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ON THE UNIQUENESS OF MULTI-BREATHERS OF THE MODIFIED KORTEWEG-DE
VRIES EQUATION

ALEXANDER SEMENOV

ABSTRACT. We consider the modified Korteweg-de Vries equation (mKdV) and prove that given any
sum P of solitons and breathers of (mKdV) (with distinct velocities), there exists a solution p of (mKdV)
such that p(t) — P(t) — 0 when t — +oco, which we call multi-breather. In order to do this, we work at
the H? level (even if usually solitons are considered at the H 1 evel). We will show that this convergence
takes place in any H® space and that this convergence is exponentially fast in time.

We also show that the constructed multi-breather is unique in two cases: in the class of solutions
which converge to the profile P faster than the inverse of a polynomial of a large enough degree in time
(we will call this a super polynomial convergence), or (without hypothesis on the convergence rate),
when all the velocities are positive.

1. INTRODUCTION

1.1. Setting of the problem. We consider the modified Korteweg-de Vries equation on IR:

U+ ey 1)y =0 (t,x) € R?

(mKdV) { u(0) = ug u(t,x) e R

The (mKdV) equation appears as a model of some physical problems as plasma physics [39, 9],
electrodynamics [38], fluid mechanics [22], ferromagnetic vortices [46], and more.
In [24], Kenig, Ponce and Vega established local well-posedness in H®, for s > %, of the Cauchy

problem for (mKdV), by fixed point argument in LgL? type spaces. Moreover, if s > 1, the Cauchy
problem is globally well posed [12]. Recently, Harrop-Griffiths, Killip and Visan [21] proved local
well-posedness in H® for s > —1/2. However, in this paper, we will only use the global well-
posedness in H.

(mKdV) is an integrable equation (like the original Korteweg-de Vries equation) and thus it has
an infinity of conservation laws, see [37, 1]. We will use three of them (the first two of them are
called mass and energy):

(1.1.1) MIul(t) := % / 12(t, x)dx,
R
(1.1.2) Elu](t) :=%Au%(t,x)dx—i/ﬂiu‘*(t,x)dx, and
(1.1.3) Flu](t) := %/}Ru%x(t,x)dx—g/}RuZ(t,x)ufc(t,x)dx+}I/IRLP(t,x)dx.

Observe that if u is a solution of (mKdV) then —u and, for any x9 € R, (¢,x) +— u(t,x — xp) are
solutions of (mKdV) too.

(mKdV) is a dispersive nonlinear equation that is a special case of a more general class of equa-
tions: the general Korteweg-de Vries equation (gKdV), where the nonlinearity u® is replaced by
f(u) for some real valued function f. The particularity of (mKdV) in comparison to other (gKdV)
equation is that it admits special non linear solutions, namely breather solutions.

The most simple nonlinear solutions of (mKdV) are solitons, i.e. a bump of a constant shape
that translates with a constant velocity without deformation, that is, solutions of the form u(t, x) =
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Qc(x — ct), where c is the velocity and Q. is the profile function that depends only on one variable.
Q. € HY(R) should solve the elliptic equation:

(1.1.4) ! =cQ.—- Q2
We can show that necessarily ¢ > 0 and that, if ¢ > 0, (1.1.4) has a unique solution in H}(R), up
to translations and reflexion with respect to the x-axis. Actually, one has the explicit fomula
1

2
2c
(1.1.5) Qcx) =|—5——]| .
‘ cosh? (c1/2x)

Observe that we chose Q. so that it is even and positive.

A soliton is a solution of (mKdV), parameterized by a velocity parameter ¢ > 0, a sign parameter
k € {-1,1} and a translation parameter xo € R (it corresponds to the initial position of the soliton)
that has the following expression:

(1.1.6) Req(t, x;x0) := kQc (x —x9 —ct).

When « = -1, this object is sometimes called antisoliton. Notice that solitons are smooth and
decaying. The generalized Korteweg-de Vries equation also admit soliton type solutions, and the
focusing nonlinear Schrodinger equation (NLS) as well. Solitons have been extensively studied, in
particular their stability. Cazenave, Lions and Weinstein in [45, 7, 8, 44] were interested in orbital
stability of (gKdV) and (NLS) solitons in H!. A soliton of (mKdV) is indeed orbitally stable, i.e. if
a solution is initially close to a soliton in H!(IR), then it stays close to the soliton up to a translation
for all times in H'(R). General results about orbital stability of nonlinear dispersive solitons are
presented by Grillakis, Shatah and Strauss in [20]. The result about orbital stability of a soliton can
be improved in a result of asymptotic stability, as it was done in the works by Martel and Merle
[29, 33, 31], see also [17].

A breather is a solution of (mKdV), parameterized by a, > 0, x1, x> € R that has the following
expression:
(1.1.7) Bug(t, x; x1, X2) := 2V20, |arctan EM
.1 ap\t,y A, A1, A2) - X o COSh(‘ByZ) ’

where
y:=x+6t+x1 and yr:=x+yt+xy,
with 6:=a?-38% and y:=3a>-p%

It corresponds to a localized periodic in time function (with frequency a, and exponential local-
ization with decay rate ) that propagates at a constant velocity —y in time. Like solitons, breathers
are smooth and decaying in space. Unlike solitons, breather’s velocities can be positive, zero or neg-
ative. a,  are the shape parameters and x1, x, are the translation parameters of a breather. Note that
if we replace the parameter x1 by x1 + 2, we transform B, g(-, -; x1, x2) in —Bg (-, *; x1, x2) (therefore,
we do not need to talk about “antibreathers”).

Breathers were first introduced by Wadati in [42], and they were already used by Kenig, Ponce
and Vega in [25] to prove that the flowmap associated to (mKdV) equation is not uniformly contin-
uous in H® for s < 1 : the point is that two breathers with close velocities can be very close at t = 0
and can separate as fast as we want in H® with s < 1, if a is taken large enough.

(mKdV) breathers and their properties, as well as breathers for other equations, are well studied
by Alejo and Mufioz and co-authors in [3, 2, 5, 6, 4].

Let us singularize a result of H 2 orbital stability for breathers established in [3], and improved to
H! orbital stability in [4]. In this last paper, a partial result of asymptotic stability is also given, for
breathers traveling to the right only, with positive velocity —y > 0; asymptotic stability for breathers
in full generality is still an open problem.

When @ — 0, By tends to a solution of (mKdV) called double-pole solution [43], the methods
employed in this article as well as the proof of orbital stability made by Alejo and Mufioz seem not

to apply for this limit, which is expected to be unstable according to the numerical computations in
[18].
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An important result regarding the long time dynamics of (mKdV) is the soliton-breather resolu-
tion [10]: it asserts that any generic solution can be approached by a sum of solitons and breathers
when t — +oo. Together with their stability properties, the soliton-breather resolution shows why
solitons and breathers are essential objects to study. This resolution was established for initial con-
ditions in a weighted Sobolev space in [10] (see also Schuur [40]) by inverse scattering method;
see also [40] for the soliton resolution for (KdV). Observe that (mKdV) breathers do not decouple
into simple solitons for large time (it is a fully bounded state as it is called in [3]); therefore, it must
appear in the resolution. The soliton-breather resolution is one of the motivations of the study of
multi-breathers, which we define below.

There are works in the literature about a more complicated object obtained from several solitons:
a multi-soliton. A multi-soliton is a solution 7(t) of (mKdV) such that there exists 0 < ¢1 < ¢ < ... <
CN, K1, .., kKN € {-1,1} and x1, ..., xy € R, such that

N
(1.1.8) Jim |Ir(t) - Z Re,(t, %)) =0.
j=1 HY{(R)

This definition is not specific to (mKdV) and makes sense for many other nonlinear dispersive
PDEs as soon as they admit solitons. This object is introduced by Schuur [40] and Lamb [26], see
also [40, 36], where explicit formulas are given: these were obtained by inverse scattering method
thanks to the integrability of the equation. Multi-solitons were first constructed in a non integrable
context by Merle [34] for the mass critical (NLS). Martel in [28] constructed multi-solitons for mass-
subcritical and critical (gKdV) equations and proved that they are unique in H!(IR), smooth and
converge exponentially fast to their profile in any Sobolev space H®. Similar studies were done for
other nonlinear dispersive PDEs. Martel and Merle [32] have proved the existence of multi-solitons
for (NLS) in H!, Cote, Martel and Merle extended this construction to mass supercritical (gKdV)
and (NLS) in [15]. Friederich and Cote in [14] proved smoothness, and uniqueness in a class of
algebraic convergence. Cote and Mufioz constructed in [16] multi-solitons for the nonlinear Klein-
Gordon equation. Ming, Rousset and Tzvetkov have constructed multi-solitons for the water-waves
systems in [35]. Valet has proved in [41] the existence and uniqueness of multi-solitons in H 1 for
the Zakharov-Kuznetsov equation, which generalizes (gKdV) to higher dimension.

1.2. Main results. We prove in this article that given any sum of solitons and breathers with distinct
velocities, there exists a solution of (mKdV) whose difference with this sum tends to zero when
time goes to infinity. This solution will be called a multi-breather. Let us make the definition more
precise.
Let ] €e N and K, L € IN such that | = K + L. We will consider a set of L solitons and K breathers:
e the breather parameters are ax > 0, fx > 0, x(l),k € R and xg,k eRforl<k<K.
e the solitons parameters are c¢; > 0, x; € {-1,1} and xgll eRforl1<I[<L.

We define for 1 < k < K, the kth breather:

(1.2.1) Bi(t, x) = Bagp, (£, 0] 1, x5 ));
and for 1 < I < L, the [th soliton:
(1.2.2) Ri(t, x) := Ry i (t, x; xgrl).
We now define the velocity of our objects. Recall that for 1 < k < K, the velocity of By is
(1.2.3) oY 1= —y = 2 —3a3,
and for 1 <[ < L, the velocity of R; is
(1.2.4) v} =l
The most important assumption we make is that all these velocities are distinct:
(1.2.5) Vk # k' vZ * vz,, Vil v} #vj, Vk, 1 vZ #0].

These implies for any two of these objects to be far from each other when time is large, and this
assumption is essential in our analysis.
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It will be useful to order our breathers and solitons by increasing velocities. As these are distinct,
we can define an increasing function

(1.2.6) v:{l.J} —{o}, 1<k <K}u{o},1<I<L}

The set {vy,...,v;} is thus the (ordered) set of all possible velocities of our objects. We define P;,
for 1 < j <], as the object (either a soliton R; or a breather By) that corresponds to the velocity v;.
Hence, Py, ..., Pj are the considered objects ordered by increasing velocity.

We will need both notations: the indexation by k and I, and the indexation by j, and we will
keep these notations to avoid ambiguity.

We will denote by x; the center of mass of P;, that is

e if P; = By is a breather, we set x;(t) := —x(z)’k +0t;
e if P; = R; is a soliton, we set x;(t) := xg,l +vjt.
We denote:
L K J
(1.2.7) R:ZRI, B:ZBk, P=R+B:ZP]».
=1 k=1 =1

We can now define a multi-breather: as solitons are objects which can be studied naturally in
H'(R), it turns out that breathers are best studied in H?(RR); therefore, it is in this latter space that
we develop our analysis.

Definition 1.1. A multi-breather associated to the sum P given in (1.2.7) of solitons and breathers is
a solution p € C([T*, +0), H%(R)), for a constant T* > 0, of (mKdV) such that

(1.2.8) [Jim |lp(t) - P(t)|

We will prove two results in this article. The first one is the existence and the regularity of a
multi-breather, the second one is the uniqueness of a multi-breather. The uniqueness is established
in two settings: in the case when all velocities are positive, and without any assumption on the sign
of the considered velocities. However, in the last case, the uniqueness is obtained in a narrower
class of functions.

Theorem 1.2. Given solitons and breathers (1.2.1), (1.2.2) whose velocities (1.2.3) and (1.2.4) satisfy (1.2.5),
there exists a multi-breather p associated to P given in (1.2.7). Moreover,

(1.2.9) peC”(RxR)NC™ (R, H*(R))
forany s > 0 and there exists © > 0 such that for any s > 0, there exists As > 1 and T* > 0 such that,

H2:0'

(1.2.10) Vi =T, |lp(t)—P(t)|lms < Ase 9.

Remark 1.3. We will also show that 0 does only depend on the shape parameters of our objects:

ak, Pk, c1. Moreover, if there exists D > 0 such that for all j > 2, x;(0) > x;-1(0) + D, then A; and T*
do not depend on x(l) k,xg k,xg ; but only on ai, B, c; and D. Finally, if D > 0 is large enough with

respect to the problem data, then (1.2.10) is true for T* = 0. See Section 3.2 for further details.

Theorem 1.4. Given the same set of solitons and breathers as in Theorem 1.2 whose velocities satisfy (1.2.5)
and vy > 0 (so that all velocities are positive), the multi-breather p associated to P by Theorem 1.2, in the
sense of Definition 1.1, is unique.

Proposition 1.5. Given the same set of solitons and breathers as in Theorem 1.2 whose velocities satisfy
(1.2.5), there exists N > 0 large enough such that the multi-breather p associated to P by Theorem 1.2 is the
unique solution u € C([Tp, +o0), H*(R)) of (mKdV) such that

1
(1.2.11) |[u(t) = P(t)||g2 = O (t_N) , as t — +oo.
In [43], there exists a formula for a multi-breather, obtained by inverse scattering method, that in
some sense already gives the existence of a multi-breather. However, the proof of the theorem 1.2

from this formula is rather involved.
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In this paper, we give here a different approach to prove the existence of a multi-breather and we
clearly show that we have convergence of the constructed multi-breather to the corresponding sum
of solitons and breathers in H® and that this convergence is exponentially fast in time, and that the
constructed multi-breather is smooth. To do this, we use the variational structure of solitons and
breathers. That is why, we give a proof that is potentially generalizable to non integrable equations,
and that uses similar type of techniques as in the proof of the uniqueness (the latter cannot be
deduced from the formula). In any case, uniqueness of multi-breathers is new.

In this paper, we adapt the arguments given by Martel and Merle [32], by Martel [28] and by Cote
and Friederich [14] to the context of breathers. To do so, one needs to understand the variational
structure of breathers, in the same fashion as Weinstein did in [45] for (NLS) solitons. Such results
were obtained by Alejo and Mufioz in [3]: a breather is a critical point of a Lyapunov functional at
the H? level, whose Hessian is coercive up to several (but finitely many) orthogonal conditions, see
Section 2 for details. As we see from [3], the H? regularity level is the most natural setting to study
breathers, and the H! regularity level is natural for the study of solitons, as we see in [28, 32]. One
important issue we face is therefore to understand soliton variational structure at H? level, and to
adapt the Lyapunov functional in [3] to accommodate for a sum of breathers (and solitons). Notice
that arguments based on monotonicity may be adapted only if we suppose that all the considered
velocities are positive. Because [32, 14] are not based on monotonicity (these are results for (NLS)
which is not well suited for monotonicity), we can adapt their arguments to obtain existence and
uniqueness results for our case without any condition on the sign of velocities. The uniqueness
result obtained in this setting is however weaker than the one that is obtained with monotonicity
arguments.

1.3. Outline of the proof. The proof of Theorem 1.2 (the existence of multi-breathers) is split into
two main parts: the construction of an H? multi-breather and the proof that this multi-breather is
smooth.

1.3.1. An H? multi-breather. Let us start with the first part. We consider (T},) an increasing sequence
of Ry with T, — +oo, and for n € N, let p,, the unique global H? solution of (mKdV) such that
pu(T,) = P(T,,) (recall that the Cauchy problem for (mKdV) is globally well-posed in H?).

We will prove the following uniform estimate:

Proposition 1.6. There exists T* > 0, A > 0, 0 > 0 such that, for all n € N such that T,, > T*,
(1.3.1) Vit € [T T, |lpa(t) = P(t)|lg2 < Ae™?".

With this proposition in hand, we can construct an H? multi-breather which converges exponen-
tially fast to its profile, which is the first part of Theorem 1.2, as stated below.

Proposition 1.7. There exists T* € R, A > 0, 6 > 0 and a solution p € C([T*, +o0), H*(R)) of (mKdV)
such that,

(1.3.2) VE> T, lp(t) = P(t)|l2 < Ae™9".

Proof of Proposition 1.7 assuming Proposition 1.6. The sequence (p,(T*)), is L?>-compact,
in the following sense:

Lemma 1.8. Ve > 03R > 0 such that

(1.3.3) Vn e N p2(T", x)dx < ¢
[x|>R

An analogous lemma has already been proved on p. 1111 of [28], which is the proof of formula
(14) (and can also be found in [32]). The same proof works here. We need to use Proposition 1.6 for
T, large enough and then make a time variation to obtain the result in T*. We can first find R that
works for P%(ty) instead of p2(T*) for a fixed ty > T* large enough. From Proposition 1.6, we see that
if we take t( large enough, we obtain the desired lemma for p2(ty) instead of p2(T*). To finish, with
the help of a cut-off function, we control time variations of x|>R p2(t)dx, where R is taken larger if
needed. That is why we obtain the result at t = T".
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As a consequence of the Proposition 1.6 above, (||[p,(T”)||g2) is a bounded sequence. Thus, there
exists p* € H2(R) such that, up to a subsequence,

(1.3.4) pn(T*) = p* in H2
Thus, from Lemma 1.8, there holds the strong convergence
(1.3.5) pa(T) = p* in L2
Therefore, we obtain by interpolation:
(1.3.6) pu(T) — p* in H.
Now, let us consider the global H! (even H?) solution p of (mKdV) such that p(T*) = p*. As
shown in [28], the Cauchy problem for (mKdV) has a continuous dependence in H! on compact sets

of time. Let t > T*: by continuous dependence, we deduce that p,(t) — p(t) in H'. (p,(t) — P(t)) is
a bounded sequence in H?, which admits a unique weak limit and so

(1.3.7) pn(t) = P(t) = p(t) - P(t) in H*
By weak convergence and from Proposition 1.6, we obtain
(1.3.8) lp(t) = P(t)llp2 < liminf [|pu(t) = P() |2 < Ae™".
n—+0oo
As this is true for any ¢t > T*, this ends the proof of the Proposition 1.7. O

It remains to prove Proposition 1.6, for which we rest on a bootstrap argument. More precisely,
we will reduce the proof to the following proposition:

Proposition 1.9. There exists T* > 0, A > 0, 0 > 0, such that for all n € IN such that T, > T~, for all
tr e [T, T, if

(1.3.9) Ve[t Tl llpn(t) —P(t)llg2 < Ae™?,
then

* A _ot

(1.3.10) VEEIE, T, lIpa() = POl < e

The proof of Proposotion 1.6 then follows from a simple continuity argument.
Proof of Proposition 1.6 assuming Proposition 1.9. We define ¢;, in the following way:
(1.3.11) tr=inf{t* € [T, T,), Vte[t, T, lpa(t)—Pt)|lmp < Ae”0}.

The map t +— ||pn(t) — P(t)||2 is a continuous function and ||p,(T,;) — P(T,)||g2 = 0. This means
that there exists T* < t* < T,, such that

(1.3.12) Vt e [t5,T,], llpa(t) = P(t)|lp2 < Ae™?".
Therefore, we have
(1.3.13) T <t, <T,.

We would like to prove that t; = T*. Let us argue by contradiction and assume that ¢;, > T*. The
Proposition 1.9 allows us to deduce that

(1.3.14) vt € [t;, Tul, llpn(t) = P(H)llg2 < ‘ge—ef.
This means that
(13.15) Ipat) = P63 < e,
which means that t;, could be chosen smaller, by continuity. This is a contradiction. O

Hence, we are left to prove Proposition 1.9, which will be done in Section 2.



ON THE UNIQUENESS OF MULTI-BREATHERS OF THE MODIFIED KORTEWEG-DE VRIES EQUATION 7

1.3.2. The H? multi-breather is smooth. We now turn to the second part of Theorem 1.2, which is
strongly adapted from [28]. The heart of this part is to prove uniform estimates in H® for p,, — P, for
any s > 0:

Proposition 1.10. There exists T* > 0, 0 > 0, such that for any s > 0, there exists A; > 1, such that for
any n € N such that T, > T*

(1.3.16) VEEIT, Tl llpa(t) - P(®)llie < Age™.

With this improved version of Proposition 1.6, one can prove by the same reasonning as in the
proof of the Proposition 1.7, that for any s > 0, p actually belongs to L*([T*, +00), H°(R)) and that
the convergence of p(t) — P(t) occurs in H® with an exponential decay rate. More precisely,

Theorem 1.11. Forall s > 2, p € C([T*, +0), H*(R)), and furthermore,
(1.3.17) Vi > T |lp(t) = P(t)||gs < Ase™ .
It remains to prove Proposition 1.10, which will be done in Section 3.

1.3.3. The uniqueness result. We denote p the multi-breather constructed in the previous sections, the
existence of which is established. Let u be a solution of (mKdV) such that

(1.3.18) I = Pllyz —— 0.

Equivalently, there holds

—+00
We denote
(1.3.20) z:=u-p.

The goal is to prove that z = 0. We prove it in two configurations: when all the velocities are
positive (Theorem 1.4), and without any assumption on velocities (Proposition 1.5), but in this last
case we need to assume a stronger convergence than given in (1.3.18).

The proof of Theorem 1.4 will be carried out in two steps.

We start with Proposition 1.5, which is adapted from [14]. For this, we do not study u — P
anymore, we deal only with z = u —p. z is the difference of two solutions of (mKdV), which is
much more precise than u — P. Thus, we do not modulate parameters of the solitons, as it is needed
in other parts of the proof in order to deal with the soliton part of the linear part of the Lyapunov
functional, and we avoid some difficulty. In order to prove our inequalities, we need again to use

coercivity of the same type of quadratic forms. In order to do this, we replace z by z = z + Z;zl ¢;K;,

where K;, j = 1,..,] is a well chosen basis of the kernel of the quadratic form, in order to have z
orthogonal to any K;. A important idea is to use slow variations of localized functional with adapted
cut-off function of the form ¢ (xg—ft), which provides an extra O(1/t) decay when derivatives fall on

the cut-off, and ultimately explain why algebraic decay comes into play.

In the context of Theorem 1.4, we actually prove that
(1.3.21) vi=u-"P

converges exponentially fast to 0: this is the purpose of Proposition 4.10, which uses some ideas of
[28]. Due to Proposition 1.5, we deduce immediately from there that an exponential convergence is
trivial, that is z = 0.

To prove Proposition 4.10, we use monotonicity properties combined with coercivity of an energy
type functional very similar to that used for the existence result. This is why we also need to
modulate, and the choice of the orthogonality condition is essential: it allows to bound linear terms
in w that appear in the computations. An issue of the mixed breathers/solitons context is that one
cannot build a functional adapted to all the nonlinear objects at once, as it is done in [28]. Instead, we
carry out an induction and we argue successively around each object, soliton or breather, separately.
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1.3.4. Organisation of the paper. Sections 2 and 3 are devoted to the proof of the existence of a multi-
breather: Proposition 1.9 is proved in Section 2, Proposition 1.10 is proved in Section 3. Section 4
gathers the proofs of the uniqueness results: Section 4.1 is devoted to the proof of Proposition 1.5,
and Section 4.2 and 4.3 are devoted to the proof of Theorem 1.4.

1.4. Acknowledgments. The author would like to thank his supervisor Raphaél Cote for suggesting
the idea of this work, for fruitful discussions and for his useful advice.

2. CONSTRUCTION OF A MULTI-BREATHER IN H?(RR)
We set
(2.0.1) B :=min{fi,1 <k < K}U{c;,1<I<L}, 7= min{vj;1 -v;,1<j <] -1}
Our goal in this section is to prove Proposition 1.9.

2.1. Elementary results. Let us first collect a few basic facts that will be used throughout the article.
One may check an exponential decay result for any of our objects:

Proposition 2.1. Let j =1,...,], n,m € IN. Then, there exists a constant C > 0 such that for any t,x € R,

(2.1.1) 0297 Py(t, x)| < Ce Portl,
Corollary 2.2. Let r > 0. For t, x such that vjt +r < x < vj41t —r, we have
(2.1.2) |P(t,x)| < Ce™P.

The same is true for any space or time derivative of P.
We will also use the following cross-product result:

Proposition 2.3. Let i # j € {1,...,]} and m,n € IN. There exists a constant C that depends only on P,
such that for any t € R,
/ dy' Pidy P;

There is also an orthogonality result for breathers that will be useful:

Lemma 2.4. Let B := B, g be a breather. We denote By := dy, B and By := dy,B. Then,

(2.1.4) /BB1 :/BBZ:O.

Proof. Note that Span(B1, B2) = Span(By, By). Therefore, it is enough to prove that

(2.1.5) / BB, = / BB; =0.

Firstly,

(2.1.6) /BBx = %/ (B?), =0.

Secondly,

(2.1.7) /BBt = %/(BZ)t = %%/BZ:O,

by mass conservation and because a breather is a solution of (mKdV). O

(2.1.3) < Ce PH/2,
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2.2. Almost-conservation of localized conservation laws. From now on, we will fix n € IN. This
is why, for the simplicity of notations, we can write T for T,, and p for p,. The goal will be to
find constants T*, A > 1, 0 that do not depend on 1, nor on the translation parameters of the given
objects, to be chosen later (T* will depend on A and 0), such that Proposition 1.9 is verified. We will
take a t* € [T", T], and we will make the following bootstrap assumption for the remaining of the
article:

(2.2.1) Vt e [t,T], |lp(t) = P(t)|| 2 < Ae™?,
where p(T) = P(T).

Remark 2.5. We have the following property for solutions of (mKdV): there exists Cyp > 0 such that,
for any solution w of (mKdV), w is global and

(2.2.2) VieR |w(t)|lg2 < Collw(T)||g2.
Therefore,
]
(2.2.3) VteR |lp()llgz < CollP(T)|g2 < CoZ |IP;(T)|2 < CoC,

=1

where C is a constant that depends only on problem data (because the H*-norm of solitons or
breathers can be easily bounded).

Let 0 := g—; Let min(1, ) > 6 > 0 be a constant to be chosen later.

This part of the proof is adapted from [32].

Let ¥(x) be a C3 function such that
(224) 0<y <1 onR, Y(x)=0 for x < -1, Y(x)=1 for x >1, Y20 on R,
and satisfying, for a constant C > 0,
225) WP <CPx), @@ <Cl-yx),  PEP2<CY(x) forallx € R.

Note that it is enough to take 1 that is equal to (1 + x)* on a neighbourhood of —1 and that is
equal to 1 — (-1 + x)* on a neighbourhood of 1.

These conditions on 1 will be needed for the proof of Proposition 2.19.

Forallj=2,..], let

(2.2.6) 0j:= %(’(J]'_l + ’0]').
Foranyj=2,..]-1,let
x—ojt X —0j+1t
(2.2.7) Pt x) =19 ( 57 ) - (T)
_ —ojt
(228) (%) =1 (" 5f2t), o1t x) = v (x — )

so that the function ¢; corresponds obviously to the object P;. We will also use notations ¢; and goi,

which represent the same functions, and where @] corresponds to the soliton R; and goi corresponds
to the breather By.
We will also denote, for j =2,...,] -1,

x—ojt X —0jy1t
(2.2.9) P1,j(t, x) = (T]) _‘P’( 6t] : )
_ — ot
(2.2.10) P11t x) := =y’ (x ;ﬂ)/ Py(t %) = ¢’ (x 5;7] )

Of course, notations (pll’ i P71, or ¢2,; will be used, with similar obvious definitions.
We have that, for j =1, ..., ],

(2.2.11) |(p1,]‘| < C(p?“.
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th+6t U/t+5t
/ e—Zﬁlx—v]-tl = o 2pujt / e2BX 4y
—00 —00

- Zie—Zﬁtheﬁ(v]'+Uj_1)t62‘B6t

Remark 2.6. 1f 6 < ,

(2.2.12) < Ce—ﬁ’fteZﬁﬁt < Ce—ﬁTf/Z/

+00
(2213) / e_2ﬁ|x_vjt| S Ce—ﬁTt/Z’
o

]‘+]t—6t

for the same reason, and if i # j, e.g. j > i,

Uj+1t+(5t G]‘+1t+6t
/ e—2ﬁ|x—v,-t| — eZﬁv,-t/ e—Zﬁxdx
ojt—ot ojt—ot

< zieZﬁvite—ﬂ(’()]’-}-Uj_l)teZﬁét

(2.2.14) < Ce P20t < CoPTt/2,

And finally, we set forall j =1, ..., J:
(2.2.15)

M;(t) :=/%P2(t,x)¢j(t,x)dx =: M;[pl(t), E;(t) :=/( i, X)——p4(t x)| @;(t, x)dx =: E;[p](t).

Notations MS M]}j, Els, EZ will also be used.

These are local versions of the mass and the energy of the solution p considered (localized around
each breather or soliton). We will prove the following result for the localized mass and energy:

Len[lma ]2.7. There exists C > 0 and T := T;(A) such that, if T* > T, then for all j = 1,...,], for all
telt:,T],

(2.2.16) IM{(T) = My(0)] + E(T) = Ey(0)] < 5 c A,

Proof. We will use the results of the computations made on the bottom of page 1115 and on the
bottom of page 1116 of [28] to claim the following facts:

dtz/ p’f = /( SPx+ 4p) ’—/pxpf”

d 1 2 ’ 14
(22.17) m [sz 77 ]f /[——(Pxx+P) ~ Pix +3p3p ]f —/Pxxpr
where f is a C? function that does not depend on time.
M;(t) is a sum of quantities of the form 3 fp gb(x 9t ).
d1 o, (Xt} 1 5 4\, (X0t 1 / ,[X—ojt
dtz/Pl’b( ot )_6t/( sz+4p i (6t)? PP 5t
1 X, X—G]'t
(2.2.18) 2/p =V ( = )

V(= t,0t + o;t). Thus, for x € Q;(t), |%| < |o;] +16] <
|oj| +1, this means that || is bounded by a constant (that depends only on the given parameters).

We can deduce that
in e (e s\ L L L
—= < — + + .
dt 2 Py ot 52t Q;(t) Px Q;(t) P Q;(t) P

(2.2.19)
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We bound /Q‘ 0 p* by the following way:
]

/ P‘*SIlplliw/ p?
Q;(t) Q;(t)

] ]

< C||p||%{1 /Q )pz by Sobolev embedding

ji(t

(2.2.20) <C / p®> by Remark 2.5.
Qi(t)
Thus, we have for any ¢ € [t*,T],

d1l X — O-]t C 2 2
(2.2.21) ——/ 2 (—) < — / x+/ .
dt 2 p l/) 6t 62t Q]'(t) p Qj(t) p
E;(t) is a sum of quantities of the form f[pr _411 ]1p(x ot ).
d Lo L), (r—9t)_ 1 32 _ 2 2 | (X9t
T [pr i ]w( 55 =3 —E(Pxxﬂ?) TP H30P |V |
1 ” X—G]'t 1 2 1 4 x x—Gjt
2222 S 24 gl i B x-ot

We deduce from this, by using similar arguments as for the mass, that for any t € [t*,T],

%/B;ﬂ 1p4]¢(x ot )‘ 5%(/9](” /Q]u) /Q](t) )

Now, we write p(t) = P(t) + (p(t) — P(t)), and we use the triangular inequality

(2.224) / PP+ P24 pi) <2 / (P2 + P2+ P2) +2]p - PI%,
Q;(t) Q;(t)

(2.2.23)

We have assumed that ||p — P ||%I2 < A%¢729 we need to study P on Qj(t). The following compu-
tations work also for the derivatives of P.

/Q](t) P2 = /Q](t) (Z Poult, x))

(2.2.25) <c Y / . ¢ Bl=ontl gBlr-vitl 7y
ot

1<m,I<]

3 /Q Po(t, ¥)Pi, %)

1<m,i<] ¥ ()

where we use the Proposition 2.1.
We assume that m > j (we argue similarly if m < j —1). Then,

X EQj(t) =4 —5t+0]'t <x< 5t+0]'t
(2.2.26) © =0t +(0j =)t <X~ 0yt < Ot + (0] —Vp)t.

We note that 0; — v, < —ET < 0, we can thus deduce from the condition on 6 that 0; —v,, +6 <
—}1’[ < 0. We deduce that x — v, t is negative for x € Q;(t).

Similarly, if m < j—1, x — vt is positive for x € Q;(¢).

We will now make calculations for different cases.

Ifm,l <j-1,

/ o Blr—omtl p=Blr-oitl g < / o Bl=0ut) =Bl—uit) gy
Qi(t) Q;(t)

— %eﬁt(—v]-—v]-_1+vm+vl)(eZﬁét _ e—Zﬁét)
(2.2.27) < CePt(-vj=vj1+vm+01420)  Cp=PTt/2,
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Similarly, if m,[ > j,
(2.2.28) / pblxontl y-Blv=utl gy < Cp-Bit/2
Q;(t)
And,ifm <j—1,1> ],

/ o Blr—omtl p=Blr—oit] g < / pBx=vut) plx—ort) g
Q;(t) Q;(t)

(2.2.29) < 26teP1En=t) < Cem'7
Thus,
(2.2.30) / P2 < Ce 7,
Q;(t)

and the same is valid for the derivatives of P.
Thus, for t € [t*,T],

J
d1l 5 X — Ojt d / 1 2 1 4 X —O']‘t
;dtZ/pw( or N Flar ) 2P 2P |V T
C 2 oo C _p C 2. —oor 20t C 2 _opt
(2.2.31) < EA e + %e 2 < E(A +e )e < @A e .

Thus, forj=1,...,],t € [t,T],
e 2,-20 C ! 20
|M](T)—M](t)| + |E](T)—E](t)| < /t %A e "7ds < EA /t e "7ds
C o1 oo oot C 2 o0
L. = — _— — < — .
(2.2.32) 62tA 26(6 e ) < 52tA e
2.3. Modulation.

Lemma 2.8. There exists C > 0, T; = T;(A) such that, if T* > T, then there exist unique Cl functions
X [ T] > R, xpp : [t5,T] > Rfor 1 <k < Kand xo;: [t",T] = R, co; : [t,T] = R, such that if
we set

(2.3.1) e(t,x) = p(t,x) - B(t,x) — R(t,x) = p(t,x) — P(t,x)
where
—_—~ K —~—~— —~—~—
(2.3.2) B(t,x)= > Bi(t), Be(t,x) = Buyp (t, 3,25, +x14(t), 5, + x24(1)),
k=1
—_~ L —_~ —_~
(2.3.3) R(t, x) := Z Ri(t), Ri(t, x):=x1Qc;tcq 1) (X — xgll +x0,(t)—cit) for1 <I<L,
1=1
(2.3.4) P(t) := R(t) + B(t),
and
—_~ ] _~
(2.3.5) P(t) := Z Pj(t)
j=1

where there is the usual correspondence between 13; and 73; or E,
then, e(t) satisfies, forall k = 1,...,K, forall 1 = 1,...,L and for all t € [t*,T],
(2.3.6)

/ Ri(h)e(t) | (1) = / R0 = [ 0 Breplo) = / P Br(B)e(DNl(t) = 0.
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Moreover, for all t € [t*,T],

K L
(237) el + D (2 k(O] + o) + D (1o (B)] + leos (D)) < CAe™,
k=1 I=1
and
K L
(238) D% O+ 125 (D) + D (g (D] + e (D)) < Clle(@)ll 2 + Ce™.
k=1 I=1

Finally, p(T) = P(T) = 1A5(T) and €(T) = x0,1(T) = x1,x(T) = x2%(T) = co1(T) = 0.
Proof: see for example [13] for reference. Let, for t € [t*,T],
(2.3.9) Fi : L*(R) x R?K x R?l — R2K+2L

(w, X1k, X2,k, X0,1, C0,1)

— (/ N @i(t, x)0x, Bay g (¢, X; xg),k T X1k xg,k +xak)-
K L

.0 0 0
. (w - Z Ba, g (t, X; XY g ¥ X1m, Xy Xom) — Z K1 Qeyteg, (X — Xon + Xon — cnt)) ,
=1

m=1 n=
b t a B t .40 0 .
@k( ,X) X2 ak,ﬁk( 7 X5 xl,k + X1k, x2,k +x2,k)
K L
.0 0 0
w - Z Be, (8, ;X7 )+ X1,m, X5 ) + Xom) — Z K1 Qe,+co, (X = X, + Xou = Ct) |,

n=1

m=1
[\ 00551Qu 3= 3y + 301 =)
K

L
.0 0 0
. (w - Z Ba,, g (t, x; XYt X, Xg Xom) — Z KnQepteqn (X — Xon T Xon — cnt)) ,

n=1

m=1
7001 Qun = 38+ 300 = ot
K

L
(2.3.10) . (w - Ba, pn(t, x; x(l),m + X1m, xg/m + X m) — Z Kn Qeytog, (X — xgrn + Xo,n — cnt)))
m=1 n=1
We observe that F; is a C! function and F;(P(t),0,0,0,0) = 0. Now, let us consider the matrix
which gives the differential of F; (with respect to x1k, X2k, X0, co,1) in (P(t),0,0,0,0) (we consider
diagonal and extra-diagonal terms for each bloc):

Kk Ckk
X X Bi,,k, Bi',k' X X X X
|ox X Bi,,k, Bi,lk, X X X X
(2.3.11) DF; = % % % % R}/l R?,l % 9 ,
X X X X R?,z R%,z X X
X X X X X X Rll,’l, Rf,,l,
X X X X X X Rf’,ll, Rlz,,l,
where
(2.3.12)

2 2
Bllc,k = _/ (axlBakr.Bk) goi/ Bi,k = _/ (8x2Bak/,Bk) (Pir Bi,k = _/amBak,ﬁk&szak,ﬁk\/(PZ'
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denoting yg =X = xg ;

1
a&B)RL:—/@Qm&WJE,Rﬁ=35/9m&NQMM+ﬁ@@aﬁﬁ$ﬁ

(2.3.14)
R?,l = —/ch(}/g,l)é’ch,(yg,l) (Pls’ R;L,l == ‘/'a Qc;(yol) Qc;(]/o[)"']/o[a ch(y()l))(

and crosses stand for exponentially decaying terms when t — +co, and we consider variables in
the fOHOWil’lg order: X1,1,%2,1,%1,2, %22, X1,3, X2,3, ---, X1,K, X2,K, X0,1,C0,1, ++-r X0,L, CO,L and we order the
coefficients of the function in the similar way. This is a matrix with dominant diagonal blocs.

- Clt/

Note that Bi , is exponentially close to — f (8x]Bak,,;k)2, because if P; = By is a breather,

5 ; ojt+ot 5 +00 5
/(axlB“krﬁk) (1_ (Pk) 5‘[ (axlBakﬁk) +/ (axlBak,ﬁk)

) oj41t+0t
ojt+ot +o00
<C / e-26lx-ot] 4 / o-2blx-oyt|
—00 U]'+1t+(3t
ﬁ’tt
(2.3.15) < Ce

and the same is true for the other dominant diagonal terms of the matrix (we can get rid of ¢s).
Therefore, the determinant of the matrix is exponentially close to:

K 2
det(DF;) = I_I (/(8xlBak,ﬁk(t,x;x?,k,xg’k))z/(8xZBak,ﬁk(t,x; x?’k,xglk))2 - (/ axlBak,ﬁkaszak,ﬁk) )
k=1

L
(2.3.16) - 1—[ (Zicl / Qe (yg,l) (Qc, (yg/l) + y8,19ch, (yg,l)) /(3ch:(y8,l))2) ’
=1

because ch,(yg,l)aan(}/g,l)dx =0

By Cauchy-Schwarz inequality and the fact that dy, By, g, (, x; x?/k, xg,k) and dy, B, g, (t, x; x?/k, xg,k)
are linearly independent as functions of the x variable, for any time ¢ fixed, we see that the first
product is positive. Since each member of the product is periodic in time, then the first product is
bounded below by a positive constant independent on time and translation parameters.

For the second product, by translation of the variable in the integrations, for any time ¢ fixed, we

see that we can replace yg ; by x. Then, by integration by parts,

(2.3.17) / xQe, (x)9x Qe (x)dx = —% / Qq,(x)%dx.

By scaling, if g denotes the soliton with c =1, i.e. 4 = Q1,

(2.3.18) / Q? = o / 2 / 5.2 = P /qi.

Therefore,
1 1
o [ Qutrh) (Qutu + #,0:0408)) [OxQuh ) = 3o [ [ (g
(2.3.19) > %min{cn,l <n< L}/q2/q§.

This means that the second product is bounded below by a positive constant independent on
time and translation parameters.

This means that if T} is large enough, the matrix considered is invertible.

Now, we may use the implicit function theorem (actually, we use a quantitative version of the
implicit function theorem, see [11, Section 2.2] for a precise statement). If w is close enough to P(t),
then there exists

(2.3.20) (X1,k, X2,k, X0,1, €0,1)
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such that
(2.3.21) Fi(w, x1,k, X2k, X0,1,€0,1) = 0,

where (2.3.20) depends in a regular C! way on w. It is possible to show that the “close enough”
in the previous sentence does not depend on ¢; for this, it is required to use a uniform implicit
function theorem. This means that for T; large enough (depending on A), Ae™% is small enough
for t € [t*,T], thus for t € [t*,T], p(t) is close enough to P(t) in order to apply the implicit function
theorem. Therefore, we have for t € [t*,T], the existence of xqx(t), x2k(t), x0,(t) and cg,(t). It is
possible to show that these functions are C! in time. Basically, this comes from the fact that they are
Clin p(t) and that p(t) has a similar regularity in time (see [13] for more details).

Now, we prove the inequalities (2.3.7) and (2.3.8). We can take the differential of the implicit
functions with respect to p(t) for t € [t*,T]. For this, we differentiate the following equation with
respect to p(t):

(2.3.22) Fe(p(t), x1,k(p(t)), x2,k(p(t)), x0,1(p(t)), co,1(p(t))) = 0.
We know that the matrix that gives the differential of F; (with respect to x1x, x2,x, X0,1, Co,1) in
(2323) (P(t)/ xl,k(P(t))/ x2,k(p(t))/ Xo,1 (p(t)r CO,l(p(t)))

is invertible and its inverse is bounded in time (from the formula giving the inverse of a matrix
from the comatrix and the determinant). The differential of F; with respect to the first variable is
also bounded. Thus, by the mean-value theorem:

(2.3.24) |x1 k| < Cllp - P|| < CAe™Y,

the same is true for xx, xo; and cq .
By applying the mean-value theorem (inequality) for Q., with respect to xo; and cg; or for By, g,
with respect to x1 x and x x, we deduce that

(2.3.25) IP;(t) = Pj(t)ll2 < Clx1x(8)] + [x24(1)]),
if P; = By is a breather, and
(2.3.26) IPj(t) = Pj(t)llz2 < ClIxo4(t)] + lcou (£,

if P; = R; is a soliton.
Finally, by triangular inequality,

el < Nlp(t) = P(8)ll 2 + |IP(F) = P(E)|| 2
K L
< llp()) = POl + C | Y (bxa®)] + [ (B)) + > (Ixou(t)] + |Co,z(f)|))
k=1 =1

(2.3.27) < Cllp(t) = P(t)|| ;2 < CAe™?".
This completes the proof of (2.3.7).
For (2.3.8), we will take time derivatives of the equations (2.3.6). From now on, we write By, for

8X1FB‘;: and Evkz for axjavk. Firstly, we write the PDE verified by ¢ (knowing that p, By, ..., Bk, Ry, ..., Rt
are solutions of (mKdV)):

J ]
e = —exer— || 2+3¢ Y P +3 ) P || - (PiPiy)
t€ Exxx ele g; j Z il Z Wil .

i,j=1 X h#iori#j
K X L _ L ¢y, () — ~
2.3.28 = OB = 2 (OB = % (DR = Y = R+ you(DR ),
(23.28) ; DB = 2% OB = )X (R ;Mwl(m v (DR

where o, (f) :== x — xgl + x0,1(t) — cit.

Now, we will take the time derivative of the equation / Br1 &+ /goZ = 0 (and perform an integration
by parts):
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/(Bk )1x € +X1k(f)/Bk11€\/7+x2k(t)/Bk12€\/7 /Bkl Z ) oY

hq&lorgq&h
]
1 —_ — — —_
+ o Brie (e +3€Z +3 Z PhP) /Bklxe (52+352Pi+3 > PhPi) !
i= h,i=1 N i=1 h,i=1
v — [ Bl §01k 1 o 901k 1 — 901k 1 — (plk
20t | PrRE T~

/— 2ot | Brxte—— /— 2ot | Braect \/* "oz | Brif \/7
P
K = - —~— —
- in,m(t)/Bleml\/(Pi+Zxé,m(t)/3k13m2\/¢z
m=1 m=1

(2329)
+Zx0 (t)/Bkanxf Zz(cn i”c(;l(t)) By (1?2+yo,n(t)l?2x) Pp-

Similarly, taking the time derivative of / E;zs,/ b=o:

/(Bk Joxé +x1k(t)/Bklzé\/7+X2k(t)/Bk22é\/7 /Bkz Z Fhﬁlﬁ;)x o

h#ior g#h
1 : = - SR R
+ 55 | Broe (e +3£Z P;+3 Z PyP; /Bk2xe €2+332Pi+3 D PuPi| ol
i= h,i=1 "(Pk i=1 h,i=1
b b
— P 1 [= 901 P Y = 901k 1 Pk
+ ﬁ Bipéxx Biprex—— Bipxxé — Bk2€x

, 20t "2t 2612
Pk \/ \/

K K
= Z xi/m(t)/azB~ml\/¢72+ Z xé,m(t)/gl:zi;;z\/(?z
m=1 m=1

2.3. 30)

+ Z xon(t) / BkZRnx\/7 Z 2(cn (-)i-nc(;)n(t)) E;z (1’3\; + yo,n(t)mx) \/;i

Similarly, taking the time derivative of / Rix(t)e(t)y/o; =0:

—/(Elg)xxE (Pf+%/(ﬁlx+yo,l(t)ﬁlxx) +x01(t/ lxx<‘3

) J _ ] o gpil . J —_—
e2+3e ) Pi+3 ) hPi)W /Rlxxg e2+3¢ ) P, 3ZPhPi)\/(Pls
i j 1

Vot

i=1 h,i=1 i=1 hi=1
1 [z P 1 3 (Pll / (Pi,z 1 ~ (Pll
25t Ix€xx (P? 25t Ixx € x\/— 2(515 Ixxx € \/(P_; 252 ,—
¢} (1) o _
= ZXO n(t)/Rlx nx\[ Z Z(Cn +nC0n(t)) Ry (Rn +y0,n(t)Rnx) \[(Pls
(2.3. 31)

+Zx1m(t)/sz Bui9} + Zme(t)/sz oo+ [ R Y (FPF) o

h#ior g#h
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Finally, taking the time derivative of f Ezew/(pls =0:

_/(E]3)xe (Pls+2(c;i+:))l(t))/(ﬁ+yo'l(t)ﬁ’x) +x01(t)/Rlx \/7
zét RIE(E +3€ZP1+3ZPI¢P1) /sze(sz+3giﬁ+3zl?hﬁ)\/;;

h,i=1

1
— @ 1 Y 1 — 9] 1 _ @
Rlé‘xx—l'l /R L Rlxxé‘—l'l——/ 1EX U

1

"ot Jor 200 “‘éx\/— 20t
o (f) ~ —

—Zxo,l(t)/Ranxf ZZ(CHiC;n(t» Ry (R + you(ORa) o}

(2.3.32) +Zx1 (t)/R,Bm( Zme(t)/RleZf /Rl 13,11?15;) ¢,

h#ior g#h

By the Proposition 2.10 below (that follows from the first part of the lemma we prove) and its
corollary, several terms of the equalities (2.3.29), (2.3.30), (2.3.31) and (2.3.32) are bounded by Ce~%;
other terms are O(||£|| 12). We remind that O(]|¢]|;2) < CAe™ . From the basic properties of ¢; (see

Section 2.2), ¥ \/_ is bounded. Because of the compact support of ¢;, 7 \/_ is bounded independently

on x and t. Using these bounds, and after several linear combinations, we obtain the desired
inequalities. a

Remark 2.9. As a consequence of Lemma 2.8, there exists a constant C > 0 such that,

K L
(2333) VEe [, T] ) (xai®)] + o) + ) (%o ()] + co())]) < CAeT"
k=1 =1

This means, that if we take T, eventually larger (which we will assume in the following of the
article), we may extend Proposition 2.1 to I;] in the following way, by integration of the bounds

given by modulation (the constant C is a bit larger in a controled way, we write g because the shape
of the solitons is a bit modified in a controled way):

Proposition 2.10. Let j = 1,...,], n € N. If T* > T5, then, there exists a constant C > 0 such that for any
t,x €R,

(2.3.34) 107 Di(t, x)| < Ce™ 21!l
We will also use that any ||9§§13;|| m2 is bounded by C.

Corollary 2.11. Leti #j € {1,...,J} and m,n € N. If T* > T;, then there exists a constant C that depends
only on P, such that for any t € R,

(2.3.35) ‘ / IMP;d"Pj| < Ce P8,

2.4. Study of coercivity. In [3], the Lyapunov functional that was introduced to study the orbital
stability of a breather was the following conserved-in-time functional:

(2.4.1) Flpl(t) +2(* - a®)E[p](t) + (a® + *)*M][p](t)

The functional that we will consider here is adapted from the latter. For t € [t*,T]:

(2.4.2)
L

K
HIpl(t) := Flpl(h) + ), (2082 - aDELpI(E) + (a + B2PMLIPIE)) + ) eiE5[pl(t) + FME[p)))
k=1

I=1
For the simplicity of notations, for j € {1,...,J}, a; will design ay if P; is the breather By or 0 if
P; is a soliton, and b; will design B if P; is the breather By or cll/ 2 if Pj is the soliton R;. With these
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notations, we may write:

J
(243) Hpl(t) = FIplt) + Y (2063 - a)E;[p](0) + (a3 + b2 PMy[p](1))
j=1

We would like to study locally this functional around the sum considered of breathers and
solitons. The aim of this section will be to prove two following propositions:

Proposition 2.12 (Expansion of H? conserved quantity). There exists T; > 0 such that if T* > Ty, for all
t € [t*,T], we have

J
Hpl(t) = Y (FIP10) +2063 — ADEIP0) + (a2 + b2 2PMPy (1))
=1
(244) + Halel(t) + O(le()I3) + O le(®)lse) + O(e ™),
where
e](t) :=%/€§x—§/ﬁ2€§+g/§§€2+5/1313xx€2+%/13482
) J
2_ 2 2 D22 2 221 2
(2.4.5) +]Z:1:(bj a].)(/ex(p] 3/P e (p])+;(a] +b]) 2/5 Pj-

Proposition 2.13 (Coercivity of H). There exists u > 0, T; = T;(A) such that, if T* > T, for all
t e[t T],

246) Halel(t) > ulle(t)IE, ( [ B )

The Propositions 2.12 and 2.13 will be used in the next concluding subsection to prove the Propo-
sition 1.9.
Firstly, let us prove the Proposition 2.12.

Proof of Proposition 2.12. We would like to compare H [P + ¢](t) and H[P](t) (recall that p = P+¢)
by studying the difference asymptotically when ¢ is small. Firstly, let us see how we could simplify

the expression of H[P](t).

Step 1:

Claim 2.14. If T is large enough, for all t € [t*,T], we have
J
@47)  HIPIE) = ) (FIBIE) + 263 - aELPI(E) + (@ + BEMIP (1)) + Ofe ™).
j=1
Proof. We prove that for t € [t*,T], we have
J
(2.4.8) HIP]- (F[ﬁj] +2(62 ~ a)E[P] + (a3 + bf)2M[1'5j]) < Ce™20t,
=1

Let us compare F; [P] and F [1;]]

(2.49) KiPl= [ (%f»‘gx -3 }Lfo‘é) oi(t, X)dx,
~ l=2 5=2-2 1-=¢

(2.4.10) F[P]] Z/(EP]‘XX—EP]' ij+ZPj )dx

We compare the corresponding terms of these equalities. Let us start by the first one:

[ (Baown-2L)| < [Fh-oeols Y [|raf

(r,8)#(j.j)

@;(t, x)
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B Bt B ) Bt
<C / e~z lx-vjtl , 3t |1 _ (pj(t,x)| +C Z / e—ilx—vltlea—thoj(t,x)

i#]
0j41t+06t 8
/ e~z Uit gy
=0t

pr U]'t+6t +00 8
< Cex! / +/ e 2loitl gy 4 Z
—00 aj41t—0t

i#j Y 9j
(2.4.11) < CePrt/16,
by Proposition 2.10 and Remark 2.6.

For the other terms of the difference to be bounded, we reason in a similar way. This completes
the proof of the claim. O

Step 2:

Therefore, when we manage to compare H[p](t) and H[P](t), we are also able to compare

H[p](t) and

(2.4.12) (F[P;](t) + 2(b7 - a;)E[P}](t) + (a7 + b;—)ZM[ﬁj](t)).

-
Il —
—_

7—([13+s]:%/(13+e)§x—g/(13+e)2(13+5)§+%1/(13+e)6
] J
~ 1 ~ 1 ~
+Z[(bf-af) (/(P+e)§¢j—§/(p+e)4<pj) > (a7 + b7 /(P+€)2go]']
j=1 j=1
=1 p 2 [ L [Py [Buye+s [ PP2e+5 [ PPue+ s [ Do
2) T2 ! (4x) x weT o
+%/ggx—g/ﬁ25§+g/ﬁ§52+5/ﬁ13’xx52+%/ﬁ%uoqu(t)ngz)
J
N2 - [ Bj-5 [ Prgi-2 [ Puep,
T4 xPiT 5 Pj xxEQj
j=1
—2/13,65@]-,,(—2/133eq0]-+/€§(p]-—3/f5262¢j)
] 1/ - N
(2.4.13) +Z(a]2.+b]2)2§ (/P2g0j+2/Pe(pj+/ez(pj).
j=1

We can observe that the sum (2.4.13) is composed of 0-order terms in ¢, of 15-order terms in &,
of 2"¥-order terms in ¢. 3" and larger-order terms in ¢ are contained in O(||£(t)||§’{2). The sum of

the 0-order terms is actually H [P]. The sum of 2"-order terms in ¢ is Ha[¢](t).
Let us study for closely the 1-order terms:

— _— _— 3 [~
H; :/P(4x)s+5/PP§e+5/P2Pxxe+E/P5e
] N N ] N
(2.4.14) +Z(b]2—a]2) (Z/Pxé'x(pj—Z/P3g(pj)+Z(a]2+b]2)2/P8(pj.
j=1 j=1

From [3], we know that a breather A = A, 4 satisfies for any fixed t € R, the following nonlinear
equation:
3
2
This equation is also satisfied for A = Ek with @ = ay and g = B for any k = 1, .., K (the key
parameters of a breather are not changed by modulation).

(2.4.15) Ay = 2(8% — a®)(Axx + A3 + (a? + B2)2A +5AA2 +5A%A + =A% = 0.
(4x) X
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For a soliton Q = R, we know from Q. = cQ — Q3 that Q satisfies for any fixed t € RR, the
following nonlinear equation (see Section 5.1 (Appendix)):

2416) Quan ~ 26(Que + Q%) +¢°Q +500Q% +5Q°Qus + 3Q° =0

This equation is not exactly satisfied for Q = R; for any | =1, ..., L (the key parameters of a soliton

are changed by modulation). The exact equation satisfied by Q = R; is:
(2.4.17)

Q(4x) —2¢ (Qxx + QS) + CIZQ + SQQJZC + 5Q2Qxx + ;QS = 2C0,l(t) (Qxx + Q3) - 2C1C0,l(t)Q - CO,l(t)zQ-

We will compare H; and
] ) ]
, ~ ~~2 ~2 ~ 3 ~5
H| ::/P(4x)s+5z/Pijxe+SZ/ijijxe+§Z/P]- ¢

j=1 j=1 j=1

] N . ] N

(2.4.18) —zZ(bf—af) ( / Pj e+ / P; g) +Z(a]2+b]2)2 / Pje.
j=1 =1

. — ~~2
Firstly, let us compare [ PP2¢ and ZLl [ PiPje.

]
(2.4.19) =) / PPre+ Y [ PuPubje.

j=1 h#iori#j

Therefore, we need to find a bound on a term of the type / f’;l?ixﬁ}xe where h # i ori # j.
We can perform the following upper bounding (where without loss of generality, we suppose that
i#j):

[ Pine

Bz B B
< Cel—ﬁf/e-zlx-vffle-zlx-vffl|e|

= C”f”Lwe%t/e_gbf—vifle—glx—vjﬂ

(2.4.20) < Clle]| e P18,
by Sobolev embedding and Proposition 2.3.

The bounding is quite similar for ffﬁﬁxxs and ff;5£. We observe that —fﬁjxxs = fﬁxex.
To compare f ﬁx exq; and fIR Igjxsx, and for similar terms, we can use computations that we have
already performed at the beginning of this proof. Therefore,

/nggxgoj_/lg;xgx
R

That enables us to bound the difference between H; and Hj:

(2.4.21) < Cllellype .

, _B
(2.4.22) |Hy — Hj| < Clle(t)|lpze™ T .

Now, because our objects are not only breathers, H{ is not equal to 0. Actually, we have

L L L
~ ~3 ~ ~
(2.4.23) H; :zzco,l(t) (/R;xx€+/Rl e)—22clco,,(t)/R,s—zco,l(t)Z/R,s.
l:l l:l l=1
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Now, we introduce
(2.4.24)

L L L
HY :ZZCO,l(t) (/Exx€ﬁ+/1z3€¢;f)—226100,1(1‘)/Ef\/f??—zco,l(t)z/i{l‘?\/;?'
=1 =1 =1

By reasonning the same way as for H; and H’, we see that

(2.4.25) |H, - HY| < Clle(t)]|ze 27"
Because of (2.3.6) and because of the elliptic equation satisfied by a soliton, we have that
(2.4.26) HY =0.
Thus,
(2.4.27) |Hi| = |[Hy — Hj| + [H] — H| + |H| < Clle(t)]| e 27"
The proof of Proposition 2.12 is now completed. m|

Now, we would like to study the quadratic terms in ¢ of the development of H[P + ¢]. They are
contained in Hj[¢e](#).

Let A = B, g be a breather (we note Ay := dyA and A := dy,A). We define a quadratic form
associated to this breather:

1 5 5 15
b —
Q, 4lel = E/eix—E/A2e§+§/A§62+5/AAxxez+Z/A4ez
(2.4.28) +(B% - a?) ( / €e2-3 / Azez) +(a2+ﬁ2)2% / €% =: Quplel.

From [3], we know that the kernel of this quadratic form is of dimension 2 and is generated
by dx,Bag and dy,B, s, and that this quadratic form has only one negative eigenvalue that is of
multiplicity 1:

Proposition 2.15 (Proposition 4.11, [32]). There exists yi g >0 that depends only on «, p (and does not
depend on time), such that if e € H*(R) is such that

(2.4.29) /A1€ = /Aze‘ = 0,

then

2
1
(2.4.30) Q, glel = ) llell? - o ( / eA) .
ap

Remark 2.16. 1”2 g is continuous in a, . Note that translation parameters are implicit in Qg g

Let Q = R« be a soliton. We define a quadratic form associated to this soliton:

s ._1 2 _§ 2.2 § 2.2 2 E 4.2
Qc[e]-—Z/Gxx 2/Q€x+2/Qx€ +5/QQxx€+4/Q€
(2.4.31) +c(/ e§—3/Q262)+c2%/62 =: Qy yzlel-

By the same techniques, such as those presented in [3], adapted to the quadratic form of a
soliton, we may establish that the kernel of this quadratic form is of dimension 2, and is generated
by 9xQ and Jd.Q, and that this quadratic form does not have any negative eigenvalue (see Section
5.2 (Appendix)). After that, from Section 5.3 (Appendix), we deduce that the coercivity still works
when we are orthogonal to Q and dyQ. More precisely,

Proposition 2.17. There exists u; > 0 that depends only on c (and does not depend on time), such that if
€ € H*(R) is such that

(2.4.32) / Qe = / Q€ =0,



22 ALEXANDER SEMENOV

then
(2.4.33) Q:le] = pillell?,

Remark 2.18. pg is continuous in c. Note that translation and sign parameters are implicit in the
notation Q:.

We would like to find a similar minoration for H, (which is a generalization of Q).
For j =1,...,], let us define for € € H?,

, 1 5 5 [= ~— 15 [ =
Qj[e] = E/eix(p]-—i/l’z 2(p] /P%ez(p]-+5/PPxxe2(p]-+Z/P4ez(pj

(2.4.34) +(b]2—a]?) ( / €2p; -3 / ﬁzez(p].) +(a]2.+b]2.)2% / ),
such that
J
(2.4.35) Hale(t)] = > Q[(t)].
j=1

Let us define

1 5 [ =2 5 [ =2 ~ ~ 15 [ 54
QJ[€] = E/eix(P]_E/P] eiq)]+§/P]x€2(p]+5'/P]P]xx€2(P]+Z'/P] GZ(P]
(2.4.36) +(b]?—a]?) (/ eigoj_g/ﬁer(Pj)+(a]2+b]2.)2%/62q0]~.

’ !’
Notations QZ, (Q,lj) , Q; and (Qf) will also be used.
We note that the support of ¢; increases with time, so that Q; is near a QZk g Or a Q:, when
time is large (note that Qb is the canonical quadratic form associated to the breather E%vk, but the

canonical quadratic form assoc1ated to the soliton R, is Q° )) However, firstly, let us study the

cr+co,(t
difference between Q; and Q]’ Using the computations carried out at the beginning of this part

(those done for the linear part) and Sobolev inequalities, we obtain:

(2437) Qe - Qlell < Ce™ el

Lemma 2.19. There exists p > 0 such that for p > O, there exists T; such that, ifT* > T3, forall e € H2(R),
forall t € [t*,T],

if
(2.4.38) / Bia(H)e/pp(t) = / Bia(tey9} () = 0,
then
2
(2.439) Qltel>u [ <e2+e§+e§x>(p,’z<t>—i( [ B <pz<t>) el

Proof of Lemma 2.19. The idea is to write Qb[ JasaQu p.leo b 1] plus several error terms. Let j such

thatP = By. We will note P =1’ (x ot )— v’ (= Cr]”t)amd @2, =" = 0] —)- ¢”(x U”]t) which will
be useful to write the derivatives of (p j- We recall that they have the same support and bounding
properties as ¢;. We have

2 ¢ 2 ¢ 2 2 @297
o ’ ex Y1 1 e 1 € i_l/ € 1%,
Jeiwie- [ o [ Ggt i ame ) PN T

2 3
+2/€xx€x €xx€ 1 [ €exxe (Pl,j+ €xe P19 1 €xe 9011

ot PUT ) T2 ) G T G e 0 ¢

(2.4.40)
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We observe that, for T large enough, and by using the inequalities that define 1, the error terms
can be bounded by %He”?{z < %He”éz. The computation for the other terms is similar and the
same bound can be used for the error terms.

Now, € /(pz satisfies the orthogonality conditions.
This means that we can apply Proposition 2.15, and we have

2
(2.4.41) Qak,ﬁk[e\/;lk’] Zuille\/qjillf{z ( / 6\/(P72Bk) :

To finish, ||e /goZH%{z is /(62 +e2 + e%x)(pz(t) plus several error terms as in (2.4.40). O

1
ul

Lemma 2.20. There exists 1 > 0 such that for p > O, there exists T3* such that, if T* > T;, forall € € H?(R),
forall t € [t*,T],

i
(2442) [ Riveein = [ Rutvefoin =o
then
(2.4.43) Qlel = p / (€® + et +edy) @i (1) = pllellfp.

Proof. As in the previous proof, we write Q/[€] as Q, [(—:\/(pf] (with Q = R)) plus several error terms,
that are all bounded by p||e||%{2 if T; is chosen large enough. However, Q;, [ew/(p?] is not appropriate
[e,/(pls] that we have coercivity. That is why, we need

[e\/(p_f |. This difference is

in order to have coercivity, it is with Q°
cr+co(t)

to bound the difference between Q¢ [e4/¢}] and @

cr+co,(t)

~2 1
(2.4.44) co,(t) (/ e,zcgoj—B/Rl ez(p]-)+clc0,l(t)/e2g0].+co,1(t)2§/e2(le

which can, because of the bound of cq,(t), for T} large enough (depending on A), be bounded by

pllel2,.
Now, e4/¢;] satisfies the right orthogonality conditions, and as in the previous proof we may
apply coercivity. O

Proof of Proposition 2.13. We will now use the Lemma 2.19 and its version for solitons for € = &(t).
From this, we deduce that for p > 0 small enough,

K

] 2
(2.4.45) > Qe = el - > ( / eu)E;\/(?i) :
=1

k=1

for a suitable constant > 0. This means that for T} large enough, by taking, if needed, a smaller
constant y,

K 2
(2.4.46) Hole(t)] > pllell?, - ﬁ > ( / eEZ\/qoi) :
k=1

The proof of Proposition 2.13 is now completed. O

2.5. Proof of Proposition 1.9 (Bootstrap). We recall that p, from Proposition 1.9 is denoted by p
and T,, is denoted by T in what follows, in order to simplify the notations. We do the proof that
follows under the assumption (2.2.1), so that the Propositions proved above are true for t € [t*,T].

The aim of this subsection is to complete the proof of Proposition 1.9 by using the Propositions
2.12 and 2.13.

We note that by Lemma 2.7, the conservation of F[p](t) and the definition of H[p], we have for
all t € [t*,T],

2

@5.1) [HIpI(T) - Hp)o)] < Some ™"
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Thus, for all t € [£*,T],
2
(252) Hpl(t) < H[p|(T)+ 6‘2 ¢~20t,

From Proposition 2.12:

J
HIP +el(t)— Y (FIP1() + 267 — a)E[P}](1) + (a? + b2MB, (1)) - Hale](t)
=1
< Ce 4+ Cllellyee ™ + Clell,
5 < Ce 20t 4 B
(2.5.3) Ce +100||€||
To obtain the last line, we use ||e(t)||g2 < CAe‘et and by taking T* > T for T large enough
(depending on A), ||¢||p2 < C and Clle(t)||z2 < 100, and thus C||.€(t)||HZ < 100||8(t)||%{2
We remark that if P; = By is a breather, then F [ il, E [P ] and M [P ] are all constants in time. If

P; = R; is a soliton and we denote g the basic ground state (i.e. the ground state for ¢ = 1), we have
the following:

(2.5.4) MIRI(t) = (c1 + con()> M[q],
(2.5.5) E[R/](t) = (c1 + cos())** Eq],
(25.6) FIRI)() = (1 + coa(t)* Flg].

Using that, we can simplify R;(t) := F[E](t) + ZCIE[ZQ'[](t) + C%M[E](t) as follows:
Ri(1) = (c1+coa(t)) " Flq] +2¢1 (c1 + coi(t) ™ Elq] + 2 (cr + cou(t)) ' Mg]

5/2 1/2
(2.5.7) = o2 (1 + C(’Cl—(t)) Flq]+2c°2 (1 + Coé(t)) E[q] +c>2 (1 + Oé(t)) MIq].
1 1 1

Note that from Lemma 2.8, |co(t)]> < CA%e~% 729" That is why, if we take T; eventually larger,
lco,i()]* < Ce™2%. For this reason, we will do Taylor expansions of order 2 of (2.5.7):

/2 2
coi(t)\’ 5c0,(t) 15 cou(t) _oor
2.5. 1+ =1+2% =220
(2.5.8) ( e ) 27 T® g +0 (e,
3/2 2
co()\""  Becoit)  3Bcolt) _o0t
(25.9) (1 = ) =1+3 "8 7 +0 (e7?%),
1/2 2
co,(t) 1cou(t) 1cou(t) o0t
25.1 1 . =14+ - ——— .
(2.5.10) ( = ) t57¢ T8 g +0 (e72%)

That allows us to write
Rit) =} (Flql +26lg]-+ Migl) + ) cos0) 3Flal + 3Elg) + Mg

3

25.11) v o)’ (% 91+ 3Elg] - éM[ql) +0 (7).

Now, C5/ 2 (Flq] + ZE[q] + M[q]) is constant in time. For both other terms, we use that M[q]
Elq]l =-% and Flq] = 5, and we see that 51—"[q] +3E[q] + %M[q] =0 and 1?551:[‘1] + %E[q] - %M[q]
That allows us to write

(2.5.12) Ri(t) = 12 210 (e,

2,
0

From this, we deduce that
(2.5.13) Ri(t) = Ri(T) = O (e72%") .
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By using that H[p|(T) = H[P|(T) = [~](T), the equations (2.5.3) and (2.5.2), Claim 2.14, and

the fact that for t > T, O(||€(t)||}°’{2) < 100 ||€||H2, we have

Hyle](t) < H[pl(t) - Z(P 18) +2(67 — a?)E[P;1(£) + (a7 + b7 M[P] (1)) + Ce %" + 100IIE(t)II

H[P)(T) - Z(P[ﬁ}](t) +2(b7 — a)E[P;](t) + (a} + b7)*M[P;](t))
j=1

A? —26t
+c(§+1) 100||é(t)||

PI(r) - Z<F 1)+ 2062 ~ @)EIFI(T) + a2 + b2 PMIP 1)
re (&) e i, + Y R - i)
0% " 100 £ :
A? -
@51 =g e1)e e e,

From Proposition 2.13, we deduce (by taking a smaller constant u):

K 2
A _ 1 ~—
(2.5.15) ullel?, < C (57”) 29f+ﬁ2(/ eBk,/<p§) .
k=1

We will now need to establish a result close to Lemma 2.7.
Wesetforallj=1,...,]:

(2.5.16) m;(t) :=/%p2(t,x)\/(p]-(t,x)dx 1= my[p](t).

Lemma 2.21. There exists C > 0, T} = Tg(A) such that, if T* > T7, forall j =1,...,], forall t € [t*,T],

(2.5.17) |m;(T) — m;(t)] << ¢ A2 -20t,

3, 3, 1 P2,
sz(t x)\/mdx = zét ( 2P§ T )\/_—] eha \/_]

L1 2 X §01j
(25.18) + o / pe 3/2 -1 [ —

From the inequalities that define ¢, we find

Proof.

2.5.19 2(t, t,x)dx| < / 2y p2+ph).
( ) dt/ZP( )y @j(t, x)dx S Qj(t)UQj+1(t)(px pe+p°)
From now on, we can follow the proof of Lemma 2.7. O

Now, we observe the following:

(2.5.20) /(13+ 5)21/(p2 :/§22+2/§;€,/¢£+/82,/¢Z+Err,

where Err designates the other terms of the sum, which we consider as error terms, and for which
we will show now that they are bounded by Ce~%".
For i # j and any h (if P; = By is a breather),

S 5t+(7]'+1t 8
(2521) ‘/Pzph\/a] < C/ €_§|X—Uit|dx < Ce—@t,

—5t+0']‘t
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IBIRIE

(2.5.22) < Ce #!||e|ly2 < CAe et < Ce?,

where T* > T, with T being large enough depending on A.
If we use the calculations we made in the proof of Claim 2.14,

[7-[7

That proves the bound for the error terms. Now, we study the variations of (2.5.20).
~2 ~2
We know that f P, = f By has no variations.

We can apply Lemma 2.21 for f(ﬁ + )2 [P}
By writing the difference of the equation (2.5.20) between t and T, and recall that ¢(T) = 0, we
deduce, for T* > max(T, T;),

and

(2.5.23) < Ce %,

~ A2 _
"/Pje\/(?j(t)‘ <C (E +1) e 94 ||e||1%1,2

A? —ot , _H
(2.5.24) <C (@ + 1) e+ mlle(t)lle.
Thus,
J 2
A? _ 1 ~
ylla?ll%{2 <C (@ + 1) e~20t 4 m ]zzl (/ st\/qu)
A -0t , H 2
(2.5.25) <C (@ + 1) e+ 1o le®Il-
Therefore,
A4 _
(2.5.26) ||s(t)||f{2 <C (@ + 1) o201

Before finishing the proof, we need to find a better bound for |cq(t)| than CAe=2% given by the
modulation. For this, we study the localized mass around R;:

M) =5 [ P00

:%/(ﬁ(t)+€(t))2§0?(t)

-5 [ Freio+ [Fwewgitr s [ewreio

- %/ﬁl(f)z+/1€l(t)€(t)(pls(t)+o(e_zet)+O(||e(t)||Hze_29t)+O(lle(t)”fiz)

(@527) = (a+eu)"* Mlgl+O ((3% ’ 1) e_wt) ’

by modulation assumptions and (2.5.26).
That is why,

M (T) - M3(t) = [(cl +co (D) = (e + co,l(t))l/z] M[g]+0 ((;% + 1) e_zet)

= [cll/2 — (cz + co,z(t))l/z] M[gq]+0O ((;% + 1) e—29t)
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= —1c‘1/2c0,l(t) +0 (coy(H?) | M[q] + O ((A—4 + 1) e—29f) .

271
On the other hand, from Lemma 2.7,

(2.5.28)

o4t

A?
(2.5.29) M (T)-M;(t) =0 (@e 29f) .
We note that

1 _
‘——c Y200.(8) + 0 (cop(t)?)

= |c0,1(t)| ‘—%Cl_l/z +0 (Co,l(t))‘

271
1 1
. > — [
(2.5.30) 2 7 [eos ) s
if T; is eventually larger, with respect to A. Therefore,
A4
(2.5.31) |cos(t)] < C (% + 1) e 20,

By using (2.5.26), the mean-value theorem and Lemma 2.8, for t € [t*,T],
lp(®) = P())llgz2 < Ne®)llg + IP(£) = P(t)l| 2

IA

K L
C ( Ay 1) e+ C (Z<|x1,k<t>| k(B + Y (x0i(t) + con ()] + |Co,l(f)|))
k=1 1=1

o4t
At -0t . ! ’ r ’

C( E+1)e +Ckzz; /t x1 (8)ds /t x5 (s)ds

T T

/co,z(s)ds /c{)l(s)ds

t t ’

+C ZL: ( /tT (x(’)rl(s) + c{)/l(s)s) ds

=1

< C(E-i_l) e %4+ C (/ ||£(S)||szs+/ e_esds)
t t

A4
(2.5.32) <Cl=—+1)|e .
o4t

We take A = 4C (where C is a constant that can be used anywhere in this proof) and
T :=max(Ty, T,, 15, T,, Tz, T;, T;, Tg)

(depending on A), where T; := T (A) is such that for t > T, 3% < 1. And thus, for all t € [t*,T],

IA

+

+ +

|

At A
D. i < -
(2.5.33) c(64t+1)_2c 5

which is exactly what we wanted to prove.

3. p IS A SMOOTH MULTI-BREATHER
Our goal here is to prove Proposition 1.10.

3.1. Estimates in higher order Sobolev norms. Firstly, we notice that the proposition is already es-
tablished for s = 2. We note also that if this proposition is proved for an s > 2 with a corresponding
constant A, then this proposition is also valid for any s” < s with the same constant As. This means
that As can possibly increase with s and that this proposition is already established for 0 < s < 2.
From now on, we can denote (as before) p, by p, T, by T and p, — P by v, and make sure that the
constant A, that we will obtain in the proof does not depend on n (although it will depend on s).

For the constant 6, we will take the usual value: 9 := g—; For the constant T*, we will also take the
constant T* that works for Proposition 1.6.

We will prove the proposition by induction on s (it is sufficient to prove the proposition for any
integer s). We assume that for any s > 3, the proposition is true for all 0 < s” <'s —1. And we prove
the proposition for s.
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Let us deduce from the (mKdV) equation the equation satisfied by v:

J
Ot = Pt _ijt
j=1

J
=- vxx+(v+P)3—ZP]?’
=1

X

]
(3.1.1) =- vxx+v3+3vzp+3vP2+P3—ZP]3) .
=)

Firstly, we compute 4 f (d5v)? by integration by parts:

& [@r =2 [@oi@o)

]
=-2 / A (vxx +0° +30°P + 30P? + P2 - Z Pf) (d50)
j=1

J
=2(-1)°*! / 92+ (P3 - Z P]3) v-2 / B (%) (dv)
=1

(3.1.2) -6 / I (v P)(v) -6 / I (wP?) (),

because [(95%0)(d5v) = — [(95+20)(9510) = 0.
We will now majorate each of the terms of the obtained sum.

| J
/(932(S+1 (P3_ZP]3')'U < ||’0||Loo/ 8§S+1 (P?)_ZP]B)
= =

< Cllollgie ™% Sobolev embedding and cross-product result
< CAe % P2 by Proposition 1.6
(3.1.3) < CAe™ " < CAZ e72%,

where C is a constant that depends only on s.
We observe that

(%) = 3(07 1 0)0? + 6(s + 1)(950)0x0 + Z1(0, 0y, .., 95 0),
(3-14) 03" (02P) = 235" 0)0P +2(s + 1)(G30)(0P)x + Z2(0, Vx, 0 350, P, Py e 3571P),

where Z; and Z; are homogeneous polynomials of degree 3 with constant coefficients.
Now, let us look for a bound for f 231(03)(d50). Firstly, by integration by parts,

/8;*1(03)(8,5(0) = ;/ ((0)?), v* +3(s + 1)/(8§v)2(vz)x + /(8§0)Z1

(3.1.5) - 6(“2& / (@50)2(0%)x + / (@50)Z1.

Then, we majorate each of the terms of the obtained sum:

/ (@002 < Cllollelloslli / (250
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2 2
< ClolR, / (@)
-0 2
< Cllpllse + Pl ) A" / @)

(3.1.6) < CCoAe™ Y / (50)? < CAg_1e7™? / (250)%.

We have actually shown in the computation above that ||v||i[2 can be bounded above as ||v||g2, and
therefore the degree of ||v||y2 can be lowered without harm in the upper bound. We will use this
fact again for the rest of the proof. In fact, all what it means is that, for several terms, what we have
is more than what we need.

By the Cauchy-Schwarz and Gagliardo-Nirenberg-Sobolev inequalities,

s—1
‘ / @0)Z1| < C / |a;v|( |a;’v|3)
0

§'=

1/2 s-1 172
c(fror) 3 (frozor)
s’=0

1/2 s-1 1/2
e f1or) X ( frozor) ( f10808)
s’=0
s—1
SCZ(/w;’UF) (/|a;v|2+/|a;’+lv|2)
s’=0

(3.1.7) < CA? e+ CA;qe™” / |950|2.

IA

IA

Similarly, we bound / 951 (v2P)(d5v). By integration by parts,
/8;“(0213)(8;0) = / ((aiv)z)x vP +2(s + 1)/(8§v)2(0P)x + /(8§0)Z2

(3.1.8) =(2s+1) / (350)%(vP), + / (950)Z,.
We majorate each of the terms of the obtained sum.
|[@0pep| < Cllole +losli) [@207

(3.1.9) < CAe % / (350)%.

The upper bound of | / (8;U)Z2| is similar to (3.1.7) above:

[@oz:

f 1 (vP?)(d5v) remains to be bounded.
By integration by parts,

/ 53 (0P2)(350) = - / 342(pP2)(95 1)
= —/ (95+%0) (95 '0)P? — (s + 2)/ (9510) (957 10)(P?),

—(Hz)z& / (50)(5710) (P2) ,, + / (93'0) Z3(0, vz, - 35 0)

_ % / ((330)?), P>+ (s +1) / (@502 (P?),

(3.1.10)

< CAg_le_zet +CAg_1e7% / |8fcv|2.
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_ S(SZ . / ((050)%)  (PP)ax + / (0:70) Z3(0, 0, ., 0370)

(3.111) -2 / (950)2(P?), + / (8710) Zs(0, 05, .., 7 10),

where Zg and Z3 are homogeneous polynomials of degree 1 whose coefficients are polynomials in
P and its space derivatives. We have: |Z3| < C (Zi;lo |8§/U|).
Therefore,

(3.1.12) ' / (95710) Z3

Thus, by taking the sum of all those inequalities, we obtain:

& [@oreses sy [@oped,

< CAZ e

(3.1.13)

< CAg_le_wt +CAs_1e7% / |8§v|2.
s : d s=1,,)2 p2.
Next, we perform similar computations for Z / (05 v)*P=:

% / (57 1v)*P? =2 / (57 10;)(9Sw)P? + 2 / (057 1v)?P, P

J
=-2 / J (vxx +9% +30%P + 30P? + P2 - Z P]3> (05 1o)P?
j=1

]
(3.1.14) -2 / (95 10)? (Pxx + Z Pf) P.
j=1

X

Let us study each of the obtained terms.

Firstly,
2 / (3520)(@ 1 0)P? = 2 / (@510)(@0)P +2 / (@510 10)(P)s
-3 / (350)2(PY); -2 / (250)(@ 1 0)(PY)sx
(3.1.15) -3 / (@0 (PY)x + / (@0 (P) s
Indeed,
(3116) /(ai_lv)z(Pz)xxx < CAZE—ZGt‘
Secondly,
J
(3.1.17) / 3| P3 - Z p]?’ (957 '0)P?| < CAZ e
=1

can be obtained similarly to the first part of the proof (starting by an integration by parts to have
d572v at the place of 5710).
Thirdly,

/ % (0°) (95 'o)P? =3 / (250)(35 10)0?P? + / Z4(v, 0y, ..., 05 0)P?
(3.1.18) = —g / (57 10)? (02 P?), + / Z4P?,

where Z4 is a homogeneous polynomial of degree 4 with constant coefficients. Both terms are easily
bounded by CAg_le_wt.
Fourthly, for / 5 (0?P) (95 1v)P? and / 5 (vP?) (95 10)P?, we reason similarly.



ON THE UNIQUENESS OF MULTI-BREATHERS OF THE MODIFIED KORTEWEG-DE VRIES EQUATION

Fifthly,
I
(3.1.19) / (957 '0)? | Prx +ZP]3 P| < CA% 7%
=1/,
is clear.
Therefore,
(3.1.20) % / (057 10)2P% +3 / (950)*(P?)y| < CAZ 7291,
We set
(3.1.21) E(t) := / (0)* - (25 +1) / (057 10)2P2,

By putting the both parts of the proof together:

(3.1.22) %F(t)

< CA2 e + CA;qe™® / |950]%.

Because | / (8§‘1v)2P2| < CA%e72% we can write the following upper bound:

(3.1.23) / (950)* < |F(t)| + CAZ 729",
Therefore, we have, for a suitable constant C > 0 that depends only on s,
d _ _
(3.1.24) aF(t) < CA? e + CAsqe” Y |F(t)).
For t € [T*,T], by integration between t and T (we recall that F(T) = 0),
Td T\ d
|F(t)| = |F(T)—-F(t)| = / —F(0)do| < / —F(o)|do
; dt ¢ |dt
T T
<CA% / e 2994 + CAs4 / e 99|F(0)|do
t t
T
(3.1.25) < CA? e+ CAsq / e 99|F(0)|do.
t

By Gronwall lemma, for all ¢t € [T*,T],

T o
|F(t)] < CAZ e + CAs4 / e %7CA? e exp ( / CAS_le_Q”du)do
t

T
< CA? e+ CA? [exp (CAS = _Qt) e™39% exp (—%e‘%) do

< CA?_le_zet + CA3 _,exp (C ° 1) e 3% dg
< CA?_le_wt + CA3 _ exp (C HS 1) —36t
(3.1.26) < CA?’_1 exp (%) e 20t
Therefore,
(3.1.27) / (Bv)* < Age™29",

CAs 1

where A, := CA3 | exp ( ) with C is a constant large enough that depends only on s.

This conclude the proof of Proposition 1.10, and so of Theorem 1.2

31
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3.2. Uniformity of constants. We conclude this section with an explanation regarding Remark 1.3.

In the proof above, the constants that we obtain A, T*, 0 do depend on P;(0) (1 < j < ]). Actually,
we may characterize this dependence. In fact, they do not depend on the initial positions of our
objects in the case when our objects are initially ordered in the right order and sufficiently far from
each other.

Theorem 3.1. Given parameters (1.2.1), (1.2.2), (1.2.3) and (1.2.4) which satisfy (1.2.5), there exists D > 0
large enough that depends only on ag, Bk, ¢; such that if

(3.2.1) Vi =2, x;(0)>x;-1(0)+D,

then the following holds. We set 0 := g—;, with B and t given by (2.0.1) and p(t) the multi-breather associated
to P by Proposition 1.7. There exists As > 1 for any s > 2 that depend only on ay, Bk, c; and D such that

(3.2.2) VE>0, |lpt)=Pt)|lgs < Ase™?.

First, we prove that for any D > 0, if (3.2.1) is satisfied then the constants A; and T* do depend
only on ay, fi, c; and D. At the end, we will prove that if D > 0 is large enough with respect to the
given parameters, then we can take T* = 0.

To establish the validity of this theorem, it is enough to read again the whole article and to
make sure that on any step of the proof, there is no dependence on initial positions of our objects
when our objects are initially far from each other for the constants C and then A and T* (but, these
constants may depend on D). This is the case, but we should change a bit the way we write our
results.

For Proposition 3, we should write

(3.2.3) 919" Pi(t, x)| < CePlr=vit=x/0),

Therefore, in Proposition 4, we have nothing to change, but the constant C do depend on D. This

will also be the case in the following propositions and lemmas of this proof.

We should replace ot for the definition of ¢; by o;t + w to take into account of initial

positions. More precisely, we will have for any j =2,...,] -1,

xj-1(0)+x;(0) xj(0)+x;+1(0)

(3.2.4) @t x)-—w(x_ojt_%)— (x_a’“t_%
. . ] 7 -

ot ot !

and similarly for other definitions.
After having done the modulation with C and T* depending on D, for Proposition 15, we should
write:

(3.2.5) 197 P;(t, x)| < Co-5lr-vjt-x01 55t

Therefore, with these adaptations, the same proof works to prove that A; and T* do depend only
on Oék,ﬁk, C| and D.

Now, given ay, i, c;, we choose Dy > 0 in an arbitrary maner. Therefore, we get As;(Dy) and
T*(Do) associated to Dy. Let A := v; —v; the maximal difference between two velocities. We set
D := Do+ A-T*(Dy). Therefore, if we suppose (3.2.1) in t = 0 for D, then we have (3.2.1) in
t = =T*(Dy) for Dy. Therefore, by appliying the intermediate result for Dy, we obtain the desired
conclusion where As = Ag(Dy).

4. UNIQUENESS

p is the multi-breather constructed in the existence part. The goal here is to prove that if a solution
u converges to p when t — +co (in some sense), then u = p (under well chosen assumptions).

We prove here two propositions. For both of them, we assume that the velocities of all our
objects are distinct (this was also an assumption for the existence). The first proposition does not
make more assumptions on velocities of our objects, but it is a partial uniqueness result as we
restrict ourselves to the class of super polynomial convergence to the multi-breather. The second
proposition assumes that the velocities of all our objects are positive (that is a new assumption and
it is needed because this proof uses monotonicity arguments).
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4.1. A solution converging super polynomialy to a multi-breather is this multi-breather. The goal
of this subsection is to prove Proposition 1.5.

Remark 4.1. Note that in Proposition 1.5, we don’t make any assumption on the sign of vy or vs.
This uniqueness proposition has the same degree of generality as Theorem 1.2.

Proof of Proposition 1.5. Let p(t) be the multi-breather associated to P by Theorem 1.2. Recall that for
any s,

(4.1.1) lp(t) = P(t)]
for a suitable 6 > 0.

Let N > 2 to be chosen later. We take u(t) an H? solution of (mKdV) such that there exists Co > 0
such that for t large enough,

e =0,

Co

(4.1.2) lu(®) =Pl < -

From that, we may deduce that for ¢ large enough (namely, t > 2Cy along with the previous
condition),
11
(4.1.3) lu(t) = P(t)|lp2 < SN
Our goal is to find a condition on N that do not depend on u, such that the condition (4.1.3) on
u for t large enough implies that u = p.
Because of (4.1.1), the condition (4.1.3) for t large enough is equivalent to: for ¢ large enough,

1
(4.1.4) () =p®)|;p2 < g

We denote z(t) := u(t) — p(t). Our goal is to find N large enough that do not depend on z, for
which we will be able to prove that z = 0, given

1
(4.15) Izl 2 < N

for t large enough.
Because z is a difference of two solutions of (mKdV), we may derive the following equation for
z:

(4.1.6) zi+ (zex + (z +p)° = p°), =0.

We divide our proof in several steps.
Step 1. Modulation on z.
For j =1,..,],if P; = By is a breather, we denote

Jx, Bk )

(4.1.7) K := ( 5 By

if P; = R; is a soliton, we denote
(4.1.8) K; = d:R;.
We may derive the following equation for K;:
(4.1.9) (K), + (K, + 3P].2K]-)x = 0.

For j =1,..,],if P; = By is a breather, let ¢;(t) € R? defined for ¢ large enough and if P; = R; is a
soliton, let ¢;(t) € R defined for ¢ large enough such that for

J
(4.1.10) Z(t) = z(t) + Z c;(HK (),

=1

where ¢;K; is either a product of two numbers of R or a scalar product of two vectors of R?, the
following condition is satisfied. For any j =1, ..., ], for ¢ large enough,

4.1.11) / Z(K;(1)Jgi(t) =0,
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where ¢; is defined in Section 2.2 (in this proof, it is OK to take 6 = 1).
It is possible to do so in a unique way, because the Gram matrix associated to K;(t)/@;(t),

1 < j <], is invertible; which is the case because K;(t)/@;(t), 1 < j < ], is linearly independent.
This is why cj(t), 1 < j < ], are defined in a unique way. For the same reason, c;(t) is obtained

linearly from f Ki(£)z(t)\/pr(t), 1 < k < ], with coefficients that depend only on Ky, 1 < k < J. This
is why, from Cauchy-Schwarz, we may deduce that

Lemma 4.2. Forany j =1, ...,], for t large enough, there exists C > 0 that do not depend on z, such that
(4.1.12) lcj(D)] < Cliz(D)ll 12

(4.1.13) 122 < Cllz(B)]| g2

Moreover, the Gram matrix is C! in time and invertible. This is why, its inverse is C Lin time.
Because f Kjz+/@; are C! in time, we deduce by multiplication that ¢;(t) are C! in time.
By differentiating in time the linear relation that defines c;(t), we see that c;(t) is obtained linearly

from ka(t)z(t)\/(pk(t), 1 < k < ], with coefficients that depend on Ky, 1 < k < | (and their
derivatives) and linearly from % f Ki(t)z(t)\pk(t), 1 < k < ], with coefficients that depend on K,

1 < k < ]. Because it is easy to see that % /Kk(t)z(t)\/(pk(t) may still be bounded by C||z(t)]|;2, we
deduce that for any j =1, ..., ], for t large enough, there exists C > 0 that do not depend on z, such
that

(4.1.14) |ci(B)] < Cllz(B)]] -

We may derive the following equation for z:

(4.1.15) Zi+ (Zux +329%), = - (32%p + ) + Z ch(H)Kg -3 Z ck(t) (P2 = p2)Ky), -

Step 2. A bound for |c;(t)| The goal here is to improve (4.1.14).

Lemma 4.3. Forany j =1,...,], for t large enough, there exists C > 0 and O > O that do not depend on z,
such that

(4.1.16) (0] < CIZ(I g2 + Ce™ |z |2 + Cllz()II3,,
Proof. We may differentiate (4.1.11):
(4.1.17)
= | ZKive;
(4.1.18)
_ /thj\/aﬁ/z(Kj)t \/(7]'+/EK]' (v
(4.1.19)

J
——/(Exx+35p2)ij,/g0j—/(3z2p+z3)ij,/(pj+Z/(c;(t)~Kk) Kj\/p;
k=1

(4.1.20)
33 a0 [ (et (8 -0 ) iy - [ 7 (e +35522) 7+ [ 26 (v
k=1

We know that (\/qo j) and (\/qo ]-) are bounded (from inequalities established in Section 2.2). This
x t
is why, for any t large enough,

(4.1.21) ‘ / 2K (Vo

) | < CIEOIe.
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For the same reason, after eventually doing an integration by parts, for any ¢ large enough,

(4.1.22) ’/ (Zxx +32p%), KjJoj| + /E((Kj)xx"'?’KJ'sz)x\/af

f (3z%p +2°), K;/@; is clearly bounded by C||z(t)||f{2. Finally, we see that (P{ — p?)K is expo-
nentially bounded in time (in Sobolev or L™ norm), and using Lemma 4.2, we deduce that

(4.1.23) / (ck(t)-((P,f P2K) )K\/_

is bounded by Ce=%||z(t)|| 2, for a suitable O > 0 that do not depend on z.
This is why, we deduce that for any j = 1,...,], for t large enough, there exists C > 0 and 6 > 0
that do not depend on z, such that

]
> / (cx(£) - Ki) Kj/;
k=1

We recall that for any (vq,v2) € (IR)2 or (R2)2,03 € R or R?, we have the following equality
between two elements of R or IR?> (where vectors are denoted as a colon)
T
(4.1.25) (01-02)03 = (0] (0205)) ",
where T denotes the transpose.
First of all, because / KkK].T\/(Fj converges exponentially to f KkK].T, fork #j f KkK].T is exponen-

tially decreasing, and from (4.1.14), we may write that for any j = 1, ..., ], for t large enough, there
exists C > 0 and 0 > 0 that do not depend on z, such that

T
(c;.(t)T / KjK].T)

Now, in the case when K; € R?, using that its components are linearly independent, using
Cauchy-Schwarz inequality, we deduce the desired lemma. O

< Cllz(O)l -

(4.1.24) < IOl + Ce™ Nzl + Cllz(®)]l2

(4.1.26) < ClIZONl2 + Ce Izl + Cllz(B)IIF

H?

Step 3. Coercivity.
We define the following functional quadratic in Z:

@iz H0=g [Be-3 [rRed [a2es [z 2 [
2 22 : 221
(4.1.28) +Z b —a (/ ZyQj— /Pz @j)'*'; IZ +b 2/2 P;-

We will prove the followmg lemma:

Lemma 4.4. There exists C > 0 that do not depend on z, such that for t large enough,

2
(4.129) [EGIE CH(t)+CZ(/ ) .

Proof. We denote Q; the quadratic form associated to P;. We remind that

1 5 5 2 15
(4.1.30) Qjle] :=E/eix—E/P]?e,%JrE/(P]»)x52+5/P,- (P)., 52+Z/P}52
(4.1.31) w(ez-a2)( [ -3 [p2e) o (a2en?) ) [
. i x j itV 2 :

In any case, we have that for any j = 1,...,], there exists u; > 0, such that if ¢ € H? satisfies
f Kje = 0, then we have

2
(4.1.32) Qilel = pjllell?, - #l (/ €Pf) :
]
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Here, we apply this coercivity result with ¢ = Z/@; for which the orthogonality conditions are
satisfied. Thus,

2
(4.1.33) IZy/@jl72 < CQj[Z\fpj1+C (/ZP]'\/@) :

We denote

(4.1.34) Qlel =5 / xx(p;——/p Expy+ /pxe (P]+5/prx€ ¢]+—/P462¢j
(4.1.35) +(b]2—a]2) (/ xg0]—3/p € goj) (a +b2) E/e ®j,

and we observe that
J
(4.1.36) H(t) = Z Q1)

In Q [z(t)], we may replace p by P; with an error bounded by Ce‘9t||z(t)||H2, because of (4.1.1)

mamly. After that, the expression obtained may be replaced by Q;[z(t)\/¢;(t)] with an error
bounded by %ll’z‘(t)”%{2 (cf. calculations done in the proof of Lemma 2.19). For the same reason,

lzvo; ”%{2 may be replaced by / 22 +722 +E§x) @; with an error bounded by %||Z(t)||§{2. Therefore,
because of

(4.1.37) IIZIIHz—Z/ +23 +72%) ¢,

because of the fact that P;/¢; converges exponentially to P;, and the fact that % may be as small as
we want if we take t large enough, we deduce the desired lemma. O

Step 4. Modification of H for the sake of simplification.
We define
(4.1.38)

~ 1 5( -~ 2~ 2 — — 1/~ —
H(t) :=/[§E’ix—§((2+i’) (Z+P)x—P2P§—ZZPP§—22xP2Px)+Z((Z+P)6—P6—6ZP5)]

(4.1.39) +2 (bf—af)/ g0j+ a +b2 /z ;.

We observe that the difference between H and H is bounded by O (||E(t)||?{2). We can thus claim:

5%~ 31 (E+p) - p*-42p?)

Lemma 4.5. There exists C > 0 that do not depend on z, such that for t large enough,

2
(4.1.40) IZ(t)I2, < CH(t)+C Z (/zpj) .

Step 5. A bound for %
Lemma 4.6. There exists C > 0 and O > 0 that do not depend on z, such that for t large enough,

dH

— —IIZ(t)II 2+ Ce MEO Nzl g2 + CIZO 2 |21

(4.1.41) -

Proof. We develop the expression of H(t), we differentiate each term obtained and we use (4.1.15),
the fact that p is a solution of (mKdV) and the fact that (¢;), = =% (¢;) , where ¥ is bounded
independently from z because of the compact support of ¢;. We obtain several sorts of terms after

doing several integrations by parts and several obvious simplifications.
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Several terms are clearly bounded by one the bounds of the lemma, because z or z appears
with a degree larger than 2. As an example, we show how to deal with f ZyxxZZxxp. We use that

z=7Z— Z;zl ¢jK;, and we obtain

J J
(4142) /Zxxxzzxxp:/Exxx’zzvxxp_/’zvxxx ZC]'K]‘ Exxp_/ ch (Kf)xxx szxp
j=1 j=1
J J
(4.1.43) +/ D (Ky) || D K |Znr
j=1 j=1

It is easy to see that any of those terms is bounded as we want in the lemma (several of them are
bounded by %ll’z‘(t)llfiz, the last one is bounded by C||'Z(t)||Hz||z(t)||12L12), because of Lemma 4.2 and
of (4.1.5).

Other terms contain z quadratically and contain (¢;) . And, (qoj)x is bounded by &. This is why
that sort of terms is bounded by %llE(t)Héz.

Several other terms can be, by doing suitable integrations by parts transformed in two following
expressions:

] [ 2 ]
(4.1.44) 62 /’i’z‘xp Prxxx —2 (b]'2 - af) (pxx +1°) + (a]-? + bf) p+5pp2 +5p°pay + §P5 @i
j=1 : |

] [ 2 3 ]
2 2_ 2 3 2, 12 2 5,2 5
(4.1.45) 3;/2 Px »pxxxx—Z(b]. —a].) (Pxx+p )+(a]. +b].) p+5ppx +5p P + 5P _ @

To deal with these two expressions, we use the elliptic equation satisfied by P;:

2
(4146)  (P)),, —2 (02— a2) ((Py),, + PF) + (a2 +83) Py +5P; (P))} +5P2 (Py) ., + gpf =0,

2
and the fact that [pxxxx -2 (b]2 - a]?) (pxx +p%) + (a]? + bJZ) p +5pp2 +5p2pyx + 3p°| @, converges ex-

xx

2
. 2 3 .
ponentially to (P,),,. ~2 (b2 = a2) ((P)),, + P}) + (a2 +b3) P, +5P; (P)); +5P2 (P)),, +}P?, which
is a direct consequence from (4.1.1). This is why that sort of terms is bounded by %lfz‘(t)”éz.
Other terms contain ((sz - pz) K j), which is bounded exponentially, with ¢; bounded by ||z|| 2.

Those terms are obviously bounded by Ce=%||Z(t)||211z(£)]] 12-
Other terms contain Ky (or a derivative) and ¢; with j # k. In this case, this product gives an
exponential decreasing, and such a term is bounded by Ce~%||Z(t)||2]|z(t)|| 2, using (4.1.14).
Therefore, we are left with the following terms:

J
, _ _ _ _ _ o, 15 _
(4.1.47) cj(t)/ [(Kf)xx Zxx — 10K;Zyppx — 5K;zp3 — 10 (K;)  Zppx =5 (Kj)  Zap® + ZKij4
=1

(4.1.48) ) (b]z _ a}z) (Kj) 2« —6 (b]? —~ a]?) Kjzp? + (a]2 + b}z)z K]-’z'} @j.

We may replace p by P; in the preceeding expression with an error of Ce 1z 2 llz(D)l 2,
because of (4.1.14) and (4.1.1). This is acceptable, knowing the result we want to prove.

By integration by parts, we obtain several terms of the form c/(t) [ (K;j).,.Zx (¢;) , which are
bounded by %lc;(t)l Iz(t)]| 42- Now, from Lemma 4.3, we deduce that they are bounded by

C ~ Bt~ —
(4.1.49) TIIZ(t)IIf{z +Ce N Z(B) 21zl 2 + CIZO 212D 12,
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which is exactly the bound we want. And, we are left with the following terms:

’ 2 15
(4.1.50) cj(t)/ [(Kf)xxxx +10(K;), P; (Pj), +5K; (P);, +10K;P; (Py) . +5 (Kj) ., P} + —-K;P}
=1
2
(4.1.51) =2 (62— a2) (K)),,, =6 (b3 - a) K;P? + (a2 + 2 Kj] Zo;.

The last expression equals zero, because of the elliptic equation satisfied by K;, which we may
derive by differentiating (4.1.46). O

Step 6. A bound for 4 [ZP;.

Lemma 4.7. There exists C > 0 and 6 > 0 that do not depend on z, such that for t large enough, for any
i=1..],

d
(4.1.52) ' o / ZP;

Ce ™ llz(B)llg2 + Cllz(®)7

Proof. We observe that

(4.1.53) /’Z“Pj =/zpj+zflck(t)/1<kpj.
k=1

First, for k = j,

(4.1.54) /K]-P]- =0,
for k # j,

(4.1.55) [Ck(t)/KkP] —Ck(t)/KkP +Ck(t)/(Kk)tP +Ck(t)/Kk

and it is obvious, from Lemma 4.2 and (4.1.14), that this is bounded by Ce~%||z(t)|| .
It is left to bound 4 7 sz . We use (4.1.6) and we obtain

(4.1.56) ;t/zpj /(zxx+(z+p)3—p3) Pj—/z((Pj)xerPf)x.

Several terms are immediately boundable by C||z(t)||?
parts and we are left with

(4.1.57) / z (P2 —Pf) (Py),/

which is obviously bounded by Ce=%||z(t)||2, because of (4.1.1). O

- We Kill several others by integration by

By differentiation of a square, we obtain that

Lemma 4.8. There exists C > 0 and 0 > 0 that do not depend on z, such that for t large enough, for any

i=1,..],
2
(jt (/ZP)

Step 7. A bound for ||z(t)||2 in function of z(t).
Because we have chosen N > 2, because of (4.1.5), we may claim that for ¢ large enough, the
integral

(4.1.59) ‘/t l1z(s)|| ;2ds

is finite.
Because of Lemma 4.2 and (4.1.5), we deduce that
(4160) C]'(t) —t st 0.

(4.1.58)

< Ce " IZONr izl + CIZO Nz
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Knowing this, from Lemma 4.3, we deduce by integration that

+00
4.1.61) lcj(t)] S/ |c}(s)|ds
t
+00 +00 +00
(4.1.62) < C/ ||E(s)||szs+C/ e‘es||z(s)||szs+/ ||z(s)||2 ds.
t t t

Knowing this and using (4.1.10), we may deduce that

+00 +00 400
12Ol < CIEE 2 +C / () ladts + C / e |2(5) | 2dls + / I2(S)I1 s
t t t

+00 +oo
(4.1.63) < Cllz(t)llg + C/ 1Z(s) Il 12ds + C sup ||z(s)l| ze ™ + C sup ||2(s) |2 / lz(s)|2ds,
t st s>t t
which implies, because /:oo 1Z(s)|2ds, sup,., lz(5)]|2e % and sup,., 1z(s)|l 2 /:oo ||z(s)||f2ds are
decreasing in time, that

+o00
sup [|z(s)ll2 < Csup [|z(s)l|2 + C/ IZ(s)llr2ds + C sup [|z(s)] g2e ™

s>t s>t st

+00
(41,64 +Csupllz@le [ 1=l
s>t
and because e~ % and /t+ |z(s)||r2ds may be as small as we want for ¢ large enough (dependent on
z), we may deduce that

Lemma 4.9. There exists C > 0 that do not depend on z, such that for t large enough,

+00
(4.1.65) ()l < sup [|z(s)ll2 < Csup [[Z(s)llp2 + C/ [1Z(s)][ pr2ds.
t

s>t s>t
Step 8. Conclusion.
By integration, from Lemmas 4.5, 4.6 and 4.8, for t large enough (depending on z), with constants
C and 0 that do not depend on z,

+o0 +00 +oo
IE0)I2, < / L) s + C / e ([Z(5) 212 (5) |yl + C / HO OIS
t

t
_ e _
< CsupIIZ(s)IIHz/ (g”z(s)|lH2+e QSHZ(S)“H2+”Z(S)“ip)ds
s>t t

Because the right-hand side of the inequality above is decreasing in time, we deduce after taking
the supremum of the previous inequality and after simplification, that for t large enough,

_ +a)1 _ +0o0 o5 +00
sup B < € [ HEGpds +C [ e lae)lnds +C [ 6)Rads
t t t

s>t
+00 +oo
(4.1.66) < C/ 1||z(s)||szs + Csup ||z(s)||Hze +Csup||z(s)||Hz/ l1z(s)]| g2ds,
t s>t s>t t

and using (4.1.5), the fact that N —1 > 1 and the fact that e~ Ot is decreasing faster than tNL-Z' we
deduce that for t large enough,

Hml
(4.1.67) sup [|z(s)|l2 < C/ —||z(s)||szs + C — sup [1z(s)]| 2,
s>t s>t
and using Lemma 4.9,
+0o0 1 1 1 +00
(4.1.68)  sup||z(s)||p2 < C/ —IIZ(S)IIszS +C 5 sup [[2(s)l| 2 +CtN 5 1z()]| g2,
s>t t s>t

and because tN%z can be as small as we want for ¢ large enough, we deduce that for t large enough

and for a constant C > 0 that do not depend on z or on N,

_ _ +«)1 _ 1 +00 _
(4.1.69) IZ(E)|| g2 < sup ||z(s)]| g2 < C/ E”Z(S)”HZdS + CtN_—Z/ 1z(s)|| g2 ds.
t t

s>t
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Let us pick T > 0 large enough such that for t > T, the inequality (4.1.69) works.
From (4.1.10) and Lemma 4.2, we know that for t > T (by taking T larger if needed),

— C
(4.1.70) Iz < N
This is why, the following quantity is well defined:
(4.1.71) A = sup{tN Y Z(t) |2},
t>T

which means that for t > T,
- A
(4.1.72) Izl < N

Now, using (4.1.70) and (4.1.72), we deduce from (4.1.69) that for ¢t > T, with C > 0 that do not
depend on z, on N or on A,
CA 1 N CA 1 < CA 1
N-1¢N-1 N-2¢2N-4 = N -2¢N-1’

(4.1.73) 1Z(E)]| 2 <
if we assume that N > 3.

Now, from (4.1.71), we deduce that there exists T* > T such that

(4.1.74) (TN NZ(T) g2 > %.

This is why, by evaluating (4.1.73) in t = T*, we find that

A < CA 1
2(T)N T N =2 (N
which, if we assume that A > 0, after simplification yields
(4.1.76) N -2<2C.

This means that if we assume that N > 2C +2 and N > 3, the assumption A > 0 leads to a
contradiction. Therefore, A = 0 under that assumption on N, which implies ||z(t)||y2 = 0, and from
Lemma 4.9, this implies that z = 0. This means that the condition that we have established for N:

(4.1.75)

(4.1.77) N > max(2C +2,3),
that do not depend on z, allows us to deduce that under (4.1.5), we may establish that z = 0. The
Proposition 1.5 is now proved. |

4.2. A solution converging to a multi-breather converges exponentially to this multi-breather, if
the velocities are positive.

Proposition 4.10. Let u(t) be an H? solution of (mKdV) on [T, +c0), for T € R. We assume that

(421) ||Ll(t) - p(t)”H2 400 0,

where p is the multi-breather constructed in Section 2. If v1 > 0, then there exists @ > 0, To > T and C > 0
such that for all t > Tp,

(4.2.2) lu(t) = p(H)||2 < Ce .

Note that in the formulation of the Proposition above, we may replace p by P without changing
its content. Indeed, we have (1.2.10).

Proof. We set v(t) := u(t) — P(t), such that |[v(t)||g2 —¢—+ O.
We denote:
(4.2.3) W(x):= 2 arctan (exp (—\/EX/Z)) ,
T

where ¢ > 0 is small enough (with precise conditions that will be mentioned throughout the proof).
By direct calculations,

G

(4.2.4) V() = o)
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Thus,
(4.2.5) |W’(x)| < Cexp(—Volx|/2).
We have the following properties: limo ¥ = 0, lim_ W =1, for all x € R W(—x) = 1 -W(x),

W(x) < 0, [9(x)] < L)), [97(x)] < L (x)], (W (x)] < X and [W(x)] < (1 -w).
For j =2,...,], let m; be such that
Vi1 +0;
(4.2.6) mj = %

Let us denote 79 > 0 the minimal distance between a v; and a m;.
From this, we define for j = 2,...,],
(4.2.7) @;(t, x) := W(x —mjt).
We may extend this definition to j =1 and j = | + 1 in the following way: @1 := 0 and @41 :=1.
Thus, the function that allows us to study properties around each breather (for j = 1,...,]) are

)(]‘ = q)]'+1 - q)j.
The goal is to prove that:
(4.2.8) lo(t)||2 < Ce™®,

where @ > 0 is a constant to be deduced from the constants of the problem, and for ¢ large enough.
Proposition 4.10 follows from this, because of Theorem 1.2.

Let @ > 0 be deduced from the constants of the problem with respect to the needs of the following
proof.

We will prove this by induction. We will prove, for j = 2,...,] + 1, that f (02 + v% + v%x) ®; <
Ce™2@! for t large enough, knowing that / (v?+ 02+ 02 ) D1 < Ce 2@ for t large enough (note
that this assumption is empty when j = 2). This implies the desired inequality.

Let us write the j-th step of our reasoning by induction (where j € {2,...,] +1}). Thus, j is fixed
in the rest of the proof.

We assume that

(4.2.9) / (v* + 0% +v3,) Djq < Ce 2",

We divide our proof in several steps.

Step 1. Almost-conservation of localized conservation laws. We define quantities that are similar
to quantities defined in Section 2.2. We note that we localize around the first j — 1 breathers (or
solitons), not only around the (j — 1)-th breather (or soliton). Notations defined in Section 2.2 should
not be considered in the following proof and should be replaced by notations we define here:

(4.2.10) M;(t) = %/uz(t)cpj(t),
(4.2.11) E;(t) :z/[%u%—iu‘*} D;(t),
(4.2.12) Fi(t) := / [%uix—gu%%}lué D;(t).

Lemma 4.11. Let wy, we > 0, as small as desired. There exists Ty > T and C > 0 such that for t > T,
-1
(4.2.13) M[P;] - Mj(t) > —Ce™2?",

—.

(4.2.14) Z (E[P;]+ waM[P;]) - (Ej(t) + waM;(t)) = —Ce 2",

(4.2.15) D" (FIPi] + weMIPi]) = (Fj(t) + weM(t)) = ~Ce ™",



42 ALEXANDER SEMENOV

Proof. We will use the results of the computations made at the bottom of page 1115 and at the
bottom of page 1116 of [28], as well as in Section 5.5 (Appendix) to claim the three following facts:

dtZ/ 2f /(——u+ u)f+ /uzf’”,
ey [,

(4.2.16) % [1u§—%u4]f /[——(uxx+u Y —u2, +3ulu

d 1, 5,4, 14
T (uxx—iuu +4u f

3 9 1 3 45
= / (—Euﬁxx +9u2 u? + 15uuu,, + 16“ + 4u + Zuxxu5 - Zu4u2)f

(4.2.17) +5/M ux“xxf +5 / xxfm

where f is a C3 function that does not depend on time.
For the mass:

Ifj<]J,
d 2 2_3 4 2
(4.2.18) ZaM](t) = - 3ux +m;u” — E (I)]‘x(t) + u (Djxxx(t)-
We recall that
o o
(4~2~19) |(Djxx| < glq)]'XL |(Djxxx| < Z|CD]‘x|/ (D]'x <0,
where we can choose o as small as desired. For this proof, we would like to ask for o:
(4.2.20) 0<o0 <01 <m.
Thus,
(4.2.21) Z%Mj(t) > / (31432( + :%GuZ - gu4 |cpjx(t)|.

By Corollary 2.2, for r > 0, if t, x satisfy v;_1t +r < x < v;t —r, then
[u(t, x)| < |P(t, )| + ||z(¢)[| L=
(4.2.22) < Ce™ P +Cllz(M) |l 2,
the same could be said for u,.
We can thus deduce that for r large enough and for Ti large enough, for x € (v;_1t + 7,0t —7),
we can obtain that |u] is bounded by any fixed constant, that can be taken as small as desired. Here,

we will use the latter to bound 3u? by 4.
Fort >T; and x < vj_1t +7 or x > v;t —r, we have |x —m;t| < 1ot —r, and therefore for such ¢, x:

[yt %)] < Cexp (~Valx = mjt|2)
(4.2.23) < Cexp (—«/Emt /2) exp (\/Er/Z) .

Because / u* is bounded by a constant for any time and exp (v/or/2) is a fixed constant (r is
already chosen), we have, for t > Tj,

(4.2.24) %Mj(t) Z/(g” T U )I‘D]x(t)|—Ce‘2‘Df > —Ce ™2,

where @ is chosen as a suitable function of ¢ and 7.
By integration, we deduce that for any ¢; > ¢, with a constant C > 0 that does not depend on t1,
we have:

(4.2.25) M;(t1) — M;(t) > —Ce™2".
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We note that this conclusion is immediate when j = | + 1, because we have exactly the conserved

quantity.
We have:
&S S 1 1
2 2 2 2
;M[Pi]—Mj(tl) < ;5/131. —E/P D;(t) +§‘/P CD]-(tl)—/u @;(t)
) 1
< Ce *Bomt 4 5 / |P2 — u2| @;(t1)
(4.2.26) < CerlBomth 4 C / |P? = %] =4 Stc0 O

This means that when we take the limit of (4.2.25) when t; — +o0, we obtain, for t > Ty:
j-1
(4.2.27) Z MIP;] - M(t) > —Ce™2?,
i=1
which is exactly what we wished to prove.
For the energy:
Ifj<j,

d 2 1 1
ZEEj(t):/[— (t2x +1°) _2u§x+6u§u2] ®jx(t)—mj/(u§_§u4) cp].x(t)+§/u§q>jxxx(t)

(4228) > /

We can do the same reasoning as for the mass, to majorate %uz by w1, a constant that we
can choose as small as desired, and to majorate 6u* by §. We obtain that if Ty is large enough
(dependently on the chosen constant w1):

2 30 m;
(trx +u)" +2u, — 6uu® + Iu% - %u“] |Djx(t)].

d 2 o
(4.2.29) ZaE]-(t) > / [(uxx + u3) + 2u§x + >

By using what we have performed for the mass, we have that if we take w; small enough with
respect to 3,

U2 - a)luz] |Dj(1)] — Ce2",

(4.2.30) % (Ej + a)zM]‘) (t) > —Ce2@t,

Then, by integration and similarly as for the mass, we obtain the desired conclusion that is true
for any j.

For F:

Ifj<J,

d 9 1 45
Zal—"j(t) = / (—3”;%” + 182, u” + 30Uty + gug + Eufg + B u’ — ?u‘*u%) Dj(t)

1
—m; / (u;zcx - 51/!21/!32( + Eué) q)]x(t) +10 / uzuxxuxq)jxx(t) + / uazqu)fxxX(t)

45 9 1 3 3
> / (3u§xx + ?u‘*u}% —18u2 u? — 15u2u® — 15u2u2, - gug - Euﬁ - Euﬁxu‘l - §u6) |CD]-x(t)|

o
+/ (au%x + §u6 - Smjuzuz) |Djx(t)] =5 / uzu,%lq)jxx(t)l

(4.2.31) -5 / u?ul | ()] — / UZ | @jxrx(t)].
By the same reasoning as for the energy and the mass, if we set w3, w4, ws > 0 constants that we
can take as small as desired, and if Tj is large enough dependently on these constants, for t > Ty:

d 4
(4232) 2 Fi(t) 2 / (3u§xx + ;u% + %Guﬁx + %ué — wsu2, — wgu? — wsu? | |@; (1) - Ce™27",
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By using what we have carried out for the mass, we have that if we take ws, w4, ws small enough,

d
(4.2.33) 5 (Fj + weM;) (t) > —Ce™2?".
Then, by integration and similarly as before, we obtain the desired conclusion that is true for any
j. O

Remark 4.12. If j = ] +1, we have that:

M-

(4.2.34) MIP;] = M (t) =0,
i=1
J
(42.35) D EP=Epa() =0,
i=1
J
(4.2.36) Z F[P;] - Fj41(t) = 0.

1l
—_

1
Step 2. Modulation. Notations that were defined in Section 2.3 should not be taken into consid-
eration in the following proof and should be replaced by notations we define here.

Lemma 4.13. There exists C > 0, T, > T, such that there exist unique C 1 functions y1,y2 : [To, +0) = R
such that if we set

(4.2.37) w(t,x):=u-"P,
where
—_~ ] —_—~
(4.2.38) P(t,x) := Z Pi(t, x),
i=1

fori#j-1,
(4.2.39) Pi(t, x) := Py(t, x),
and either,
(4.2.40) 13:1(1%, x) := K1Qe 4y (1) (X — xgll +y2(t) —cit)  if Pj1 = Ry is a soliton,
or,
(4.2.41) 15:1(t,x) := Bay g (t, x; X1k + y1(t), X2k + y2(t))  if Pj—1 = By is a breather,

then, w(t) satisfies, for all t € [T, +00), either,
(4.2.42) /15:11(t)w(t) = /15:12(15)@0(1‘) =0 if Pj1 is a breather,
or,
(4.2.43) / Pio(byw(t) = / Pio1 (Hw(t) =0 if Pjq is a soliton,
where in the case when Py is a breather we denote:
(4.2.44) Pi1(t,x) = 35, Pi1,  Pjay(t,x) =9y, Py,

Moreover, for all t € [T, +00),
(4.2.45) lw® gz + [y1()] + [y2)] < Cllo(®)l52,

and, if @ is small enough,

1/2
(4.2.46) TAGIERVAGIEYe (/ w(t)2cpj) +Ce™®,
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Proof. The proof that has to be performed is similar to the proof of Lemma 2.8, which is a conse-
quence of a quantitative version of the implicit function theorem. See [11, Section 2.2] for a precise
statement. The proof of (4.2.46) is also similar, as in the proof of Lemma 2.8; we take the time

derivative of f Iﬁl(t)w(t) = / lﬁz(t)w(t) = 0. To be complete, let us perform this proof.
For t € [T, +0), let

(4.2.47) F; : L*(R) x R? » R?
such that if P;_; = By is a breather,

(u/ b1, ]/2) — (/ axlBak,ﬁk(t/ X; x?,k + Y1, x(z),k + yZ) (U -P+ Pj—l - Bak,ﬁk(t/ X; x?,k + Y1, x(Z),k + yZ)) dx/

(4.2.48) / Ox,Bay i (8,2 X3 | + Y1, 23 + o) (u =P+ Pjg = Bay g (£, ;2] +y1, 05 + yz)) dx) ,

and if P;-; = R; is a soliton,

U, y1,y2) — (/ K1Q e 4y (X — xg,l +y2—cit) (U ~P+Pj 1 —x1Qc 4y, (x — x8,l +y2— Czt)) dx,

(4.2.49) /8x1chl+y1(x - xg,l + 12 —cit) (U —P+Pj1 —%Qc4y, (x - xg,l + 12— clt)) dx) .

We observe that F; is a C! function and that F;(P(t),0,0) = 0. Now, let us consider the matrix
which gives the differential of F; (with respect to y1, y2) in (P(t),0,0).
In the case when P;_; = By is a breather, this matrix is:

_ _/(axlBk)zdx _/axlBk8X2Bkdx
(42:50) DF: = (— [ 9x,Bkdx,Brdx  — [(9x,Bi)?dx
whose determinant is:

2
(4.2.51) det(DF;) = / (0, Br)*dx / (8XZBk)2dx—( / 8xlBkaxZBkdx) )

By Cauchy-Schwarz inequality and the fact that dy, Bx and d,,Bj are linearly independent as
functions of the x variable, for any time ¢ fixed, we see that det(DF;) is positive. Since each mem-
ber of its expression is periodic in time, then det(DF;) is bounded below by a positive constant
independent on time and translation parameters of By.

In the case when P;_1 = R; is a soliton, let us recall that, denoting o, := x — xg,l + 12 —cit,

1
(4‘2-52) ayl Qc1+y1 (yO,l) = 2_ (Qc1+y1 (}/O,l) + yO,lachl+y1 (yO,l)) .

Cl

Thus, denoting ygl =x—-x0 —¢t,

0,1

~ 2 [ Quly9) (Quwl)) + ¥9,0:Qu (5 dx = [ Qe (g )0xQe, (43 Jex
— 2 [ 0:Qal) (Qulyy) +¥3,2:Qu ) dx = [(0:Qu (yl,)Pdx
whose determinant is:

1
(42.59) detDF) = 5 [ Qu(u8) (Quul) + 18,05 0u ) dx [ 3:0u w8 P,

because f Qg (yg )9:Q¢, (yg Pdx = 0. And, from the computations made to obtain (2.3.19), we have
that:

(4.2.55) det(DF;) = }la / 7 / T

where g denotes the soliton with ¢ =1, i.e. ¢ = Q1.

This means that det(DF;) is bounded below by a positive constant independent on time and
translation parameter of R;.

Thus, in any case, DF; is invertible.

(4.253)  DF; =
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Now, we may use the implicit function theorem. If U is close enough to P(t), then there exists
(1, y2) such that F;(U, y1,y2) = 0, where (y1, y2) depends in a regular Cl way on U. It is possible to
show that the “close enough” in the previous sentence does not depend on ¢; for this, it is required
to use a uniform implicit function theorem. This means that for T, large enough, |[v(t)||2 is small
enough for t € [T, +00), thus for t > T, u(t) is close enough to P(t) in order to apply the implicit
function theorem. Therefore, we have for t € [T, +0), the existence of y1(f) and y»(t). It is possible
to show that these functions are C! in time. Basically, this comes from the fact that they are C Lin
u(t) and that u(t) has a similar regularity in time (see [13] for more details).

Now, we prove the inequalities (4.2.45) and (4.2.46). We can take the differential of the implicit
functions with respect to u(t) for t € [T, +o0). For this, we differentiate the following equation with
respect to u(t):

(4.2.56) Fr(u(t), ya(u(t)), y2(u(t))) = 0.
We know that the matrix that gives the differential of F; (with respect to y1,y2) in
(4.2.57) (u(t), ya(u(t)), y2(u(t)))

is invertible and that the inverse is bounded in time. The differential of F; with respect to the
first variable is also bounded (from its expression, F; being linear in U). Thus, by the mean-value
theorem (given (y1, y2)(P(t)) = (0,0)):

(4.2.58) ly1 ()] + |y2(u(t)] < Cllu(®) = P®)]| < Cllo(#)l| -

By applying the mean-value theorem (inequality) for Q, or B, g, with respect to y; and y», we
deduce that

(4.2.59) 1Pj-1(8) = P ()l < Clya(B)] + [y2()).
Finally, by triangular inequality,

lw(®)llg < lu(t) = P()llgz + IP(t) = P(£)]| g2
< lu) = P(®)llg2 + Clya ()] + ly2(t)])
(4.2.60) < Cllo(®)[| g2

This completes the proof of (4.2.45).
For (4.2.46), we will take time derivatives of the equations (4.2.42) and (4.2.43). Firstly, we may
write the PDE verified by w:

] ]
4.2.61) 0410 = — Wy — [w (w2 +3w Y Pi+3 me) -y (thiﬁ;) _E,
i=1 im=1 x h#ior izm X

where, if P;_1 = By is a breather,
(4.2.62) E := y/;(t)Bxy + y5(t)Ba,
and if P;_1 = R; is a soliton, denoting y(t) := x — xgl + y2(t) —cit,
(4.2.63) - (R' + yos(DR, ) +y(OR,

- T 2a () O TR

If Pj-1 = Bk, we start by taking the time derivative of / Elw = 0 and perform some integrations
by parts to obtain:

—/(73?3)1xw+y{(t)/§z§11W+y§(t)/7§iuw

j y
+/Bk1xw (w2+3wZPi+3Z PhP,-)—/Bk1 > (PhPin)
X

i=1

h,i=1 h#i or g#h

—~2 —_—~ —~
(4.2.64) = y;(t) / By + y5(t) / Bk1Bka,
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then, we take the time derivative of f E;:zw =0:

—3 — —
- [+ @) [ B+ wi0) [ Brw
/B,Qx (w +3wZP,+3ZPhP) /Bkz > (Pubipy)

h,i=1 h#i or g#h
(4.2.65) = /(1) / Bi1Bry + 5(t) / (Br2)>.

If P;-1 = R;, we start by taking the time derivative of f ﬁzw = 0 and perform some integrations
by parts to obtain:

_ (¢t _ _ _
—/(R13)xw+y1—()/ Rz+yo,l(t)R1x w+y§(t)/Rlxw

/Rlx w +3wZP +3ZPhP) /Rz Z ﬁﬁj};)x

h,i=1 h#i or g#h
()

CER0)

then, we take the time derivative of f Ez cw=0:

(4.2.66) Ry (R wosORs) 4 550) [ Rif,

/ (R Yt + yzl(fl) (Rix + y0s(OR1cc ) 0+ y5(0) / Rjxtw

/Rlxxw(w +3wZP,+3ZPhP) /sz > (Pubiy)
X

h,i=1 h#i or g#h
Q)

= 20 + () Rix (Rz + ]/o,l(t)sz) +y5(t) /(sz)z-

As a consequence of (4.2.45), we see that |y1(t)| + |y2(t)| tends to 0 when t — +oco. That is why,
we may use Proposition 2.10 and Corollary 2.11 here, if T; is large enough.. So, several terms of the

(4.2.67)

four equalities above are obviously bounded by (w(t)2<13]-)1/ ?and e for @ > 0, a constant chosen
small enough. Using these bounds, and after several linear combinations, we obtain (4.2.46). O

Step 3. Quadratic approximations of localized conservation laws.

Lemma 4.14. Let w > 0 as small as we want. There exists C > 0,T3 > T such that the following hold for

t > T3.‘
j-1 j-1 .
(4.2.68) M]-(t)—ZM[Pi]—Z / Pw -3 / wd;| < Ce20*
i=1 i=1
= 3 1 3
(4.2.69)  |E;(t) - ZE Z/[Pixwx—Pi w] —/ [Ewi_ipzwz] D] < C3_2®t+w/w2cpj,
1=
j-1 j-1 3 s
F]-(t)—ZFP Z/[ exWrx — 5D P — 5P; Pyt + SPi w]
i=1 i=1
(4.2.70)

1 5 o= ~ = 5~ 15~
-~ / [Ewix -~ szp,% —10PwP,w, — EP2w§ + ZP4wz] D;(t)

< Ce2@t +a)/ (w? +w?) D;.

Proof. For the mass:
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M](t)——/(P+w)2CD-
(4.2.71) / P?®; + / Pwd; + / 20;.

As in Step 1, we can show that 3 / qu)j converges exponentially (we choose @ with respect to

this exponential convergence) to Z{j M|[P;]. Similarly, the difference between / Pw®; and ij Pyw
converges exponentially to 0 (the velocity of a soliton is not modified a lot by modulation, this is
why it works in any cases).

For E and F, we perform similar basic computations with the only difference that there will also
be terms of degree 3 or more in w. We know that ||w(t)||g2 —t—+w 0, this is the reason why for ¢
large enough, such terms are boundable by w f w?®; or w f w3D;. m|

Step 4. Approximation of the Lyapunov functional. By analogy with the existence part, we
introduce the following Lyapunov functional:

(4.2.72) Hi(t) = Fi(t) +2 (b]?_1 7 1) Ei(t) + ( D ) M ().
We will use the previous step to approximate H;(t).

Lemma 4.15. There exists T4 > T such that the following hold for t > Ty:
i—1

W(t)—ZF +2(b2 )]ZE ( +02 )2] M(B;]

i=1 i=1
(4.2.73) +H]-(t)+0(e—2®f)+o(/ (w? +w )cp])
where
Hj(t)::/[%w,%x 2 w2b, +iw Py +5w2P, 4Py +§w2137_14] D;(t)
(4.2.74) (b2 0 1) / [w§—3w215]?12] ®j(t)+%(a]2._1+b]2._1)2 / 2D (t).

Proof. This lemma is obtained from the summation of the facts established in the previous lemma.
We get rid of the linear terms in the following way, by integrations by parts:

3=5
Z/(Plxxwxx—SP Priw —5P; Prywy + 5P w)
+2 ( 1~ 4] 1)2/(P1xwx w)+(a]2_l+b]2_l) Zle
=1 l=1
~~2 ~2~ 3=5
1xxxx PiPix+5 Pi Pixx‘*'EPi w
i=1

(4.2.75) +2(b]?_1—a]2_1)2/(_ﬁxx_ﬁ3)w+( aly+b?, ]Z_ll/ﬁlw
i=1 i=1

If we consider that this sum goes from i = 1 to j — 2, we see that for 1 < i < j -2, this sum is
exponentially bounded by induction assumption (we use that for i < j —2, a polynomial in P; and

j-1

its derivatives is bounded by C®;_; and that w = v + (P]-_l - 13:1)) It is left to consider the sum of
the terms with i = j —1.

For i = j —1, we have nearly the elliptic equation satisfied by 157; It is actually exactly this
equation in the case when 15:1 is a breather. When 15]‘_1 is a soliton, its shape parameter is modified
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by modulation. That is why, in this case, the sum of the terms with i = j — 1 is equal to

— —3 — —
(4276) Zyl(t)/ (—P]'_lxx—Pj_l )w+2b]2_1y1(t)/Pj_1w+y1(t)2/Pj_1w,

which vanishes because of the orthogonality condition from the modulation and the elliptic equation
satisfied by a soliton.
Hj is obtained as the sum of the quadratic parts of the previous lemma and its form is slightly

modified by integration by parts, and by the fact that for i > j, E®j(t) is exponentially decreasing,

and the fact that for i < j -2, f P;w? is exponentially decreasing by the induction assumption.
Therefore, H; corresponds to the sum of the quadratic parts of previous lemma to which we have

to add 5 / wzﬁﬁijx, which is bounded exponentially. O

Step 5. Bound from above for H;(t). Because v; > 0, we have that b]2._1 - a]z_l > 0. By taking

2
wy and we small enough (with respect to (“;2—1 + b?—1) ), we obtain, by summation of the facts of
Lemma 4.11, the following inequality:
, - -

2
E[P;] - (]1+b2 ) MIP;] < Ce~20".

~
~

j-1
(4.2.77) Hj(t)— > F[Pi]-2 (b?—l - ”12'—1)
i=1

Il
—_
Il
—_

i i

From Lemma 4.15, for t > T3,
Hj(t) < F[P;1] - F[P; 1] +2 (b]{1 - a}._l) (E[Pj_l] - E[ﬁj‘_'l])
(4.2.78) + (af_l 4 b]{l)z (M[P/_l] - M[ﬁj‘_’l]) L Ce 20t 4 o / (@ +02) @,
In the case if P;_; is a breather, we have immediately
(4.2.79) Hi(t) < Ce™ + w / (w?* + w3) @;.

The case when P;_; is a soliton needs more inspection. As in the existence part, we have the
following relations:

(42.80) Pl = (12, +30) M
(4.2.81) E[P;4]( (b 1+y1(t)
(4.2.82) F[P4](t) = (b 1+y1(t))

We set R;_1(t) := F[Is:ﬂ(t) + 2b]2._1 [P j_l](t) + b?_l [P j_l](t), and we simplify it as follows:

; 5/2 ; 3/2 , 1/2
(42.83)  Rii(t) =7, (1+‘1212—()) Flq]+2b (1+le—()) Elq]+b7, (1+~1212—()) M[q].

j-1 j-1 j-1

After making a Taylor expansion as in the existence,
(4.2.84) Rj-1(t) — F[Pj_1] - 2b]?_1E[P,-_1] - b}*_lM[P]-_l] = O(y1(t)®).

Therefore, if Ty is large enough, ||v(t)||y2 can be as small as we want, and for t > Ty and P;1 a
soliton, we may write:

(4.2.85) Hi(t) < Ce™ + w / (w* + w3) D) + wya(t)*.

Step 6. Coercivity. H; can be seen as the quadratic form associated to 15:1 and evaluated in
w+/®@;, modulo several terms that can be bounded by C+v/o f (w? + w2 + w2,) ®; (because these terms
depend on derivatives of ®;). Let us prove that we can apply Section 5.4 (Appendix) for w/®;.
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More precisely, we need to prove that for v > 0 small enough (from Section 5.4),

(4.2.86) ’/w,/cbjlﬁl + /ww/q)jﬁ]f—dlz < vllw (@l

if P;_1 is a breather or that
(4.2.87) ’/w,/cpjo_1 + /w,/@jzﬁx < v]jw |2

if P;_ is a soliton. In any case, the proof is the same and let us write K at the place of P] 1y Pj-1,
P] 1 or P] 1,- This means that we want to bound / wA/D;K.

From (4.2.42), (4.2.43), we see that it is enough to bound fw(l - ®))K by v|[[w/Dj|[y2. The
reasonning that follows works for j < J, for j = ] + 1 the result is immediate because ®;41 = 1. @; is

a translate of W, and, using the Taylor expansion whenv — 0, V1+v =1+ O(v),
(4.2.88) 1-VW=1-V1+W-1=1-+1-¥(-x) = O(¥(-x)),
which means that 1 - \/qT] < Cmin(1, exp(vo(x — m;t)/2)). We may deduce now that

‘/w(l_\/aj)K‘ /w\/qul_

-\,

< K| llwy®jllz2
LZ
(4.2.89) < CeVom=ot | [y 2,

‘/_ 5. And so, if t is large enough, we get the bound we want.
Thus there exists p > 0 such that for t > T5 (where T5 is large enough and depends on 0):

y||w\/q7j||2 gH(t)+C\/_/ w? + w2 + w2,) ; +—(/ ]1w\/7)

SC€—2@t+a)/(w2+w§)c1)]~+C\/5/(w2+w§+w§x)q)f

(4.2.90) ron?+ L ( / - 1w\/7 )

where the term = ( f Piqw-/ j) is present only if P] 1 is a breather and the term a)yl(l‘)2 is present

only if Pj_l is a soliton.
For ¢ small enough and @ small enough, we deduce that:

(4.2.91) / (w? + w} +wk) ©; < Ce > + wy(t)* + C (/ 15]‘_’1w\/5])2

We set Ty := max(Ty, Tr, Tz, Ty, T5).

Step 7. Bound from above for ‘ / 13:1w\/3] ‘ (to do in the case if 13]: is a breather). We would like
to prove that f lg:lw\/CIT] is exponentially decreasing. To do so, we would like to get rid of \/3] .

It is clear that f 15]\_/110 (1 - \/3]) is exponentially decreasing. Thus, it is enough to prove that
/ lﬁw is exponentially decreasing.

If i <j-2, we know that f Piw is exponentially decreasing by the induction assumption. Thus,

it is enough to prove that Zz;i f Piw is exponentially decreasing.
From the mass approximation of Lemma 4.14 and Lemma 4.11, we observe that, for t > Ty:

3 1
Z/ﬁw = O(e_z‘at)+Mj(t)—ZM[Pi]—%/wqu
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1
(4.2.92) < Ce 20t _ 5 / w?®; < Ce

Now, we use the fact that the sum of the linear parts of our localized conservation laws is
exponentially decreasing, which we have established in the proof of Lemma 4.15. Therefore, the

linear terms of F; +2(b]2._1 1)E are O(e2@t) — ( +b2 ) Zi;ifﬁw

Now, from the energy and F approximation of Lemma 4.14 and Lemma 4.11, we observe that
(we recall that b2 - a] > 0), for t > Tp:

(i) Z; [ B =040 ( [ (@ vt q>]-) E0+2 (b2, —a2, ) E)
j-1 -1
_ Z‘ F[P;]-2 (b;_l - af_l) Zl E[P;]

1 5 ,= ~ = 5~ 15~
-~ / [Ew’zfx - szpi — 10PwPyw, — 5Pzw,% + ZP‘%uz] @,

1 3~
2 2 2 9p2 2
—2(bj_1—a]._1)/[2 P ]CD]

-1 j-1
+ Fi(t) + weM;(t) = > F[P;] = we ) M[P
i=1 i=1

+2(b]2._ )E(t)+a)2M(t) Z_:E[P] a)ZZM

+ (w5 + 202 (12, - a2, ) (ZM Mj(t))

1 5 = ~ = 5~ 15~
—/[—w,%x——w2P§—10Pwpxwx—§P2w§+ 4p4 2] D,

2 2

—Z(bz ]1)/[; 2 ipz 2]q)]

SCe‘2@t+C/(w2+w§)CDj

(4.2.93) - (‘06 + 2w, (b]z'—l - “?—1))

and therefore, for w, and we small enough,

j-1
(4.2.94) —Z / Pw < Ce™® +C / (w? + w?) D;.
i=1

We thus deduce the following bound:

/13]-\:110,/@ SCe_2@t+C/(w2+w§)<Dj.

Because ||w(t)||g2 —t—+00 0, we deduce that:

. 2
(4.2.96) (/ P]-_lw\/(IT]-) = 0(e™2) 40 (/ (w2+w§)®j)_

(4.2.95)
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Step 8. Conclusion. From (4.2.91) and (4.2.96), we deduce for t > Tp,
(4.2.97) / (w? + wi + w3 ) D; = O(e ™) +o0 (y1(t)*) +0 (/ (w? + w?) q)].) .
This means that if we take Ty large enough, we have:
(4.2.98) / (w? + w2 +wk) @ = o (y1(t)?) + O(e ™),

where the term o (y1(t)?) is present only if P;_; is a soliton.
Before finishing the proof, we need to find a better bound for y;(t) than just a convergence to 0
given by the modulation (in the case when P;_; is a soliton). For this, we study M;(t):

M;(t) = %/uz(t)qnj(t)

- % / (ﬁ(t)+w(t))2®j(t)

_ %/ﬁ(f)2®j(t)+/ﬁ(l‘)w(t)@j(t)+%/w(t)zq)j(t)

j-1 j-1
- %;/E(f)2+;/E(f)w(t)+O(e‘sz)+%/w(t)2®j(t)

-2
1 5 2 “ -2 1 2 1 2
(4.2.99) = E/Pj_l(t) +/Pj_1(t)w(t)+O (@ mt) +§/w(t) ®](t)+§;/l)l(t) ,
from the induction assumption, then
1 1 18
(4.2.100) M;(t) = 5 / Pi4(t)*+ 0O (e72®") + 5 / w(t)*®;(t) + 5 ; / Pi(t)?,
from the orthogonality condition obtained in the modulation. Therefore,
1/2 1 1 =2
(4.2.101) M(t) = (b]?_1 +y1(t)) Migl+O () + 5 / JOLIOREDY / Pi(t)2.
i=1

Now, if we take t; > t, we obtain from (4.2.98),
(4.2.102)
1/2

1/2
Mi(t) - Mi(t) = [(bf_l +yi(t) = (02 + 3] ] Mgl + O (e729!) + 0 (ya(t)?) + o (y1(tr)?) .

By doing a Taylor expansion of order 1, as in the existence part, we obtain:

/
(4.2103) (2, + o) =y (1 3840 (y1(t1)2)) .
-1
Therefore,
1/2 1/2 1
(4.2.104) (b]?_l 4 yl(tl)) - (b]?_1 + yl(t)) =5 (y1(t1) = 11(5) + O (y1(£1)?) + O (11(1)?) .

Now, we recall that when t; — 400, we have y(t;) — 0. Therefore, by taking the limit of the
previous formula when t; — +co, we obtain:

()
ij—l

) 1/2 )
(4.2.105) bj1 - (b,-_1 + yl(t)) = +0 (y1(t)?) -

Therefore, from (4.2.102), with t; — +oco,
-1
(4.2.106) MIP;] - M;(t) = -

—.

yi(t)
Zb]‘_l

M[q]+ 0O (e72*") + O (y1(t)?).

-
1l
—_



ON THE UNIQUENESS OF MULTI-BREATHERS OF THE MODIFIED KORTEWEG-DE VRIES EQUATION 53

The second step is to study E;(¢) (and to do the same reasonning as for M;):

Ej(t)zf[%uﬁ—jzﬁ] ®;(t)

(4.2.107) = / [%55—31134] D;(t) + / [ﬁxwx—§3w] <I>f(t)+O( / wz@j(t)),

and after simplications by ®; due to exponential convergences, induction assumption and orthogo-
nality conditions,

j-2
Ej() = E[P (0] + Y E[P]+ 0 (72°) +0 ( / wz@ja))
i=1
j-2
= (b]2'—1 + y1(t))3/2 Elq]+ Z E[P;]]+ O (e7>®") + O (/ wchj(t))
i=1

j-2
(4.2.108) = (22, + y1(t))3/2 E[q]+ Y E[P]+0 (™) +0 (n(tP),
i=1

from (4.2.98). And then, by taking the difference for t; > ¢,
(4.2.109)

/ /
Ei(t) - Ej(t) = [(b]?_l + yl(tl))3 g (22, + yl(t))s 2] E[q]+ O (e2!) + 0 (ya(t1)?) + 0 (ya(t)?) .

By taking a Taylor expansion of order 1, we obtain:

3/2 3yi(t1)
2 _ 13 2
(4.2.110) (b]._1 + yl(t1)) =b? (1 3t 0 (y1(th)?) |.
Therefore, after taking f; — +o0, we obtain:
j-1
3 _
(4.2.111) Z E[P;]-E;(t) = —Ebj_lyl(t)E[q] +0 (7)) + 0 (y1(t)?) .
i=1
That is why, from (4.2.106), (4.2.111) and Lemma 4.11, we obtain
t
(4.2.112) —%M[q] +0 (e72) + O (11(t)?) = —Ce™2",
i
and
(4.2.113) —gbj_lyl(t)E[q] +0 (e72°) + O (y1(t)?) = —Ce™2°",

Because M[q] =2 and E[g] = —%, we rewrite both previous inequalities (4.2.112) and (4.2.113) in
the following way (and we pass O (¢7>?!) on the other side of each inequality):

yi(t)

(4.2.114) -5—+0 (y1(t)?) > —Ce™2,
j-1

and

(4.2.115) bisiya(t) + O (y1(t)?) = —Ce 22",

Because y1(t) — +oo, by taking Tp larger if needed, O (y1(t)?) can be bounded above by any
positive constant multiplied by |y1(f)|, so by taking this constant small enough (by taking Ty large
enough) and combining both previous inequalities (4.2.114) and (4.2.115), we obtain:

(4.2.116) ly1(t)] < Ce 2%,

Therefore, we have obtained a better bound for y1(t) in the case when P;_ is a soliton. Therefore,
we may conclude that in any case, for t > Tj for Ty large enough:

(4.2.117) / (w? + w3 + wiy) Oj(t) = O (7).
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Then, we deduce from (4.2.46) that:

(4.2.118) ly (O] + ly5(B)] = O(e™).
Because |y1(t)] + |y2(f)| =¢—+0 0, we obtain by integration:
(4.2.119) ly1(t)] + [y2(t)] = O(e™").

And, so, by the mean-value theorem,
(4.2.120) Hﬁf_’l - Pj_lnHz < C ()] + ly2(1)]) < Ce™®.

From v = w + P;_1 — P;_1, we deduce:
/(02+v§+v§x)®j < C/ (w2+w§+w§x)®j

wcf [(ﬁ;_pj_l)ﬁ(ﬁ;_pj_l)z +(Is;_p]._1)2x]q>j

(4.2.121) < Ce™20t

and this finishes the induction. O
4.3. Proof of Theorem 1.4.

Proof of Theorem 1.4. We suppose all the velocities of our objects positive, i.e. we suppose that v > 0.
Let p be the associated multi-breather given by Theorem 1.2. Let u be a solution of (mKdV) such
that

(4.3.1) [(8) = p(B)ll 2 =1—+00 0.

From Proposition 4.10, we deduce that there exists a constant C > 0 and a constant @ > 0 such
that for ¢ large enough

(4.3.2) lu(t) = p(t)|lg2 < Ce™®".

This implies that u satisfies the assumptions of Proposition 1.5. Thus, u = p and Theorem 1.4 is
proved.
O

5. APPENDIX

The first two subsections of the Appendix show that a soliton has similar properties as a “limit
breather” of parameter a = 0. Firstly, the corresponding elliptic equation is satisfied by a soliton.
Secondly, the corresponding quadratic form is coercive for a soliton, and we see that its kernel is
spanned by d:Q and d.Q. In the third subsection, we prove that it is possible for € to be orthogonal
to Q and J;Q (instead of dxQ and d.Q) in order to satisfy coercivity for the quadratic form. We
will use this fact for the proof of the existence, as well as for the first part of the proof of the
uniqueness. In the fourth subsection, we prove that we can have coercivity for quadratic forms
when the orthogonality condition is not exactly satisfied. We will use this result for the proof of
the uniqueness. The last subsection is about computations for the third conservation law. It will be
useful for the monotonicity property for localized F that we need in the proof of the uniqueness.

5.1. Elliptic equation satisfied by a soliton.

Lemma 5.1. A soliton Q = R, satisfies for any time t € R, the following nonlinear elliptic equation:

(.1.) Quan ~26(Que + Q%) +¢°Q +50Q% +5Q°Qus + 3Q° =0

Proof. In order to derive this equation, we will use the equation that defines a soliton (and that is
satisfied by Q at any time):

(5.1.2) Qxx =cQ - Q3‘

We will also need the following equation:

(5.1.3) Q3 =cQ*- %Q‘l,
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that can be derived by taking the space derivative of Q2 — cQ? + Q% and by showing that this
derivative is zero. From this, we deduce that Q2 — cQ? + %Q‘L is constant, and by taking its limit
when x — +0o, we see that this constant is zero. More precisely, the derivative of Q2 — cQ? + 1Q*
is:
(51.4) 2Q+Qux = 26QQx +2Q°Qx = 2Qx (Qrr —cQ +Q°) =0

From now on, the derivation of (5.1.1) is straight forward. It is sufficient to take space derivatives
of Qv = cQ — Q3 and to inject them into the right hand side of the equation (5.1.1), which we want
to prove to be equal to zero. By doing this, we make the maximal order of a derivative of Q present
in the right hand side equation lower. At the end, we have only, zero and first order derivatives. To
have only a polynomial in Q, we have to use Q2 =cQ?- %Q‘l, and the calculations show that this
polynomial is zero. O

5.2. Study of coercivity of the quadratic form associated to a soliton. In this article, we adapt the
argument for the breathers in [3] to the soliton case. We consider:

=5/ xx——/Q2eZ+ [@ers [aauers ] [t
(5.2.1) +c(/e§—3/Q2e2)+c2§/62 = Q yclel-

Firstly, we prove, by simple calculations, as in the previous section, that Q, and Q + xQy are in
the kernel of this quadratic form. It is easy to see, by asymptotic study that these two functions are
linearly independent.

The self-adjoint linear operator associated to this quadratic form is:

Li[e] = €uy) —2cexy + c?e +5Q%€x + 1000+ €y
(5.2.2) + (5Q§ +10Q0Qqy + 12—5Q4 - 6cQ2) €,
so that Qi[e] = feﬁi [e].

L} is a compact perturbation of the constant coefficients operator:
(5.2.3) Mle] = €4x) — 2c€xyx + ce.

A direct analysis involving ODE shows that the null space of M is spawned by four linearly
independent functions:

(5.2.4) etVEX | yerVex,

Among these four functions, there are only two L*-integrable ones in the semi-infinite line
[0, +00). Therefore, the null space of L$ |gs(R) is spanned by at most two L2-functions.
Therefore,

(5.2.5) ker(L?) = Span(d:Q, Q + x9:Q).
Lemma 5.2. The operator L] does not have any negative eigenvalue.

Proof. L3 has

(5.2.6) Z dimker W[Qx, Q + xQx](t, x)
x€R
negative eigenvalues, counting multiplicity, where W is the Wronskian matrix:
—| Qx Q+xQx
(5.2.7) WI[Qx, Q +xQx](t, x) := [ Qe (O +xQy)x

For this result, see [19], where the finite interval case was considered. As shown in several articles
[23, 27], the extension to the real line is direct.

Thus, it is sufficient to see that det W[Q,, Q + xQx](t, x) is never zero. For this, let us simply
calculate this determinant:

Q+(2Qx + xQxx) — (Q + ¥Qx)Qux = 2Q% — QQux
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=2cQ*-Q*-Q(cQ - Q%
(5.2.8) =cQ?>0.

5.3. Coercivity of the quadratic form associated to a soliton. For Q = R, |

Qlel:=; [ -3 [ et /Q€+5/QQxx€+—/Q“
(5.3.1) +c(/e§—3/Q262)+02§/62

Lemma 5.3. There exists u. > 0 such that for any € € H? such that feQ = feQx = 0, we have

(5.3.2) Q:le] = pellell?,

Proof. From Section 6.2, we know that if / €9,Q = f €d.Q =0, then, for a constant v, > 0, we have
(5.3.3) Q€] = vellel?,

Let € € H? be such that /eQ = feaxQ = 0. There exists 2 € R and €, € Span(d,Q, d.Q)* such
that

(5.3.4) €=ad.Q+e€,.
From f €Q =0, we have that

(5.3.5) a/&CQ~Q+/eLQ =0,

thus

(5.3.6) % / Q2+ / €.Q=0,

which allows us to derive

_2/€J_Q

Jor
Because d.Q is in the kernel of Q:, we have
(5.3.8) Qle]l = Q[e.] = Vc“eL”%{z-
Now, from
/ Q

(5.3.9) €= f 0 —J.Q+ey,

we have by triangular and Cauchy-Schwarz inequality that

/€0

(5.3.7)

lellmz < lleLllme +25=7=119:Qllm
QI
19 Q2
< el + 25 e 2
N
)
(5.3.10) < (1+2m) lle LIl
QI
Therefore, we may derive a constant y,. (independent on €) such that
(5.3.11) Q:lel > pellell?,
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5.4. Coercivity with almost orthogonality conditions (to be used for the uniqueness). For B :=
By or any of its translations, we define the canonical quadratic form associated to B:

1 5 5 15
Q) glel : = E/e,%x—E/Bze§+§/B§e2+5/BBxxez+Z/B4ez
(5.4.1) + (B2 - a?) (/ei—?;/Bzez)+(a2+ﬁ2)2%/ez,

and we know that dy, B and dy, B is the kernel of QZ 4~ More precisely, there exists HZ g >0 such that
if € is orthogonal to dy, B and dy, B, we have

2
1
(5.4.2) erﬁ[e] > yz,ﬁHeH%{z -— ( / eB) .
ua,ﬁ
We would like to prove the following lemma (adapted from the Appendix A of [30]):

Lemma 5.4. There exists v := VZ,ﬁ > 0 such that, for € € H2(R), if

5.43) ‘ [@nBope] | [@rBai] < v
then
!’lb 4 2
(5.4.4) erﬁ[e] > TﬁHEH%{z - (JT (/ eBa,ﬁ) /
ap

where B, g denotes the breather of parameters a, B or any of its translations (in space or in time).

Proof. Take v > 0 (we will find a condition on v later in the proof) and take € satisfying the assump-
tion of the lemma. Then (by denoting B = B, )

(5.4.5) €=¢€1+aB1+bBy, = €1+ ¢,

where /6131 = /6132 = /6162 =0.
By performing a L2-scalar product of (5.4.5) with By and B,, we obtain, by assumption,

a/B§+b/Ble
a/Ble+b/B§

Therefore, by making linear combinations of these two inequalities, using triangular and Cauchy-
Schwarz inequalities, we obtain

(5.4.8) la| + [b] < Cvllellp.

We can take space derivatives of (5.4.5). And thus, we obtain, for v small enough, , that will be
useful in the last section of this article

1
(5.4.9) Ellellfiz < lletllfy < 2llellf,.

(5.4.6) < v|l€ellp2,

(5.4.7) < v||€llg2-

Because /BBl = fBBz =0,

(5.4.10) / €B = / €1B.

By bilinearity,
Qzlﬁ[(—:] :QZ,5[61]+QZ,'B[€2]+/€1,xx€2/xx—5/BZ€1,x€2,x +5/B§€1€2+10/BBxx€1€2

(5.4.11) + g / B*eier + (52 - a?) (2 / €1x€2x — 6/B2€1€2) +(a? +,82)2 / €162
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We know from the coercivity of Q° ¢ that

2
1
Qzlﬁ[el] = HZ,5||€1||§{2 i (/ 613)
lua,ﬁ

“aﬁ 2 2
(5.4.12) ||e|| M (/eB) .

ap
Also, if we denote by .[:b the self-adjoint operator associated to the quadratic form Q" B

(5.4.13) Q) sleal = a*Q} 4[Br] + Q" 4[B2] +2ab/£aﬁ B11B; < Cv2lel,,

actually in this case QZ 5[€2] = 0, because €5 is in the kernel of QZ P (but, when we adapt this proof
for solitons, we can only write the bound).
Now, we recall that / e1€2 = 0, and study the other terms by using Cauchy-Schwarz:

'/ €1,xx€2,xx - 5 / B2€1’x€2’x + 5 / Bielé‘z + ].0 / BBxx€1€2
15 4 2 2 2
(5.4.14) +? B*eiex+(B°—a”)|2 | e1x€2x—6 | B ere2

We observe that if we take v small enough, the claim of the lemma is proved. |

< C(lal +1b)llerlly < Cvllell?

HA(R)*

We prove in the same way that we have the similar lemma for solitons:

Lemma 5.5. There exists v := v > 0, such that, for € € H*(R), if

(5.4.15) (eRer)e| + / (@xRex)e| < vllelse,
then
(5.4.16) Qlle] > ||€||H2/

where R, denotes the soliton of parameter c and sign « or any of its translations.
And even,

Lemma 5.6. There exists v := v$ > 0, such that, for € € H*(R), if

(5.417) / Recel + / (OxRex) €| < Vi€l
then
(5.4.18) Qlel= K ez,

where R, denotes the soliton of parameter c and sign « or any of its translations.
5.5. Computations for the third localized integral (to be used for the uniqueness).

Lemma 5.7. Let f : R — R be a C3 function that do not depend on time and u a solution of (mKdV).
Then,

d 1 5 1
dt (Euﬁx - Euzu’z‘ " Zu6) f
3 9 1 3 45
= / (—Euﬁxx +9u2 u? + 150Uy, + —16u + 4u + 2uxxu5 -I utuZ | f’

5.5.1) o5 [+ [
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Proof. We perform by doing integrations by parts when needed and basic calculations.

% (%uﬁx—gu2u2+iu6)f:/utxxuxxf—S/utuuxf 5/u utxuxf+;/ut“5f
:_/(uxx+u3)xxxuxxf+5/(uxx+u3)xuu§f
+5/u2(uxx+u3)xxuxf—§/(uxx+u3)xu5f
:/(uxx+u3)xxuxxxf+/(uxx+u3)xxuxxf’+5/(uxx+u3)xuu,ch
+5/u2(uxx+u3)xxuxf—§/(uxx+u3)xu5f
:_%/uyzcxxf,—'—/(u?))xx ”xxxf+/(”xx+”3)xx ”XXf/+5/”xxX””>2cf+5/(“3)x uuzf
+5/u uxxxxuxf+5/ 2(u3)xxuxf—§/“xxxu5f—§/(”3)x”5f

1

:_Efuazcxxf/+/(uxx+u3)xx uxxf/+/(3uxxu2+6uazcu) Mxxxf+5/uxxx1/lu;2¢f
3 9
+15/ 3f+5/u uxxxxuxf+5/u2 (3uxxu2+6u,%u)uxf—E/uxxxu5f—§/uxu7f
1 ,
:_E/”chxxf +/(”xx+u) U f’ +3/u uxxuxxxf+5/u2”xxxxuxf
2 3 9 48
+11 | uuisyexf +45 f+15 u uxuxxf_i Uxx U f+ u®f’
1 2 ’ 9 8
=-3 W f + [ (g +1° ) oy e f' TS ubf' =2 | uPugytiyer f
2 2 / 3 3 5
+/uuxuxxxf_5/u uxuxxxf +45/ f+15/1/l uxuxxf_E/u uxxxf
1 ,
:—E/u?cxxf +/(uxx+u ) oy U f + — / ubf — S/u UyUyyx f = /
3
+/uu,zcuxxxf+45/ f+15/u uxuxxf—E/u“r’uxxxf
1 ,
=—§/”:2cxxf +/(uxx+u I / 8 — /u TR
+/u2u§xf’+2/uuxu§xf—/uiuxxf—Z/uuxu}%xf
3
—/uu%uxxf’+45‘/ 3f+15/u uxuxxf—z/uSuxxxf
1 ,
:_E/u’z‘“‘f +/(uxx+u I / 8~ /u TR +/u2u,2(x
, 1 3 ,
- [t =g [d), reas [otudr e T [utd), ged [t
1 ) 9
:—E/u?cxxf +/(uxx+u ) oy U f + — / ubf — 5/M UyUyyx f +/ 22
4
/uu Upr f/ 4+ = / urf' += /u5uxxf’+45'/u3u;°§f—45'/u3u;°§f—ZS/u‘lufc ’
3 7’ ” 7’ ’ ’
=—§/”;?Exxf —/uxxxuxxf +4/u;7;xu2f +5/u;7;uuxxf —5/u2uxuxxxf

59
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9 , 1 , 3 , 45 ,
+E u8f +Z/M§f +§/u5uxxf —Z/u‘}u%f
3 2 ’ 2 2 2 / 9 8,7 1 4 1
=3 Werrf +9 [ ug,u”f +15 [ uiusiy, f +R u°f +1 usf
3 ’ 45 4 144 ”
+§/u5uxxf —Z/u‘Lu%f —/uxxxuxxf +5/u2uxuxxf

3 9 1 3 45
= / (——u2 + 9u§xu2 + 15u§uuxx +—ub+ —uﬁ + St — —

4.2 ’
g Haxx 16" 1" i ”X)f

1
(5.5.2) +5/U2uxuxxf”+§/u§xfm'

which is exactly the desired expression.
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