) with o = 2, (54) gives v ~ 2.77 10~*
which is again very close to the observed velocity that has been found close to 2.74 107%.
Other experiments have shown that this still holds for other values of ¢ and other ini-
tial perturbations. Furthermore, the velocity of the numerical travelling bubble essentially
depends on the perturbation profile at the origin.

v =2 : (54)

7.4 The saturated equation

As in the previous section, we first investigate the linearized equation (50), starting from
(51) as initial data. We used the following parameters : J =3 10°, h = 1/3 1072, 6t = 10
and N = 1000. The choice of such a ét is justified by the smallness of the nonlinearity
which prescribes large characteristic time scales. We also plot in Figures 13, 14, 15 and
16 snapshots of the real and imaginary parts of the solution of (50) at different times in
the two cases a = 7.4 and a = 7.6 (note that 7.4 < ayx < 7.6). It can be observed that
in the case a = 7.4, the imaginary part spreads out in the numerical domain but keeps
the same order of magnitude through time. The solution we obtain here closely looks like
the derivative of the black soliton, which is not that surprising since Loy’ = 0, meaning
that ¢ is a stationary solution to (50). On the contrary, the profile of the imaginary part
obtained for a = 7.6 is amplified without any alteration of its shape, after a transient
regime at moderate times. This suggests that in the latter case, an unstable mode has
been captured from initial data (51). It points out the existence of a threshold value ¢; for
which we observe both dynamical linear instability if a > a; and stability if a < ;. Note
that a; ~ ayxk.

In order to study more precisely the amplification rate of the solution, k£ has been
plotted in the cases a = 7, a = 8 and a = 9 (see Figure 17). It gives another illustration of
linear instability of the black soliton above q;. In figure 18, we have plotted ko, := }H?o k(t)

versus a for a > a;. In each case, this limit has been estimated by extrapolation from
computations until ¢ = 10%. It has to be pointed out that computing the value of the
instability growth rate is delicate when a becomes too close to the critical threshold: the
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code only gives an approximate solution that shares the same properties of the exact one
up to a numerical tolerance. Moreover, the nonlinearity is always very small for values of
a close to a;, which requires our experiments to be made for sufficiently large times in such
a way that the nonlinear contribution can be observed.

We also solved Equation (32) starting from the Gaussian modulated initial perturbation
(52). In our computations, we chose ¢t = 1, J = 20000, h = 0.01, ¢ = 3.10~% in the cases
a =5 and a = 9 (see Figures 19 and 20). For a = 5, it can be noticed that the profile
of the real part cannot be distinguished from the black soliton. However, the solution has
been translated to the right: the real part now vanishes at x = 0.12. In the case a = 9,
the situation completely changes: the translation to the right is now much faster and the
profile of the translated real part differs from the black soliton.
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In order to see more precisely the influence of parameter a, we view in Figure 21 on the
same plot the errors between the black soliton and the translated solution of (32) obtained
for different values of a: a =6, a =7, a =8 and a = 9, with the same values of both grid
parameters and initial perturbation. As in the test performed in the linearized case, this
figure suggests the occurrence of a threshold value a,; € (7,8): taking a < a,; leads us to a
bounded variation of the error, whereas for a > a,,; the error seems to increase with time.
Note that the value of a,; is in agreement with the threshold values obtained on the one
hand with the Vakhitov-Kolokolov function (ayx) and on the other hand with the study
of the linearized system (q;). In the cases where the translated profiles do not differ much
from the black soliton (that is for a = 6 and a = 7), the oscillations that have been already
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observed in the pure power case (see Figure 10) remain visible for large times.
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In the stable case, the moving soliton can be identified as a travelling bubble, as for
the pure power nonlinearity. Following the same strategy as before, we have measured the
velocity v = 9.86 1075 of the solution for a = 2, which gives a good agreement with respect
to the velocity v = 9.73 107° obtained by (54).

7.5 Conclusion

We have investigated the stability of black solitons for different nonlinearities using different
points of view. First, the Vakhitov-Kolokolov function g has been computed numerically.
Thanks to Theorem 1.1, linear stability holds if and only if g()\) has a negative limit
when A tends to zero. Secondly, the linearized equation has been solved starting from
a perturbation of the black soliton. Linear instability manifests itself by the emergence
of an exponentially increasing unstable mode. Finally, the fully nonlinear evolution has
been computed and has shown that even in the linearly stable cases, the black soliton
may be translated with a velocity depending on the initial perturbation and behaves like a
travelling bubble on a spreading domain. The evaluation of the error between the computed
solution and the initial data does not seem well-adapted for the stability analysis. The
stability has to be studied modulo translations: this is exactly orbital stability.
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Our numerical simulations bring to the fore that in the pure power case, the black
soliton is linearly stable and is also orbitally stable. In the saturated equation, these three
approaches tend to exhibit the same threshold value ayx ~ a; ~ a,; for the parameter
a. Let us denote by a. this threshold value. If a < a., the black soliton is stable in
all the above mentioned meanings, whereas instability occurs when a > a.. The need to
investigate orbital stability instead of stability in usual sense may be surprising, taking
into account previous results in the literature concerning travelling bubbles for the ? —°
nonlinear Schrédinger equation (see [BP], [dB]).

8 Appendix

We prove here some technical lemmas which have been used in section 4. All these proofs
are slightly modified versions of proofs given in [GJLS].

Proof of Lemma 4.1. Note first that since A € iR, —\* € R, = o(—0%(—02 + ?)).
Thus the operator A2 — 92(—9?% + ¢?) is invertible, and B; ' may be expressed as

1 A2 = 92(=0% + ) ! —P(N = 0X(=02+ )t
B = (L Gy a0e -ty ) 69

Thus the lemma reduces to prove uniform bounds on each four operators on L? in the
right-hand side of (55). Passing into Fourier variables, we get

Al
A2 — (=% + ) 2y < su | ,
H ( x( z )) HL(L) EG]E‘)@ 62(62 02)’

2

— PN =X (-P+ ) <su
|| $( $( T )) ||C(L2) 56]%‘)‘2 +£2(

&+ )|
and
2 +02
_62_‘_2)\2_62_62_‘_271 2< 5 )
H( c T C )( x( x T C )) H[:(L ) 22]%“/\2 +§2(£2 +02)‘
Next,
P D@ @
ger [\ + (82 + )| T [Tm(N)] 2lal|r| 2|al
Similarly,
2 2 2

c c c
< < :
A2+ &2(&2+ )|~ 2lal[r] " 2[al

Finally, if £2(£2 + %) > 272, we also have £2(&%2 + ¢*) — 72 > €3(€? + ¢*)/2, and
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£ &
((a® + (&2 + 2) — 72)% + 4a?72)1/2 SE §2(€2 +¢?)/2 <G
while if £2(€2 4 ¢2) < 272,

& L& 1 (et _ Ve
((a% + €282 + ¢2) — 72)2 + 4a272)'/2 = 2[a||7] ~ 2af 7?2 = 2a|’
which completes the proof of the lemma. O

Proof of Lemma 4.2. We first prove the result for j = 3. We write

[ee] 2 2\q
It = 2 [ Saksy i
o [(a® + 22(2? + ) — 72)% + 4a?7%)?
= 2(I1 + L),
where
I / (2?2 + ¢2)1
1=
0 [(a2 + 22(22 + ¢2) — 72)2 + 4a272]"?
c/V?2 2
< / (3c7/2)T de — 0.

0 2IozHT| 700
and

o] 1 2 2\q

I, = / Bl (@ + ) q/2dx.
¢/v2 \4|al|T a2 4a2(z24c2)—12 2
[1 + ()
The change of variable y = @i+ tar 72 yields, setting 7/ = M, if 72 > a2 —ct/4+
| 2Jal|7] 2Jal|7]
q
; 1 /oo 1 (7’2 + 04/4 — a2)¢1/273/4 <(% + 1)1/2 + —2(7-2+c4;flfa2)1/2) p
2 = = Y.
4 ) a _ (2]al|r])e? 1/2
STeTT] (2[al|r]) (1+ y2)a/2 <(% + 1)1/2 _ W) (% + 1)1/2

Next, y > 2|§—‘4‘T| — 7/ implies (£ +1)/2 > Mjﬁ, thus for ¢ > 1,
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We now perform similar computations for j = 2: if 7 > 75 where 75 > |a? — c*/4|'/?
is large enough, in such a way that for every 7 > 7, ¢*/(8|a||7|) — 7 < —7//2 < 0 and
1/vV2 > /(1% 4 ¢t /4 — a®)'/?| we compute

oo 2 2\q/2
I3t = 2 ot 7) _da
0 [(a2 + .CEQ(.Z'Q + 02) _ 7—2)2 + 4&27-2]‘1

(a® 4 72)9/21 [ - -
= 2ot ) (A @ L g
STall7 ~ 7

—1/2
Y 1/2 c? y ~1/2
% <<;+1) 272+ YA — a?)1? <;+1) dy

(a4 72)9/2
2@l & Aja— @y )

where
Jy = /OO dy
e 2va/2 ( (2 1/2 e 12y 1/2
(14 y2)e <(?+1) _m) (£+1)
< C —
/oo (1+y?)/?
and
77//2 dy
J, =
! R ova/2 (2 1/2 2 2. 1/2
8lal|7] (].+y )q ((?‘i‘l) —W) (?—}-1)
—7'/2 1 dy

<
A . ) ) /2 1/2
s (14(5)))" (5 )" i) ()
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We make the change of variables z = (% + 1)1/2 — W—4_(12,)1/2, in such a way that for

’7_‘ 2 To,
1/V2 "d
neer [T EE <o
0 z
which completes the proof of Lemma 4.2. O
References

[B] LV. BARASHENKOV, Stability criterion for dark solitons, Phys. Rev. Lett., 77 (1996),
1193-1197.

[BGMP| L.V. BARASHENKOV, A.D. GOCHEVA, V.G. MAKHANKOV, I.V. PUZYNIN, Sta-
bility of the soliton-like “bubbles”, Physica D, 34 (1989), 240-254.

[BP] 1.V. BARASHENKOV, E.Y. PANOVA, Stability and evolution of the quiescent and trav-
eling solitonic bubbles, Physica D, 69 (1993), 114-134.

[BS] F.A. BEREZIN, M.A. SHUBIN, The Schridinger equation, Kluwer Academic Publish-
ers (1991).

[dB] A. DE BOUARD, Instability of stationnary bubbles, STAM J. Math. Anal. 26 (3) (1995)
566-582.

[GO] C. GALLO, Propriétés qualitatives d’ondes solitaires solutions d’EDP non linéaires
dispersives, Ph. D. Thesis, Paris-Sud Orsay University (2005).

[G1] C. GALLO, The dark solitons of the one-dimensional nonlinear Schridinger equation,
submitted.

[G2] C. GALLO, The Cauchy Problem for defocusing Nonlinear Schrédinger equations with
non-vanishing initial data at infinity, submitted.

[GJLS] F. GEszTEsy, C.K.R.T. JONES, Y. LATUSHKIN, M. STANISLAVOVA, A Spectral
Mapping Theorem and Invariant Manifolds for Nonlinear Schrodinger Equations, In-
diana University Math. Journal 49 (2000) 221-243.

[H] D.HENRY, Geometric theory of semilinear parabolic equations, Lecture Notes in Math-
ematics 840, Springer, Berlin (1981), p. 136.

[HPW] D.B. HENRY, J.F. PEREZ, W.F. WRESZINSKI, Stability Theory for Solitary- Wave
Solutions of Scalar Field Equations, Commun. Math. Phys. 85 (1982), 351-361.

[KK] Y.S. KivsHAR, W. KROLIKOWSKI, Instabilities of dark solitons, Opt. Lett. 20 (1995),
1527-1529.

45



[KLD] Y.S. KivsHAR, B. LUTHER-DAVIES, Dark solitons: physics and applications,
Physics Reports 298 (1998), 81-197.

[IMS] D.J. MiTcHELL, A.W. SNYDER, Stability of nonlinear guided waves, J. Opt. Soc.
Am. B 10 (1993), 1572-1580.

[P] J. PRUSS, On the spectrum of Cy-semigroups, Trans. Amer. Math. Soc. 284, 2 (1984),
847-857.

[L] Z. LIN, Stability and instability of traveling solitonic bubbles, Adv. Diff. Eq., 7 (2002),
897-918.

46



