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STABILITY OF MULTI-SOLITONS FOR THE
DERIVATIVE NONLINEAR SCHRODINGER EQUATION

STEFAN LE COZ AND YIFEI WU

ABSTRACT. The nonlinear Schrédinger equation with derivative cubic nonlin-
earity admits a family of solitons, which are orbitally stable in the energy space.
In this work, we prove the orbital stability of multi-solitons configurations in
the energy space, under suitable assumptions on the speeds and frequencies
of the composing solitons. The main ingredients of the proof are modulation
theory, energy coercivity and monotonicity properties.
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1. INTRODUCTION

We consider the nonlinear Schrodinger equation with derivative nonlinearity:

iUy + Uy + i|ulug = 0. (ANLS)

The unknown function u is a complex-valued function of time ¢ € R and space x € R.
The derivative nonlinear Schrodinger equation was originally introduced in Plasma
Physics as a simplified model for Alfvén waves propagation, see [40, 46]. Since then,
it has attracted a lot of attention from the mathematical community. Let us give a
few examples. It was first studied using integrable methods by Kaup and Nevel [25].
Later on, Hayashi and Ozawa [21, 22] obtained local well-posedness in the energy
space H'(R). Local well-posedness in low regularity spaces H*(R), s > 1/2 was
investigated by Takaoka [47]. The problem of global well-posedness for small mass
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initial data in low regularity spaces has attracted the attention of a number of
authors, see e.g. [8, 9, 20, 39]. When considered on the torus, local existence in
H*(T) was proved by Herr [23] for s > 1/2. Results for s < 1/2 were recently
obtained by Takaoka [48]. A probabilistic approach to local existence was initiated
by Thomann and Tzvetkov [49]. Recently, Wu [52, 53] proved global existence in
H(R) for initial data ug having mass M (ug) = %||u0||iz less than threshold 2.
The method introduced by Wu was extend to the torus by Mosincat and Oh [41].
Despite the amount of studies devoted to (ANLS), existence of blowing up solutions
remains a totally open problem. Global existence was recently investigated using
integrability techniques by Liu, Perry and Sulem [31, 32] and by Pelinovsky and
Shimabukuro [43]. Analysis of singular profiles in a supercritical version of (dANLS)
was performed by Cher, Simpson and Sulem [6].

Before presenting our results, we start with some preliminaries.

Under gauge transformations, (ANLS) may take various (equivalent) forms. In
particular, if

oitea) =oxw (= [ Juten)Pay) ute.a)
then v solves
v + Vaz +i(Jv]?0), = 0. (1)

Alternatively, setting

witea) =esp (§ [ lutePay ) utt.o),

— 00
then w solves )
W + Wep — tw, + §|w|4w =0. (2)

Under the form (dANLS), the derivative nonlinear Schrédinger equation is sometimes
referred to as the Chen-Liu-Lee equation [5]. The form (1) might be called the
Kaup-Newell equation [25]. The form (2) is the Gerdzhikov-Ivanov equation [18].
Yet another notable (but apparently not christened) form of (dNLS) is obtained
setting

o) = (5 [ futeay) ute.)
Then =z solves

2

. . 3
12t + Zgw — %|z| zm—|—3z zz+E|z|4z: . (3)

The equation (3) played a central role in the papers on global well-posedness [52, 53].

Since all these derivative nonlinear Schrodinger equations are related via gauge

transformations, any result on one of the forms can a priori be transfered to the

other forms. Depending on the aim, some form usually turns out to be much easier

to work with than the others. In this paper, we will mostly use the form (dNLS).
Interestingly, given a solution u of (dANLS) and A > 0, then

ur(t,z) = %u (% ;)

is also a solution of (dANLS). In particular, (ANLS) is L2-critical. However, its
behavior widely differs from the one of its celebrated power-type counter part, the
1d quintic nonlinear Schrédinger equation. In particular, (ANLS) is not invariant
by the pseudo-conformal transformation and no explicit (and in fact not at all)
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blow-up solution is known for (ANLS). Another main difference between (dNLS)
and quintic NLS is that the former one is not invariant by a Galilean transform.
The equation (ANLS) can be written in Hamiltonian form as

iug = E'(u),

where the Hamiltonian (or energy) is given by
1 1
B = 5luslis + 120 [ JuPausda,
2 4 R

At least formally, the Hamiltonian E is conserved along the flow of (dNLS). In
addition, two other quantities are conserved: the mass and the momentum, defined
by

1 1
M) = 5lulfs Pl) = 57 [ uisde

Note that (ANLS) is an integrable equation (see e.g. [25]) and there exists in fact an
infinity of conservation laws (see e.g. [50]). However, our goal here is to study the
properties of the solutions of (ANLS) with a robust method not relying on its al-
gebraic peculiarities. Our approach may be applied to other similar non-integrable
equations, e.g. the generalized derivative nonlinear Schrodinger equations consid-
ered in [1, 16, 33, 34, 42].

As is now well-known, given real parameters w > 0 and —21/w < ¢ < 2v/w, there
exist traveling waves solutions of (dANLS) of the form

R, (t,x) = em(bwﬁc(:zr —ct).

The profiles ¢, . are unique up to phase shifts and translations (see e.g. [7]) and
are given by an explicit formula (see Section 2 for details). The stability of the
solitary waves of (dNLS) was considered in [7, 19, 26]. In particular, in [7], Colin
and Ohta proved that for any (w,c) € R? with ¢? < 4w, the solitary wave R, . is
orbitally stable. The orbital stability of the lump soliton in the case ¢ = 24/w was
considered very recently by Kwon and Wu in [26]. The stability theory for a more
general version of (ANLS) was developed in [34] by Liu, Simpson and Sulem.

Multi-solitons are solutions to (ANLS) that behave at large time like a sum of
solitons. They can be proved to exist by inverse scattering transform (see [25]
for (ANLS) or [54] for the cubic nonlinear Schrodinger equation), using energy
methods (see [11, 12, 35] for the nonlinear Schrédinger equation or e.g. [14, 24]
for Schrodinger systems) or with fixed point arguments (see [11, 28, 29] for the
nonlinear Schrédinger equation).

As each individual solitary wave of (ANLS) is stable, it is reasonable to investigate
the stability of a sum of solitary waves; this will be our goal in this paper. Precisely,
we want to show that, under some conditions, if the initial data is close to a sum of
solitons profiles, then the associated solution of (dANLS) will behave for any positive
time as a sum of solitons. To our knowledge, no information was available so far
on the stability of these multi-solitons configurations.

To study the stability of multi-solitons, several approaches are possible. One
can work in weighted spaces and get asymptotic stability results for multi-solitons
configurations [44, 45]. An alternative approach, when the underlying equation is
integrable, is to take advantage of the integrable structure to obtain stability (in a
relatively restricted class of functions), see e.g. [17]. Finally, one can work in the
energy space, and this is what will be done in this paper. We will prove a result in
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the same family as the results obtained by Martel, Merle and Tsai for the Kortweg-
de Vries equation [36] and the twisted nonlinear Schrédinger equation [37]. This
approach was later extended to the Gross-Pitaevskii equation by Bethuel, Gravejat
and Smets [3] and to the Landau-Lifshitz equation by de Laire and Gravejat [13].
Instability results are available in [10, 11].

Our main result is the following.

Theorem 1.1. Let N € N. Forj=1,...,N letw; € (0,00), ¢; € (—2,/w5,2,/@;),

zj € R and 0; € R. Let (¢) = (¢w,.c;) be the corresponding solitary wave profiles
given by the explicit formula (5). For j =2,...,N, let

Wi — wj_
g5 = 27J J 1.
Cj —Cj,1
Assume that for j =2,..., N we have
o; >0 and c¢j—1 <o0j <cj. (4)

Then there exist a > 0, Lo > 0, Ag > 0 and dg > 0 such that for any ug € H*(R),
L> Ly and 0 < 6 < dg, the following property is satisfied. If

N
wo— e ¢;(- — ;)

J=1

<6

.
and if forallj=1,...,N —1,

Tjp1 —x; > L,
the solution u of (ANLS) with u(0) = uo is globally defined in HY(R) fort > 0,

and there exist functions &1 (t),...,Zn(t) € R, and 01(t),...,0n(t) € R, such that
forallt >0,

N ~
u(t) — Zeiej(t)¢j(. - jj(t))H <Ay (6+e b,
j=1

H1

Remark 1.2. We can further describe the behavior of the functions éj and Z;, see
Proposition 4.1. In particular, they are of class C! and verify the dynamical laws

6tjj ~ Cj, 8t§j ~ Wj.
Hence the behavior of ei% ®)g;(- — %;(t)) is close to the one of Ry, c, (t).

Remark 1.3. As we are trying to prove a stability result for the multi-solitons
configuration, it natural to assume that we start with well ordered solitary waves,
ie.
cp <cpg<---<CcCnN, and 1 <wo<---<ITpN.

This prevents the crossing of solitary waves at a later time.

As in [37], the stronger condition (4) that we impose on the parameters of the
waves is needed for technical purposes.

A consequence of (4) is that

wp <wg < - <WHN.

In other words, the larger the amplitude is, the faster the soliton should travel.
This is somehow reminiscent from what happens in the context of the Korteweg-
de Vries (KdV) equation, where speed and amplitude are controlled by the same
parameter [36]. Another similitude with the KdV equation, consequence of (4), is
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that our solitons should all be traveling to the right (i.e. with positive speeds),
except for the first one, which is allowed to travel to the left (i.e. with negative
speed).

The speed/frequency ratio condition is different from the equivalent one in [37,
condition (A3)]. In particular, [37, condition (A3)] allows for the solitary waves
to have equal frequencies, in which case the only condition for the speeds is to be
strictly increasing. This is ruled out by (4).

An example of a range of parameters verifying (4) is given by

wij=42+1, ¢=2j, j=1,...,N.
It is not hard to construct many other examples.

Remark 1.4. The constant « in Theorem 1.1 can be made explicit: a = %w*,
where w, is the minimal decay rate of the solitons defined in (17).

Remark 1.5. Our theorem does not cover the case where one of the solitons is a
lump soliton, i.e. when ¢; = 2,/w; for some j =1,..., N. Indeed, lump solitons are
significantly different from the other solitons (algebraic decay instead of exponential
decay, weaker stability, etc.), which prevent to include them in our analysis.

Remark 1.6. The main technical differences between (NLS) and (ANLS) are that
the later one is not any more Galilean invariant and there is no scaling between
solitons. Nevertheless the proof of our result is largely inspired by the proof of [37,
Theorem 1]. As far as possible, we have tried to keep the same (or similar) notations.

Our strategy for the proof of Theorem 1.1 is, as in [36, 37|, the following. We
use a bootstrap argument, which goes as follows. Assume that an initial data
ug is located close enough to a sum of soliton profiles, and that the associated
solution u to (ANLS) stays until some time 7' in a neighborhood of size ¢ of a
sum of (modulated) solitons profiles. The bootstrap argument tells us that, in
fact, u stays until the same time T in a neighborhood of size £/2 of a sum of
(modulated) solitons profiles. This allows us to extend the time T up to oo and
proves the stability of the configuration. To obtain the bootstrap result, we rely on
several ingredients. First, we need a modulation result around the soliton profiles.
As usual, modulation is obtained via the Implicit Function Theorem, with here
the particularity that we rely on explicit calculations to prove invertibility of the
Jacobian. This is a specific feature of (dANLS) which allows us to modulate in a
more natural way than in [37]. The second ingredient is a coercivity property for
a linearized action functional. The functional is based on the linearized action
around each soliton, which we prove to be coercive (up to some orthogonality
conditions). The third ingredient is a series of monotonicity properties for suitably
localized mass/momentum functionals. These monotonicity properties are involved
in a crucial way in the control of the modulation parameters.

The rest of the paper is organized as follows. In Section 2 we review and develop
the stability theory for a single solitary wave. In particular, we obtain a coercivity
property for the linearized action functional around a single soliton using variational
characterizations. In Section 3 we state the bootstrap argument and prove Theo-
rem 1.1. Section 4 is devoted to the modulation result. In section 5 we derive the
monotonicity properties of localized mass/momentum functionals. Section 6 deals
with the construction of the action-like linearized functional for the sum of solitons
and its coercivity properties. In Section 7 we control the modulation parameters
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using the monotonicity properties. Finally, in Section 8 we prove the bootstrap
result. The Appendix A contains explicit formulas that we use at several occasions
in the paper.

Notation. The space L?(R) is considered as a real Hilbert space with the scalar
product

(u,v)y = Re/ uvdx.
R

Whenever an inequality is true up to a positive constant, we use the notation 2 or
<. Throughout the paper, the letter C will denote various positive constants whose
exact value may vary from line to line but is of no importance in the analysis.

2. SOLITARY WAVES AND STABILITY THEORY

We will need for the study of the stability of a sum of solitary waves some
tools coming from the stability theory of a single solitary wave. These tools are
however not immediately available in the literature and we need to introduce them
ourselves in this section. We believe that the results presented in this section are
of independent interest and may be useful for further studies of (dANLS).

Recall that given parameters w > 0 and |c| < 24/w, there exist traveling waves
solutions of (ANLS) of the form

Ruco(t,z) = ey, o(x — ct).
The profile ¢, . is unique up to phase shifts and translations (see e.g. [7]) and is
given by the explicit formula
c. i [
ucle) = pute (5o =1 [ louloPac) )

where )

Pu.o(z) = <4w\/_°_’02 (cosh (Nm) - 2\%))_5. (6)

The profile is also the unique (up to phase shifts and translations) solution to the
elliptic ordinary differential equation

— Gz — Z|¢|2¢z +wo +ico, =0, (7)
and it is also a critical point of the action functional S,
S=8pc=FE+wM+cP.

For future reference, note that the function ¢, . verifies the equation

+ i LT (052) ¢ + SlolPe — < lolip = 0
—Prx W= — — F4m T 5 I =Y,
® 4 ' 2 PPz )P 2‘%780 1680%0

or, since ¢, . is real,

— Pz + w—i 90+E|s0|290—3|s0|4<p=0- (8)
4 2 16

From the explicit formula (5), we see that ¢, . is exponentially decaying. Precisely,
for any a < 1 we have

1Ba e ()] + |6 e(@)] < Coe= Vo=l ©

Note that this decay is not affected by a Gauge transform or a Galilean transform.
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The main result of this section is the following coercivity property.

Proposition 2.1 (Coercivity for one solitary wave). For any w,c € R with 4w > ¢2,
there exists j1 € R such that for any e € H'(R) verifying the orthogonality conditions

(€10uw,c)y = (€:0xPu,c)y = (€; Pu,c + 102 Pu,c)y = 0,
we have
Hoo(e) 1= (SU o($u.c)e,2) 2 Nl
Remark 2.2. If ¢ < 0, then we can choose p = 0.

Remark 2.3. Following the classical approach by Weinstein [51] (see e.g. [27] for an
introduction), one obtains as a corollary of Proposition 2.1 the orbital stability of
solitary waves.

Notation. Many quantities defined in this paper will depend on w and c. For
the sake of clarity in motation, we shall very often drop the subscript w,c and
dependency in w and c will be only understood.

For future reference, we give the explicit expression of S”(¢)e:
S"(P)e = —0Oppe — i|p|*One — 2iRe(PE) Py + we + iy, (10)

and the explicit expression of H:
H(e) = |22 +Im/ |¢|2§81da@+2/’Re(¢§)Im(¢$§)dx+w||a||iz +czm/ & da.
R R R

The proof of Proposition 2.1 makes use of the following minimization result.
Define for v € H*(R) the Nehari functional corresponding to (7) by

I(v) = 1,,.(v) = ||vgg||i2 +Im/ |v[*vv,da +w||v||iz + cIm/ vUgde.
i i

Remark that I(v) = %S (tv)j¢=o- Define the minimum of the action S on the Nehari
manifold by

my = inf{S(v); v € H'(R) \ {0}, I(v) = 0}

and let the set of minimizers be denoted by
Gu = {v e H'(R)\ {0}; I(v) =0, S(v) = mn}.

Proposition 2.4. Let w,c € R be such that 4w > . Then my > 0 and ¢, is
up to phase shift and translation the unique minimizer for mpys, that is

On = {€i0¢w,c(x - y); evy € R}

Proposition 2.4 was first obtained by Colin and Ohta [7, Lemma 10]. For the
sake of completeness, we reproduce here the proof.
We will make use of the following two classical lemmas (see [4, 15, 30]).

Lemma 2.5. Let (v,) be a bounded sequence in H'(R). Assume that there exists
p € (2,00) such that
limsup||vy ||, > 0.
n—oo

Then there exist (y,) C R and voe € H*(R) \ {0} such that (v,(- — yn)) has a
convergent subsequence to v, weakly in H'(R).
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Lemma 2.6. Let 2 < p < 0o and (vy,) be a bounded sequence in LP(R). Assume
that v, — Vs a.e. in R. Then

||Un||ip — |lvn — UOO||Z£P - ||UOO||1[)/P — 0, as m — oo.

Proof of Proposition 2.4. Step 1. We show that mp > 0. Let v € H'(R) \ {0} be
such that I(v) = 0. Introduce the notation

L(v) = Ly o (v) = val32 + wlo]l3 + cIm/ Vipda
R

2 02
2
+(w==) vl
(=) i
Vy — 0

02
+ (W - _) HUHiz = —Im/ ClRCEAEBS HU”?P'
2 || e 4 R

Therefore there exists § > 0 independant of v such that

and remark that

Using I(v) = 0, we have

2 < ic 2
101z

~

2
[l 2 > 0.

In addition, we have
1 1
S(v) = 8(v) = 71(v) = 7L(v) 2 o2 > & > 0.
Therefore
my > 0.
Step 2. We show that

1
my =g inf{L(v); ve H(R)\ {0}, I(v) < 0}.
Indeed, let v € HY(R) \ {0} be such that I(v) < 0. Then there exists A € (0,1)
such that I(A\v) = 0. Moreover,
1 1 A2 1
my < S(Ww) = S(w) — ZI()\’U) = ZL()\’U) = ZL(U) < ZL(’U).

Step 3. We show convergence of the minimizing sequences. Let (v,) C HY(R) \
{0} be such that I(v,) = 0 for all n € N and S(v,,) = my as n — oco. In the sequel,
all statements will be true up to the extraction of a subsequence. The sequence
(vy) is bounded from above and below in H!(R). Moreover, we claim that

lim sup||vy|| 6 > 0.
n—00

Indeed, assume by contradiction that lim, o ||vs| 6 = 0. Then from I(v,) = 0
and by Cauchy-Schwartz inequality, we have

2 3
||Un||H1 S L(v,) = S ”UnHLG”awUnHL? — 0.

—Im/ |0 |20y, O Uy dz
R

It is a contradiction with the boundedness from below of (v,) in H(R). Therefore

limsup,,_, ||vnll e > 0 and we can apply Lemma 2.5 to obtain the existence of
Voo € HY(R) \ {0} and (y,,) C R such that

V(- = Yn) = Voo weakly in H'(R), wn(- — yn) — Voo ace.
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From now on, we replace v, by v, (- — yn). By weak convergence we have
L(vn) — L(vn — Voo) — L(veo) = 0.
By Lemma 2.6 we have
[nllzs = llon = vaol[74 = [[vcll 70 =0,
[nllze = llon = vaclgo = [[vc7e — 0.
Remark that for any v € H*(R) we can rewrite I(v) as
. 2
ic

; 2
) c c 1
we= e gl o+ (0= G ) I+ Glollhs = 1ol

Introduce the functions w,, and ws, defined by

I(v) =

ic i

7 7
Wy, = OgVy, — — Uy + §|vn|20n, Woo = Oploo — Evoo + §|v00|21)oo.

2
Then w,, — ws in L?(R) and we have

lwalZe = lwn = wocllzs = w72 = 0.
Combined with (12),(13) and (14), this gives
I(vy) — I(vn, — Voo) — I (Vo) — 0.

(11)

(12)
(13)

(15)

Step 4. We show that the minimal element vo, verifies I(vo) < 0. Assume by

contradiction that I(vs) > 0. From (15) and since I(v,) = 0, we have
lim I(v, — veo) = —I(vs0) < 0.

n—r oo

Therefore, by Step 2, L(v, — vso) > 4mypr. Combining this with lim,, o L(v,) =

4dmps and (11), we obtain
L(veo) = lim (L(vy) — L(vn, — veo)) < 0.
n—r oo

However voo # 0 and thus L(vss) > 0, which is a contradiction. Therefore I(vs) <

0.
Step 5. We prove that vs achieves the minimum for mar. We have

dmp € L(veo) € lim L(vy,) = dmy.
n—oo

Therefore
L(veo) = lim L(vy)
n— o0

and thus v, — v strongly in H'(R). This implies I(vs) = 0 and therefore

S(Voo) = M-

Step 6. Conclusion. The last step of the proof consists in proving that v is
in fact a solution of (7). As ve is a minimizer for mys, there exists a Lagrange

multiplier A € R such that
S (Voo) = M (Voo ).
Therefore
0=1(vs0) = (5"(Vo0)s Voo) = A {I' (Vs0), Voo ) -
Since

(I'(Voo ), Voo) = 2L(veo) + 4Im/ Voo |2 V00 OrVoodr = —2L(vs0) < 0,
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we necessarily have A\ = 0. This implies that v is a solution of (7). Since by
uniqueness any solution of (7) can be written for some 6,y € R as

Voo = ewﬁbw,C(' —Y)s
this concludes the proof of Proposition 2.4. O

With Proposition 2.4 in hand, we can now proceed to the proof of Proposition 2.1.

Proof of Proposition 2.1. For simplicity in notation we drop the subscript w,c in
®w,c and simply write ¢ instead. We shall follow more or less the scheme of proof
already used in [2]. We start by rewriting S”(¢) (see (10)) as a two by two matrix
operator acting on (Re(e),Zm(e)):

S"(9) = < Opy +w+ 2R Tn(00)  2Tn()Tm() + |62, — cam>

Step 1. Global spectral picture. Since ¢ is exponentially localized, S”(¢) can be
considered as compact perturbation of

—Opz +w —cOy,
cOy — O +w )/’
Therefore its essential spectrum is [w — %, o0) and by Weyl’s Theorem its spectrum

in (—oo,w — %) consists of isolated eigenvalues. Due to the variational characteri-
zation Proposition 2.4, S”(¢) admits at most one negative eigenvalue. Using that

¢ satisfies to the Nehari constraint I(¢) = 0, we have

(S (6)6, 6) = 2Tm /R (6P dude = —2L(6) < 0.

This implies that the operator S”(¢) has exactly one negative eigenvalue.
Step 2. Non-degeneracy of the kernel. We claim that ker(S”(¢)) = span{i¢, ¢z }.

Write L ) "
(o4 o)) (o ).

where ¢ = @, ¢ is the real part of ¢ given explicitly in formula (6). Then

2 1 1
C o 2 3 4 12 4
—p*k k) — —o*k — — k).
+ 507k + cp Re(k) — 120"k — 1o Re(k)
Separating in real and imaginary part, we obtain
S"(p)e = Lo Re(k) +iL_Tm(k),
where
c? 3¢ 5, 16 4
L+__8mm+<w_z)+3¢_ﬁspu
c? c 3 1% 2
L_=-0., - — —p? — =t L _ I 9,.
+<w 4)+29" 67 T2 T2

Hence proving non-degeneracy for S”(¢) amounts to proving non-degeneracy of L
and L_. That is, we want to prove that

ker(L;) = span{y;}, ker(L_) = span{¢}.
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Since ¢ satisfies (8), it is clear that L_p = 0. Let v € H(R) \ {0} be such that
L_v = 0. Consider the Wronskian of ¢ and v:
W = v — @u,.

It verifies the equation
2

¥
W = -2 w
2
and therefore it is of the form
W(z)=Ce 2o #w)dy
Since ¢,v € H?(R), we have
lim ¢(z) = lim @g(z)= lim v(z)= lim vy(xz)=0.

r—+o0 r—+o0 r—+o0 r—+o0

Therefore,
hm W(z) =

r—+oo

which is possible only if W = 0. Therefore v € span{y} and this proves non-
degeneracy of L_. The non-degeneracy of L, follows from similar arguments.

Step 3. Construction of a negative direction. Differentiating (7) with respect to
w and ¢, we observe that

SI/(¢)aw¢ = —¢, SH((b) ) = —igy.
Let 11 € R to be chosen later and define
1/) = aw(b + Hac¢-
We have
<SN(¢)7/}, V) = —(0,0,0) — 1 {9, 0ch) — p (i, 00 ) — /L2 (i, Oc) -
Moreover, using (70)-(72), we get

0 5 9 M(6y) = —2—

<¢7 w¢> —M((bw c) - mu <¢7 ac¢> 8 ((bw,c) - \/mu
P 2 . 9 ___—¢

(ithz, D) = —P(¢w c) = \/ﬁ7 (ipz, Ocp) = 9 (¢w ) = \/m

This gives
1
(8" (@) 0) = (5 —dnten’) mes

Therefore, since 4w — ¢? > 0, there always exists u such that

(S"(¢),4) < 0.

Let such a p be fixed now. If ¢ < 0, we can choose = 0. If ¢ = 0, we can choose
,uzlandifc>0wecanchooseu:%.

Step 4. Positivity. Let us now denote by —A and ¢ the negative eigenvalue of
S”(¢) and its corresponding normalized eigenvector, i.e.

S"(@)¢ ==& €l =1
We write the decomposition of ¥ along the spectrum of S”(¢):

1/1:0454'("'77,

(16)
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with o € R, oo # 0, ¢ € ker(S”(¢)) and n in the positive eigenspace of S”(¢). In
particular, we have

(8" ()n,m) 2 Inllza-
Take ¢ € H*(R) \ {0} such that the following orthogonality conditions hold
(57 Mb)z = (57 aw¢)2 = (57 o+ iﬂ(bm)Q =0.
We also write the decomposition of ¢ along the spectrum of S”(¢):
€= ﬂg +p,
with p in the positive eigenspace of S”(¢). Since
—¢ — gy = S"(P) = —aX + 5" (B)n,
we have
0=—(¢+ipds,e)y = (5" (O),e) = —aBA +(S"(d)n,p),
thus
(S"(é)n, p) = aBA.
From Cauchy-Schwartz inequality, we have
(aBA)? = (S"()m, )" < (" (@), ) (" (@)p p) -
In addition, since (S (#)w, 1) < 0, we have

(S"(d)n,m) < a®A.

Therefore,

(S"(B)e,2) = —BA+ (" (&)p. p) > —F2A + 2N (BN

(5" (@)n,m) a’A
Step 5. Coercivity. To obtain the desired coercivity property, we argue by
contradiction. Let &, be such that ||e,|| ;1 = 1 and

lim (S”(¢)en,en) = 0.

n—00

By boundedness, there exists o, € H(R) such that
£n — E0o weakly in H'(R).

> —2N+ =0.

On one hand, by weak convergence, e, verifies the orthogonality conditions

(5ooa Z.(bw,c)g = (5005 az¢w,c)2 = (5007 (bw,c + Z./L(bz)g = 0.
In particular, if e, Z 0, then, by Step 4, we have

(S"(})e00s €00) > 0.
On the other hand, we remark that (S”(¢)e,e) = H(e) can be written
2 2
£ —z'ng t(w-& ||s||§2+zm/ |¢|2§5mdw+2/Re((bé)Im(%é)d;v.
2 g2 4 R R

By weak convergence of ¢,,, exponential localization of ¢ and ¢, and compactness
of the injection of H' into L? for bounded domain, we have

(S"(d)es, x0) < ILm (8" (#)en,en) = 0.

Therefore we must have e = 0. Since ||e,|| ;1 = 1, there exists § > 0 such that

2 2 ,
| ot (= 5 ) el >

H(e) =

C
OpEn — 1—En
2
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Moreover, since lim,,— oo (S”(d)en, €xn) = 0, we have

Im/ |6|%€ 00 (Eo ) wda + 2/ Re(p& o0 ) Im(dreono)dr < —6 < 0.
R R

However, it is a contradiction with e, = 0. Hence the coercivity result Proposi-
tion 2.1 holds. (]

3. THE BOOTSTRAP ARGUMENT

This section is devoted to the proof of Theorem 1.1 using a bootstrap argument
which will be proved later.

Letcgp <~ <eyand 0 < wy < ~-~<waesuchthatc? <A4wjforj=1,...,N
and the speed-frequency ratio assumption (4) is verified. Let (¢;) = (¢u,;,c;) be the
corresponding solitons profiles. We define the minimal decay rate of the profiles by

/ 2
c
wy = min wj——2;j=1,....,N ;. (17)

Define also the minimal relative speed c, by
e, =min{lc; —cl; j,k=1,...,N, j #k}. (18)
Given Ay, L, > 0, define a tubular neighborhood of the N-soliton profiles by
V(67 L7 AO)

N
—QueH'®); _inf Ju=Y"e"ig,(—a)| < Ag(64e5T)
r;>r;1+L = Joe]
0;¢c =

Theorem 1.1 is a straightforward consequence of the following bootstrap result.

Proposition 3.1 (Bootstrap). There exist Ay > 1, fized, and Ly > 0 and 69 > 0
such that for all L > Lo, 0 < & < §g the following property is satisfied. If uy €
HY(R) verifies

Ug € V(d, L, 1),
and if t* > 0 is such that for all t € [0,t*] the solution u of (ANLS) with u(0) = g
verifies

u(t) € V(6, L, Ay),
then for all t € [0,t*] we have
u(t) €V <5,L, %) .

Being performing the proof of Proposition 3.1, let us indicate how it implies
Theorem 1.1.

Proof of Theorem 1.1. Since ug € V(4, L, 1), and u is continuous in H!(R), there
exists a maximal time t* € (0, co] such that for all ¢ € [0,¢*) we have

u(t) € V(5,L, Ay).

Arguing by contradiction, we assume that t* < oo. By Proposition 3.1, for all

t € [0,t*) we have
u(t) €V <5,L, %) .
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By continuity of w in H!(R), there must exist ** > t* such that for all t € [0, ¢**)
we have

u(t) € V(4, L, Ao).
This however contradicts the maximality of ¢*. Hence t* = oo. This concludes the
proof. O

The rest of this paper is devoted to the proof of Proposition 3.1. From now on, we
assume that we are given Ag > 1, L > Lo = Lo(Ag) > 0 and 0 < § < dp = do(Ap)
such that

Ug € V((S, L, 1),
and there exists t* > 0 such that for all ¢ € [0,¢*] the solution u of (dANLS) with
u(0) = ug verifies
u(t) S V(&, L, AQ)
In the sequel, we shall always assume ¢ € [0, t*].

4. MODULATION

We first explain how to decompose u close to the sum of solitons. Roughly
speaking, we project u on the manifold of the sum of soliton profiles modulated in
phase, speed, space and scaling. Since we impose the modulated speed and scaling
to have the same ratio as the original speed and scaling, we in fact modulate on a
family of 3N parameters.

Proposition 4.1 (Modulation). For § and 1/L small enough, the following prop-
erty is verified. For j =1,..., N there exist (unique) C*-functions

0; :[0,t"] =R, @;:[0,t"] = (0,00), & :[0,t"] =R, ¢&:[0,t*] =R
such that if we define modulated solitons Rj and € by
Ri(t) = "Dy (yci0( — 3(1),  e(t) = ult) — Z R;(t),

Jj=1

then e satisfies for all t € [0,t*] the orthogonality conditions (the constants u; are
given by Proposition 2.1)

(e,ifzj)2 — (e,amfzj)z - (E,RJ— n ujiazfzj)z) —0, j=1,...,N. (19)

The scaling and speed parameters verify for all t € [0,t*] and for any j=1,...,N
the relationship

&(t) = ¢j = pj(@;(t) — wj)- (20)
Moreover, there exists C > 0 such that for all t € [0,t*] we have

N
e+ (@5(8) = w5l +165(8) = sl) < Cp (8 + 72} (21)

fjJrl(t) — JNTJ(t) > —, fOTj =1,...,N —1, (22)

and the derivatives in time verify

ro| b

N
D 105] + |0uis| + }6,59} —&j| + |00 — & < Clle(®)]| gr + Ce™ 3 . (23)

Jj=1
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Finally, at t = 0 the estimate does not depend on Ay and we have
N ~ 1
IOl + 3 (250) = il +1650) = es) < C (5+e7FE) . (29)
j=1

Remark 4.2. We modulate here in a different way as in [37]. First, we (artificially)
modulate also in speed, whereas in [37] modulation was only on phase, position and
scaling. Second, we modulate in position on the full profile ¢, ., whereas in [37]
modulation in position was done only on the modulus of the profile (the equivalent
of ¢, . in our setting). The way we modulate is more natural, but it introduces a
technical difficulty in the proof of the modulation result. Precisely, the Jacobian
given by (26) is not diagonal and its invertibility is not obvious. We are able
to overcome this difficulty in our setting thanks to our knowledge of the explicit
expressions of the profiles.

Proof of Proposition 4.1. The existence and regularity of the functions (éj, Zj,0;,65)

follow from classical arguments involving the Implicit Function Theorem. The main

difficulty here is that we have a non-diagonal Jacobian, and proving its invertibility

requires an additional argument compare to the usual setting. The modulation

equations (23) are obtained via the combination of the equation verified by ¢ with

the orthogonality conditions (19). We only give the important steps of the proof.
Let

q= (él,...,éN;jl,...,iz'N;dl,...,(I)N;’U> ERgN XHl(R)

and

N
qo = (91,...,HN,,’El,...,iL'N,Wl,...,WN, e ]¢J(_x]))

Jj=1

For a given ¢, define the speeds ¢; by
¢ = ¢j + py (@05 — wj)- (25)

Define also the modulated profiles Rj and the difference € by
~ A N ~
Rj=e“bs,5(-—F), e=v-— Zij
j=1
Consider the function ® : R*N x H(R) — R3Y defined by ® = (®!, 2, %) with

(I)Jl = (E,’L'Rj)z, (I)? = (E,améj)z, (I)f = (E,RJ‘ + iﬂjaméj)2.

Note that
Oe . Oe

— = —’LR', = = 8mR'a
00; la=qo ’ 0z; !

9=90
and by the relationship (25), we have

o
0,

= — (0uR; + p1j0-R;) .

9=qo0
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Then,
d®j 2,/w; + ¢
—7 = —||R;j|?, = —8arctan | /=YL,
db; 'a=aw0 2,/wj —¢;j

—dq)z 2 /w; + ¢
— = ”8ng”%2 = 8w arctan VT ,
A = 255 = ¢

where the explicit values come from the formulas in (63) and (66). Using
Rj +ipi0p Ry = M'(R;) + p1; P'(R;),
and (70)—(72), we have
do?

iy

= - (aij + 1;0:Rj, Ry + iﬂjaij)z

q9=q0
== (8wM(Rj) + W (acM(Rj) + 8wP(Rj)) +u
(G gy o)
_(o.r 4uj+cj,uj) » <0,

L A2
J j Cj

;0.P(R;))

J

where at the last inequality we recalled (16) and the choice of y;. Moreover, since
jy1 —x; > L, when j #k, for | =1,2,3 we have

l l l
Wil 2 B ety
dfy 'a=q0 dZy la=qo dwy lq=qo
We easily verify that
d®3
—2 = (—iRj, Rj =+ Z'/Ljaijb =0,
df; la=ao
do3
—1 = (6ij, R; + iujaij)z =0.
dxj q=q0

Furthermore, using the explicit expression of ¢; as well as the formulas (63)—(64),
we have

do! o2 i)

— = —— = (Ogfij, 1Ly

dz; la=qo df; la=ao e
ic

. 1 . c 2 1 4
= (0, i0;)y = | Ouipj + =05 — —|0i0j,i0; | = zllesllze — =lleillza
2% 7] , 72 1

= —24/4w; — c?.

The Jacobian matrix of the derivative of the function ¢ — ®(q) with respect to
(0;,%;,0,) is the 3 x 3 block matrix

1 1 1
d'ifj d?j d?j
d} Ao do]
d@,% dig daz,%
de}  de}  de)
d@k d:Ek dwk

Do =

q4=qo



STABILITY OF MULTI-SOLITONS FOR DNLS 17

Each block is diagonal up to O(e~2%+L). All terms on the main diagonal are non-
zero and have been explicitly computed. The block terms at (3,1) and (3,2) are of
order O(e~2%+L). Therefore, the determinant of the matrix is

o= Ap + Cj#?)

det(D®) = H ' :

2
dw; — ¢;

N 2
2\/(4&7] + Cj 2 2 —lw*L

. H —64w; (arctan < m)) + (21/4% - cj) + O(e™29%%).

Jj=1
Consider the function f(w,c) defined by

2y/w+c
=8 t —— | — 24w — 2.
f(w,c) = 8ywarc an( 2\/o_.)—c> w—c

By explicit calculations, we have

2 2
def(w,c) = M
Vidw — 2
Moreover, at ¢ = —2+/w the function starts with f(w, —2+/w) = 0. This implies that
f(w,e) >0 for all (w,c) € R? with 4w > ¢2. As a consequence, for any j =1,..., N

we have
2./w; + ¢ 2
64w; arctan A BB IS (2,/4&13- — Cz) ) (27)
2\/(4)—] — Cj J

and we infer that

> 0.

det(D®) # 0.

Hence we can apply the Implicit Function Theorem to ¢ to obtain the existence of
a function ¢ = (6;,%;,®;) from [0,¢*] to R3N such that for any ¢ € [0,¢*] we have

P(q1(t), u(t)) = 0.
We refer the reader to [37] for the regularity of the modulation parameters. This
concludes the first part of the proof.
We now want to obtain the modulation equations (23). Recall first that u is a
solution of (ANLS), hence it verifies

iug = E'(u).

Since u = Ejvzl Rj + €, the equation verified by ¢ is
N o ) ) ) N

i€ + Z (—@HjRj — 10420, Rj + 10:00; (8ij + z’ujach)) =F ( Z R; + E) .
j=1 j=1

By exponential localization of the solitons and (22), we have

N N . )
E’(ZRj + s> = (E' (Rj) + B (Rj) g) +0 (e—%w) +0 (||s|\§{1) .

j=1 j=1

Recall that each Rj verifies the equation

E'(Rj) + &;M'(R;) + & P'(R;) = 0.
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Therefore, the equation for € can be written as

ies + Z ( = Ou0;) R + (&5 — 04;)i0u R; + i0i; (auéj + Macfzj))

_ iE () e+ 0 (e 48) 40 (J:lE).

One can see already the modulation equations appearing. For convenience, we
denote by Mod(t) the vector of modulation equations, i.e.

MOd(t) = ((:)j — 6t§j,éj — 8t£j,i6tdj) . N .
=1

Differentiating with respect to time the orthogonality conditions (19), we obtain

0=— (iat,Rj)2 + (g,z’atRj)2, (28)
0= (iat,iaméj)Q + (a,ataméj)Q, (29)
0= (i, iR, - ujawﬁzj)z + (= 0l + mjamfzj))z . (30)

We have
‘(a,zatRj)2‘ + ‘(5, 8,58ij)2‘ + ‘(5, O(R; + mjaij))J
S (14 Mod(#)]) [e]l 2-
Using the equation for ¢, for the first term in the left hand side of (28), we get
— (ien By), = @; = 0 Ryll7: + (@ — 0uy) (10 By )
00y (i(0uR; + 10c8,), By )+ (L4 Mod())O (e7#45) + O (] 1)
For the first term in the left hand side of (29), we get
— (ienitaRy) = @) = 04dy) (Rysidu ;) + (@ = 008
+ 0y (i(0u R + 1;0:15),10:8;)_+ (1+ Mod()))O (745} + O ((lel ) -

For the first term in the left hand side of (30), there are some cancellations, and
we get

— (iEt, iRj — ujﬁméj)z = 6,5(:)]‘ (z(@wR] + ujacl:?j), iRj - /Ljaij)z
+ (1+ [Mod(®))O (744 F) + O (Jlel 1)

Remark that, in contrary to what happens in [37], the € term is still of order 1 and
not of order 2 (unless p = 0, but this is ruled out by our assumptions on the (¢;)).
The attentive reader will have noticed the appearance of the same elements as in
the matrix D®. We have indeed
Wj — 040, )
M| - 835 | = (1L4+Mod(®) (O (lell ) + O (e7H:5)) |

(%wj
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for M = (my;), where

may = |7z, mig = (iaijij)Qv

may = (ijiazéj)zv mao = ||0u ;|7 2,

ms1 = (21:2] — ujawf%j,f{j%, m3o = (zf%] — uijRj,iaijL,
s = (i(awéj + 1;0.R;), RJ—)Q : Moz = (i(awéj + ;0. R,), iaxéj)Q ,

mss3 = (Z(awR] + Mjach)viRj - MjawRJ)z'

Using the explicit values of the coefficients (mg;) (see above calculations for D®),
we obtain

8 arctan ( ;%f:) 2y /4w; — 3 *
M = 2y /4w; — 3 8w; arctan | 4/ ;gtg) *

&; R
*(@—§*4M+Cjuj)
10,—¢2

0 0

Hence M is invertible using the same arguments as to prove that D® is, see in
particular (27), and we can infer that

N
> |@s - 0| + 18 — Oy + 10251 S el o + €
j=1

This concludes the proof. ([

We complete this section by giving estimates on the interaction between Rj and
Ry when j # k.

Lemma 4.3 (Interaction estimates One). There exists a function g € LY LL(R,RY)N
L L (R, R?Y) such that for all j,k =1,..., N such that j # k, we have

Ry| + 00 Ry | + |0 Ry| + |01y | < =231,
e wrlT=Fj| g —wilz =T < e_%(—d*lij—iklg(t7$).
Moreover, if (21)-(23) hold, then

75— 4l > (L + ).
Proof. We first remark that, by the exponential decay of the soliton profiles (9)
and the definition (17) of wy, for j =1,..., N, we have
|Rj| + 100 Rj| + |0 Ry| + |0.Ry| < em e 7L,
There exists g € L°LL(R, RY) N L L (R, R?) such that
e~ WrlE— il gmwile—Tk| < e*%w*\ij*ik\g(t, ),

Indeed, let
gjn(t, x) = e~ 2w eTiltle=al)

One can then take

g(t,x) = Z gik(t, ).

J#k
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In view of (21)-(23), we can chose § and 1/L small enough such that for any j # k
we have

N . L 1
|2 — Tx| > 3 + §c*t.

This concludes the proof. ([

5. MONOTONICITY OF LOCALIZED CONSERVATIONS LAWS

We are using an energy technique to control the main difference € between u and
the sum of modulated solitons > Rj. The energy technique consists in using the
coercivity of a linearized action functional related to the conservation laws and the
solitons. It can be viewed as a generalization of the method used to prove stability
of a single soliton. The main difference when considering a sum of solitons is that
we need to introduce a localization procedure around each soliton. We recover
this way the desired coercivity property, but the price to pay is that the quantities
involved are no longer conserved. Controlling their variations in time becomes a
main issue, which is dealt with using monotonicity properties.

The localization procedure is the following. Let ¢ : R — [0,1] be a smooth
cut-off function such that

Y(x)=0forx < -1, Y@)=1forz>1, ¢'(z)>0 forze (-1,1),
(¥'(2))* S¥(z), (¥"(2))* SV'(x), forallzeR.

For j =2,..., N, set

G — 0@i(0) = 5;1(0).
¢;(0) = ¢;-1(0)
Recall that (w;) and (¢;) verify the speed-frequency ratio assumption (4). There-
fore, for § and 1/L small enough and by the estimate on the modulation parameters
at initial time (24) we have

(31)

max(cj_l, Ej_l(O)) < 53‘ < min(cj, éj(O)), j=2,...,N.

Set
s T;-1(0) +2;(0) L?

r, = —— a =

J 2 T 64

and define
r—x] —0jt

=1, i(t,x) = ,J=2,...,N, =0.
1/}1 1/’] ( .I) 1/} ( \/t—l——a > J 7/1N+1
We define the cut-off functions around the j-th solitary wave by

Xj(tvx) =v;(t,z) - wj-i-l(tvx)v Jj=1...,N.
The reason for the introduction of cut-off functions of this form will become clear
in the proof of the monotonicity properties.
We define the following functional, which is made by the combination of localized
masses and momenta around each solitary wave, weighted with the corresponding
modulated parameters @;(0) and ¢;(0) at ¢t = 0:

1 N
=33 /R (@3 (0)|uf? + &(0)Tn(ut,)) x;dz. (32)

The following monotonicity property for Z will be a key feature of the proof of
Theorem 1.1.
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Proposition 5.1 (Monotonicity One). If § and 1/L are small enough, then for all
t € [0,t*], we have

1
I(t) _I(O) 5 — sup HE(S)”iz +e —w.(c] t+L)
L s€(0,t]

To prove Proposition 5.1, it is convenient to rewrite Z using the functionals
defined for j =2,..., N by

Ti(t) = %/R (%W —I—Im(uuw)) Vjd.

Lemma 5.2 (Decomposition of the functional 7). We have

N
Z(t) = w1(0) M (u) + )+ Z = ¢-1(0))Z;(?).

The proof of Lemma 5.2 consists in a simple rearrangement of the sum in the
definition (32) of Z using the definition (31) of ;. We omit the details.

Proposition 5.1 is a consequence of Lemma 5.2, the conservation of mass and
momentum, and the following monotonicity result for each of the functionals Z;.

Proposition 5.3 (Monotonicity Two). If § and 1/L are small enough, then for
any j=2,...,N and t € [0,t*] we have

1 —Ltwi(c?
L) ~T0) 5 7 sup ()l + e (7040,

Proof of Proposition 5.3. Fix j € {2,...,N}. To express the time derivative of Z;
in a form to which we can give a sign, we will use a Galilean transformation. We
define v by

u(t,z) = &7 (1_1;_7]t)v(t,x —xf — G;t).

We insist on the fact that since (ANLS) is not Galilean invariant, v is not a solution
of (ANLS) anymore. It satisfies the modified equation

. . 7
Vg 4 Vee + 1|v|*vp — ?]|v|2v =0,

t) = %/Rfm(vﬁm)w (\/%> d

One realizes that the advantage of introducing Z; is that there is now no mass factor
in the expression of Z; in terms of v. Computing the time derivative, we obtain

and we have

5750 = = [ (Il 5 () + i) o (A )

xr
+ — ’1}2 rxx —_— d(E
4(t+a)%/| " (\/t+ )
X
Iin(x0ty, )1y dx.
t+a%/ <\/t+a)
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We distribute the last term between the quadratic terms. Using Young’s inequality,
we have

‘m/ﬂfm(mvm)wm (%) dw‘ <

= AR <¢ti—a> d‘”+8<t+1a>% I <¢ﬁ—a>2‘/’f (w:i—a) o

In addition, since 9, is supported on [—1,1], we have

o L () o () o < s e ()

We also apply Young’s inequality to the derivative part of the nonlinear term:

x
‘ t—l—a_/ Im |v vvx)d)z <—t+—a) da:‘ <

9 T 1 6 x
8\/t+a/R|vx| Vs (\/t—l—a) do + 2\/t+a/R|v| Va <\/t+a) de.

Summarizing, we have obtained that

550 <~ (—| wl? = 3ol + ’|v|4) w(ﬁ) do
+m/R|vl2 (51/)x+¢m) (\/%) de. (33)

By assumption (4) we have ¢; > 0, thus we also have 6; > 0 (for § and 1/L small
enough). Therefore, to obtain the (quasi)-monotonicity of Z;, it is sufficient to
bound the L?-term and the nonlinear term with power 6. This is allowed by the
following claims.

Claim 5.4. For § and 1/L small enough and for any t € [0,t*], we have

/ |v|2da: 2||EHL2 —I—O(e 16w*(c t+L))
lz|<viFa

Claim 5.5. For § and 1/L small enough and for any t € [0,t*], we have

6 T
/R|v| Uy <—t—|— >dx

1 w C
/val Ve (W)d t+a HEHL“LO(e o (e HL))

Proof of Claim 5.4. By definition of v as a Galilean transform of u, we have
lo(t, z)|* = |u(t, z + x? + Git)?

N
~ 2
<2y ‘Rk(t,x—i-:v‘; +6jt)‘ +2e(te+ag +a,t)° . (34)
k=1
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By exponential decay of the solitons profiles and the control (21) on the modulation
parameters (wy) and (¢x), we have
N 2 N N N
> ‘Rk(t, z+ad + &jt)‘ S emwlemnlairostl,
k=1 k=1
Assume that |z| < v/t — a. We have
| — 2k (t) + x? + ait| = |z (t) — ] — gt — |z,
which for |z] < Vi+a < VE+a=t+ £ gives
- . . . L
lv — Z(t) + 25 + 65t > |@n(t) — 27 — 65t — Vit - 3

If k > j, then using the dynamical system (23) verified by the modulation param-
eters we get
Oy, = Ok = ¢ — %
Since in addition Zx(0) > Z;(0), we have
Tp(t) — o — ot > (cj - %) t+2;(0) — a7 -5t >
where for the last inequality we have used 2§ = (%;(0)+%;-1(0))/2 and ¢;—0; > %.
Therefore, using Z;(0) > Z,;_1(0) + L/2, we get

cg L
|z — & (t) + 2 + 55t > g*t—\/f—i-g. (35)
Choose now L large enough so that min:>g (%t —Vt+ %) > 0. Then
cg L L cg L cg L
S Vi S = i S (Vi 2 ) > e =,
8 \/—+8 16 +16+<16 \/—+16) 1 +16
and we infer from (35) that
@ — En(t) + a7 + 551 > e 2
g A TR T
Arguing in a similar fashion for k£ < j — 1 allows us to obtain, for L large enough,
N ~ 2 N 1 -
> ’Rk(t,x+x;’ +&jt)’ S emaew (et (36)
k=1 k=1
Combining (34) and (36) gives the desired conclusion. O

For further reference, we state here a Lemma which can be obtained using similar
arguments as in Claim 5.4.

Lemma 5.6 (Interaction Estimates Two). There exists a function g € L{°LL(R, R%)N
L L2 (R, R?Y) such that for all j,k =1,..., N such that j # k, we have

e e Tily (1 x) < em T D g (¢ ),

where
¢ =min{|6; —cxl; j,k=1,...,N, j#1}. (37)

Let us recall without proof the following technical lemma from [37, 38] that is
used for the proof of Claim 5.5.
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Lemma 5.7. Let w € H'(R) and let h > 0 be a C? bounded function such that \/h
is Ct and (h;)? < h. Then

2
hy)?
/|w|6hdx§8 / |w|2d:17 </ |wx|2hdx+/|w|2—( ) dx),
R supp(h) R R h

where supp(h) denotes the support of h.

Proof of Claim 5.5. From the technical result Lemma 5.7, we infer that

2
6 €z 2
/R|U| v <\/t+—a> drss <~/|:E|<\/t+_a|v| dw) -
2 &€ 2 Q/Jm x
X(A“”%<ﬁ¢9 rra L w( Hw>“)

Using Claim 5.4 and the fact that by construction %’”—i) <1, we get for 6 and 1/L
small enough that

’U6 L X
AH¢@<t+>d
1
/ sy <\/t+ )d“ 2(t+a> /|x|<¢t+—a

< = 2 T o) Tewx (cTt+L)
i [lenPos (=) ot el + 0t )
This finishes the proof of Claim 5.5. O

|v|d,

Let us now conclude the proof of Proposition 5.3. Coming back to (33) and using
o; > 0 and Claims 5.4 and 5.5, we get
1
KL (1) S ——lle(t)l|7 + e To D,

(t+a)2

Integrating between 0 and ¢, we obtain (using in particular a = L?/64)

1 w (&
L -T0) S sup le(s)lze +e e,

and this finishes the proof. O

For convenience, we also introduce here functionals similar to Z; but with a
different parameter o. They will be useful when we will control the modulation
parameters. For j =2,..., N, let 7; be such that

éj_l(O) <71 < éJ(O)

For any j =2,..., N, we define

. B x—xf — 74t . 1 Ti 19 B _
a0 =0 (STEE ) T = 5 [ (G0 ) o

Then following the same proof as for Proposition 5.3 we get the following result.
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Proposition 5.8 (Monotonicity Three). If 6 and 1/L are small enough, then for
any j=2,...,N and t € [0,t*] we have

1 T
Tjr, (1) = Ljry (0) S+ sup [|e(s)|7 + e 69T+
L s€[0,t*]

where

c, =min{|r; —cxl; j,k=1,...,N, j #1}.

6. LINEARIZED ACTION FUNCTIONAL AND COERCIVITY FOR N SOLITONS

For j =1,..., N, we define an action functional related to the j-th soliton by
Sj(v) = E(v) + @;(0)M(v) 4 ¢;(0)P(v).

For the sum of N solitons we define an action-like functional S which will corre-
spond to S; locally around the j-th soliton. The functional S is given by

S(t) = E(u(t)) + Z(1),

where 7 is the functional composed of localized masses and momenta defined in (32).
It is classical when working with solitons and related solutions of nonlinear dis-
persive equations to introduce functionals related to the second variation of the
action. In our context, we will work with the functional H, obtained as follows.
We set
Gy = min{c,, ¢ },
where ¢, and ¢¢ are given by (18) and (37).

Lemma 6.1 (Expansion of the action). For t € [0,t*], we have

N
1
S(t) = Si(s;0.,00) + S H()
j=1
N
+370 (185() — 25(0)) + ollle]3) + O™ (&0 - (38)
j=1

where

N - ~
H(t) = |lea]re + sz/ (|Rj|2ggm + R;0.R;(8)? + Rjaij|g|2) dx
R

=1
N
30 (@0 [ e + 50 [ ).
j=1 R R

Proof. Writing u = Zjvzl Rj + €, we expand in the components of §. For the
energy, we have

E(u) = E<§Rj> + El(iﬁz])E + % <E”(§;Rj)a,a> + o(|le]|30)-

Jj=1
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From Lemma 4.3 (Interaction Estimates One), we have

N
E(ZR]> ZE( ) +0 e—zw*(c*t-i-L))
j=1
v
E’<ZRJ->5 = ZE/ (RJ) e+ O(e*%w*(c*tJrL))’

j=1 j=1

<E//(§Rj)f,€> = Jz]j; <E” (RJ) 5,5> + O(e 7w (ext+ L)y,

From Lemma 5.6 (Interaction Estimates Two), we also have

N
- 1 .
/|U|2xjdx—ZM +22M’(Rj)5+§/ |€|2de$_|_O(e—3L2w*(c*t+L))7
j=1 R

7j=1
1 U wy(c
§Im/RUUszd$ = ;P )+ 2ZP i)E + Im/ e&zxdx + O(e” gz (e] t+L)),
Recall that, for j =1,..., N, the function Rj verifies
E'(R;) + @; ()M’ (R;) + &(t)P'(R;) = 0.

Therefore, we have

j=1 j=1 j=1
1 N 1 N
1" ~ 2
+ B Z <E (RJ) a,a> + ij(())g/ le|“x; dz + ZCJ(O) / e&zx;dx
Jj=1 Jj=1 j=1
+O(em 3 0T o[l ). (39)
A Taylor expansion in &, gives (using that R;(0) is a critical point of S;)
Si(R;(t) = S5 (R;(0)) + O(|@;(t) — @;(0)%). (40)
Moreover, using phase and translation invariance, we have
Si(R;(0)) = S;(9a,(0),5,(0))- (41)

Using the relation (20) between @ and ¢ and the last orthogonality condition on €
n (19), for all 5 =1,..., N we obtain

(@;(0) — @; (1)) M'(R;)e + (¢5(0) — (1)) P’ (R;)e
= (@(0) = &5(t) (M'(Ry) + i P'(Ry)) €
= (@(0) — @, (t)) (Rj +ip 0 Ry, 5)2 ~0.

From Young’s inequality and using again the relation (20) between & and ¢, for all
j=1,..., N we have

@0 = 603 [ 1ePrydo+ @0 - i)y [ e

R

< @5 (0) =@ () P+le ] 371 -
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Therefore, the term in the second line of (39) becomes

%Z<E” (Rj) 6,5>+2N: 2 / le| xjdx—i—zc] /ggwxjdx
j=1

j=1
1 N
- - 2
= SH®) + ) 0(1o;(8) =@ (0)*) + o[lel)-
j=1
Together with (39), (40) and (41), this gives the desired result (38). O

As a consequence of the coercivity of each linearized action S]’/ given by Propo-
sition 2.1, we have global coercivity for H.

Lemma 6.2 (Coercivity). There exists £ > 0 such that for all t € [0,t*] we have
2
H(t) = kllell -

Before doing the proof, we explain how to control |||, using the coercivity
property Lemma 6.2 and the first monotonicity result Proposition 5.1.

Lemma 6.3. For all t € [0,t*], we have

1 1
2 2 L
el < 7 sup (s}l + 1@ HH1+Z|% (O ezt

Proof. From the Taylor-like expansion of S in Lemma 6.1 at 0 and ¢ € [0,t*], we
get

N
_Z (12(5) = @3 0)) + o(lle®)ll72) + o(£(O)lI772) + Ofe™ 5 5).

By definition of & and conservation of the energy, we have

In addition, H is quadratic in €, hence

H(0) < 1|e0)][77:-

Taking into account the coercivity of H given by Lemma 6.2, we obtain

N
el S HE) ST = Z(0) + D 1@5(t) = @ O)° + (07 + e 325 (42)

Jj=1

The conclusion then follows from the first monotonicity result Proposition 5.1. [
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Proof of Lemma 6.2. We write H(t) as
N
1O =3 [ (ol + 801 + &0 Tez)0) o
=1
N ~ ~ ~ - ~
+ me/ (|Rj|2§€w + Rjaij(§)2 + Rjaijlé'F) dx
=1 /R

N
zz/ (Ieal? + @)l + &5(1)mn(ec)
j=1
4T (|RyPees + Ry Ry (02 + RyuRylel?) st e + O™ 55 el

N
23 H; () + O (e~ %) |e|1 2.
j=1

Now we need another cut-off function defined as in [37]. Let A be a smooth positive
function satisfying

A=1lon[-1,1], A~e"lonR, [A]<A.

Moreover, we fix B : 1 < B <« L, and denote Aj(x) = A(%j(ﬂ). Then for some
small ¢ > 0,

e - 1
X; > A —e L/B, supp(x; — A;) C {z: |z — &;(t)| > B}, |A;|§§AJ

Let z; = e4/A;. Then

2
2 1 A N
e ;=0 1l () e (057 ).
This implies
2 C 2 2
10n25*dz — 5 [ (10221 + 2[*)dw
R R
</|agg€|2AJd$<
R
2 C 2 2
0,2 2de + = | (100251 + |2]?)dz.  (43)
R B R
Moreover, we have

A
29
242

zj(f?mzj

€0, = Iy

— |z

and therefore,
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Now, using the localization of Rj, we rewrite H; as
#y(t) = [ [Ieal + 501 + &5 Tn(ez.)
+ T (|Rj|25am + R0, R; (2)? +R_jazéj|s|2) ]Aj(t) dz
+ / (Iex 2 + @5 (Ol + & () Tn(e2) ) (s — Ay) da

+0(e” 1% 5)le]| 1. (45)
Using (43) and (44) we have

[ llesl + 3,018 + 25T (ee.)
+ T (|Rj %8c, + R;0,R;(5)* + R_jazéﬂsﬁ) ]Aj(t) dz
> [ 105+ 35005 + &5 n(250.2)

~ - - - C
+ T (1R 250025 + Rju By () + Ryduislsf?) | deo - / 12,2 da

C
~Hawe0(2) — 5 [ 15l de (16)
From the the orthogonality conditions (19), we have for j =1,..., N,
(iRs) | = [ (20 0085) | = | (20 M (Ry) + 3P (Ry) ) | S €752 35 2,

after suitable perturbation (for example, let Z; = z;+a1iR;+ag0, R;+az(M'(R;)+
w;iP'(Ry)) for |aj| < e~ 169 B| 2] 2,7 = 1,2,3), we obtain from Proposition 2.1
and (43), that for some small constant " > 0,

C
Hat o) 2 [0z + 1Py do = (w = T) [(0nel 4 1P

Hence, from (46), we obtain that
[ [l + 3500 + 50 Tntee)

+ T (| Ry 2, + Ry0,R () + Ry0uylel?) | Ay(t) do

> n”/(|amg|2 FleP)A; de, (47)
where k" = k' — %. Furthermore, since 6? < 4@;, we have
D(10ze]? + [e]*) 2 [Duel® + @;(8)|e]? + & (1) Im(£0,¢) = v(|0ael* + [e]?),
for some small v > 0 and 7 = 3(1 4+ w?). Hence, using x; > A; — e~ ““/Z, we find

[ [10s2 + @500 + &50)Zm(2002) | (x5 - )

> / (102l + |e[2) (x; — Aj) dz,  (48)



30 S. LE COZ AND Y. WU

where v/ = v — ve~L/B. Choosing L large enough, we have v/ > 0. Inserting (47)
and (48) into (45), we obtain that

Hj(t) > 2/@/ (|8I<€|2 + |E|2)Xj dz,

where k = %min{u’, k""}. Since Zjvzl X; = 1, this proves the lemma. O

7. CONTROL OF THE MODULATION PARAMETERS

With Lemma 6.3 in hands, the only thing left to control are the modulation
parameters w;. We prove the following result.

Lemma 7.1. For all t € [0,t*], we have

N

" ~ 2 — L,
D10 —@;(0)] < Sl[lopt]Hf(S)lleLe s3wel
se(o,

Jj=1

Getting control over the modulation parameters is not an easy task for Schrodinger
like equations. Indeed, a useful tool for that aim are monotonicity properties of
localized conservation laws. For the Korteweg-de Vries equation, the localized mass
satisfies this monotonicity property and can be used directly to control the modu-
lation parameters (see [36]). For (dNLS) and (NLS), the monotonicity is verified
only for the momentum and nothing similar is available for the mass (or the en-
ergy). This is the reason why one has to use several cut-off functions, in order
to transfer the information from the momentum to the Q) ;-quantity defined below.
This was one of the main ideas introduced in [37]. The argument here is however
more involved due to our choice of orthogonality conditions.

We first make the following claim.

Claim 7.2. For all ¢t € [0,t*], we have
Z \Z; (¢ 0Ols + SI[BP]HE(S)Hip + [1£(0) 17 + Z |@;(£) — @7 (0)[2 + e~z L,
it

Proof. From (42) in the proof of Lemma 6.3, the decomposition of Z from Lemma 5.2,
and conservation of mass and momentum, we get

2

eIz S D (E(0) = -1(0) (Z;(¢) — Z;(0))

Jj=2
+§]% — @ (0) + [|(0) 371 + e 3z LL (49)

On one hand, for all j = 1,..., N such that Z;(t) — Z;(0) > 0, by Proposition 5.3
we have

1
IZ;(t) = Z;(0)| S = sup [|le(s)]22 + e 6L, (50)
L s€0,t]

On the other hand, since by assumption ¢; > ¢j_1, we have for ¢, 1/L small enough
that ¢;(0) —¢;_1(0) >0 for all j =1,...,N . Thus for all j =1,..., N such that
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Z;(t) — Z;(0) < 0, (49)-(50) imply

N
1 - - 1,
L) =L 5 3 sup e(s) s + 3 185(0) = 500 + (Ol + 752"
sg|0, j=1

Combining these two facts gives the desired conclusion. (I

As announced, we introduce the conserved quantity ; combining the mass and
momentum:

Qj(u) = M(u) + p P(u).
Remark that, due to the choice of p; after (16), and using the explicit calcula-
tions (70) and (71), we have

d
@Qi(%j,éj)

) 1
:(2_4M+q@)_————<o (51)
Wi dwj —

Wi =wj

Moreover, due to the orthogonality condition (19), we have

Qj(R;(t) +¢) = Q;(R;(1)) + O(lell3)-

Using (Q;);=1,...n, we will be able to control the parameter (w;); =1
this, we first need the following claim.

Claim 7.3. For any j =1,..., N we have
N
- - - - 1,
0, (540) 0, (R,0) | s 40 30 -n 0
s€|0,t k=1
Proof. Let j =1,..., N. We set the notations,
1 1 _
m(w) = slu%  p(u) = 5Tn(uin);  qj(u) = m() + pp(u).

Then we can rewrite Z; as

7,0 = [ (o) +p(w) v; o

= %57 (26" — n5) /]R ((2571 — 1) 4i(w) +P(U)) i . (52)

We assume that 2&;1 — pj # 0 (otherwise, the formulas (54)-(57) can be obtained
more simply). We introduce the constants

1. . ! . -1
)\j: (§Uj (QUjI—Mj)) y aj=(20j1—uj) .

Then (52) becomes

M%@=AWMWHMMWM& (53)

Similarly, we rewrite Z; -, as

i Ly () = /R (aj.r;qi(u) + p(u)) ) -, da,
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where we have set
1 -t 1
—1 -1 -
Ajrj = <§Tj (27" - Mj)) = (21 )
In addition to

), we also need another formula of Z; (¢) based on ¢;_1 when j > 2.

(53
1.
Z;(t) = 5‘73

o o -1
(265" — py-1) /R ((2% P pi)  ga(u) +p(U)) ¥; dz.
Here, we also assume that 26;1 — pj—1 #0. Let
1 ! —1
Vi = (55&‘ (267" - Nj—l)) b =207 — )
then
VL, (t) :/R(qujfl(U) +p(u)) ¥; da.

Similarly, we also rewrite Z; . as

i iy (£) = / (bjey @51 () + p(w)) .1, i,

where we have set

1 _ ! _ ~1
Yjr; = (57']‘ (27‘]. 1_ ﬂj—l)) , bj,rj = (27‘]. 1_ ﬂj—l) .

Take a small constant ¢y > 0, and set the constants le, e ,7';-1 such that
ajr1 = aj + €o, Ajr2 = aj = €o,
bj+1,r§ =bj+1 + eo, bj+1,7;1 =bj41 — €o.

Then for j =1,..., N we have the following identity
Ajri L () = AT () = 60/ q;(u); dw + /(aj,fjl q;(u) + p(u) ()., — j)dx.
R R

t and for x >

The function (¢; — ;) is zero for & < &;_1 + (Cﬂ’ﬁm—;’(”&]))

Tj — (max(r;.9,)4¢) 4 Hence, due to the exponential localization of the solitons
around each Zj and using the lower bound L/2 on the distance between Z; — T

given by (22) we have

}/ (aj7TJ_1qj (Z Rk) +p (Z Rk)) Wj,rj —1j)dx
R k=1 k=1

Similar estimates can be obtained replacing le by le-, l=2,3,4and j by j+ 1. As

1
—sswi L
Semmel,

a consequence, for 7 =1,..., N we have the following identities,
i,
/\j,‘rjlzjn'j1 (t) - /\jIj (t) = €0 /]R qj (U)l/fg dr + 0(6 32 L)v (54)
N2 T2 (t) = N () = —€o /R gj(u)th; dz + O(e™%+L), (55)
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and for j =1,...,N — 1 we have

— 1,
Vi3 i1, () — v L (t) = eo/qﬂ’(u)%ﬂ dr +O(e722 b)), (56)
R

Vit Liprra () — L (t) = —60/ g5 (W1 da + O34+ h). (57)
R

We assume that A;,y;41 are both positive, the other cases being treated similarly.
Choosing €y small enough, we can assume A; Th Ajr2s Vi 1,r8s Vi1, 4 are also pos-
itive. Then from (54)—(57) for j =1,...,N — 1 we have

eo/qu(u)Xj(t,aj) dx
T (6) = AT0) + (Y1, T, = w1 T (1)) + Oe™#:E),
q;(u)x;(t, ) dw
7,20

— L,
= NL0) + (11T (0 = 0T (0)) + O™ =D,

(/\3 i

e
R
= (/\j,sz 5.2

Moreover, since u = Zszl Ry (t) + ¢, and the support of X; is far away from the
center of the soliton Ry (t) when k # j, we have

/RQJ(U)X]‘ dz = Qj(Rj(t)) + 0(||g||§{1) + O(e—éw*L)j

where we have used the orthogonality conditions (19) to cancel the first order term.
Therefore,

€0 (Qj (Rj(t)) - Q; (Rj(o))) = 60/ng‘(u(f))xg‘(t) dz — 60/ng‘(u(0))xg‘(0) dx
+O(e(®) 77 + 1) + e 5 5)
= (Aj,leIj,le (t) - Ajri Lt (0)> + (”Yj+1,7-;1 j+1,78 (t) — Vj+1,rd j+1,rj€4(0))
— (NI () = NZi(0) = (vj+1Zj41(8) — vj+1Z5+1(0))

+0( sup [le(s) 3 + e BE).
s€(0,t]

Now we use Proposition 5.8 to control the first and second terms, and we use
Claim 7.2 to control the third and fourth terms. For j = 2,..., N — 1, we obtain

Qj (R](t)) - Qj (R](O)) < sup || ||Hl + Z |, () — @, (0 |2 1wl

s€[0t
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Similarly,

a0 (@i (R0) = Qs (RBs(0))) = —eo / a5 (u(®)x; (t) da-+e / 45(1(0))x;(0) dz
+O0(le® 7 + 120 [ + e~ E)
= (Aj,Tij,T]? (t) — Ajr2 Lz (0)> + (”Yj+1,7j3 1,78 (t) = Yj+1,r3L541,03 (0))
— (NZi(t) = NZ;(0) = (Vi1 Zia () — v541Z+1(0))

+O( sup ||e(s)|5 + e 32D,
s€(0,t]

Hence, arguing as before, for j =2,..., N — 1, we obtain

_ B —0.(p. < _ 2 — 2w, L
(@ (500) = @ (i) ) 5 sup llel) + Z @(t) = @3 () + e~ L.
(59)
Now combining (58) and (59), we get for j =2,...,N —1

3

E : “ i,
‘Q] ( ) Q] ( )> ‘ S Sl[]bp]H ||H1 + |W] —wj | + e 32 L_
s€|0,t

Now we remain to treat the case j =1 and j = N. For j = N, since

/QN(U)¢N dx ZQN(RN(t)) —i—O( sup || ( )”?{1 _i_e—%w*L),
R

se[0,t

from (54), we have

o (Qn (Bv () - Qw (fn(0)))

=0 [ axu®)on )z = o [ an(uO)in(0)do +0( sup [o(s)[ +e 1)

s€[0,t]
= (Awr Zvrt (0 = Anr T 1, (0)) = AW () = Aw T (0))

+0( s (o)l + L),
s€lo,t

Again, we use Proposition 5.8 to control the first term, and use Claim 7.2 to control
the second term, we obtain

N
Qn (Bn () - Qx (Rv(0) £ sup ()l + 3 13(8) = &0 + e
S 5 J:l

Using (55) instead, we obtain from similar arguments that
~Qn (Rn(0)) = Qu (Bv®) 3 s )l + Z 54(6) — B3 (O)" 4 L.

Therefore, we get (60) when j = N.
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At last, we consider the case j = 1. We use (56) and (57) to get

~ [ (@i de == 0Qu(w) + (12 Tory () = 2T2(0)
GO/R(Jl(UWl dr =eoQ1(u) + (72,71412,7;1 (t) — 7212@) .

Then by mass and momentum conservation laws, and similar arguments as before,
we also obtain (60) when j = 1. O

With these preliminaries out of the way, let us prove Lemma 7.1.

Proof of Lemma 7.1. From (51) and (24), we know that for all @ and ¢ with the
relationship (20), we have

d
Eij(%f’ej) #0
Consequently, for any j = 1,..., N we have

@5(6) - @50 S }Qj (1) - Qs (By(0)) |

Hence, from Claim 7.3, for j = 1,..., N , we obtain
|@;(t) —@;(0)] S Sl[lp le(s) 17 +Z|w;g ) = @r(0)2 + e 3L,
sel0
This allows us to infer that for j =1,..., N we have
(1) = &5 (0)] S sup [|e(s) |71 + e 5",
s€[0,t]
and this concludes the proof of Lemma 7.1. O

8. PROOF OF THE BOOTSTRAP RESULT

Proof of Proposition 8.1. With Lemmas 6.3 and 7.1 in hands, we can now conclude
the proof of Proposition 3.1. For ¢ and 1/L small enough, we have

2 1 2 2 — Lo,
le@®lir < 5 sup ()l + Clle(O) 72 + Cemz b
se

Therefore, for all ¢ € [0,t*], we have

it

1
= sup [|e(s)l[3n < Clle(0)|[3 + Ce s L, (61)
2 sefo.1)

Plugging that back in the control on the modulation parameters Lemma 7.1 we
obtain

Zm —@;(0)] < Clle(0) |31 + Ce 5L,

From the modulatlon result Proposition 4.1 and the bootstrap assumption we also
have at time ¢ = 0 the following estimate,

N ~
Z |0;(0) —wj| < Co.
j=1

Recall also that
[e(O)]l g < 6. (62)
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We combine now (61)-(62) to conclude the proof:

N
u—>Y e’g;(-— i)

j=1 H

N N N
Slu=d Ryl + DR =D (- - &)
J=1 . =1 J=1 .
N
< el +C Y 13;(t) — wjl

j=1

N N
< lellgs +C Y 12(t) = @5(0)] + € D185 (0) — wy| < Co (§+ e E) .
j=1

j=1

Note that this last constant Cy is independent of Ayg. Hence we may chose Ag = 2Cy

and this concludes the proof.

APPENDIX A. SOME EXPLICIT FORMULAS

O

In this section, we give explicit formulas for quantities evaluated on ¢, .. Since
they are obtained by elementary calculations using the explicit formula (5)-(6) for

@w,c, we omit the details. We start with remarkable LP-norms.

2
16wclZa —Sarctan,/%,

2
H¢w,c”%4 =16¢carctan % + 8v/4w — ¢2,

2
| fw.cllSs =32(c? + 2w) arctan % + 24V 4w — 2.
w—c

2
ig = 8w arctan 7\/0_‘)4_ c'
\ 2vw —c

The mass, momentum and energy are given by

We also have

(|02 c|

2
M(¢y,c) =4 arctan e

2\/w—c’
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Moreover, we have

[1]
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[5]
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(12]
13]

[14]

(15]
[16]
(17)
(18]
19]

20]

OuM () = _w\/ﬁa (70)

2
acM((bw,c) - awp(d)w,c) = \/ﬁv (71)
0.P(fue) = — ——ees (72)

Viw =2’
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