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Abstract

We are interested in stability results for breather solutions of the
5th, 7th and 9th order mKdV equations. We show that these higher
order mKdV breathers are stable in H?(R), in the same way as classi-
cal mKdV breathers. We also show that breather solutions of the 5th,
7th and 9th order mKdV equations satisfy the same stationary fourth
order nonlinear elliptic equation as the mKdV breather, independently
of the order, 5th, 7th or 9th, considered.
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1. Introduction

In this note we extend previous results on the stability of breather solutions
of the focusing modified Korteweg-de Vries (mKdV) equation (see [4]),

(1.1) up + (Uge + 2u), =0, wu(t,z) € R,

to new breather solutions of higher order focusing versions of (1.1). Namely,
we are going to deal with

the focusing 5th-order mKdV equation

u + (Uaz + f5(u))e =0,
(1.2)
f5(u) == 10uu2 + 10uuy, + 6uS,

the focusing 7th-order mKdV equation
Uy + (UGCL‘ + f?(u))x =0,

fr(u) == 14uPuyy + 56uuzus, + 42uu?, + 70U, + 70Uty + 140u3u2
+20u7,

(1.3)

and the focusing 9th-order mKdV

ut + (U&’c + fQ(U))x =0,

fo(u) := 18u%ug, + 108uuusy + 228Ut gy + 210(ug)?use + 126Uy,
+138u(uge)? + 756Uz U Use + 1008uBu us, + 182(ugy:)® + 75613 (u2,)?
+3108u? (uz ) ?ugy + 420ubus, + 798u(u,)? + 1260ud (u,)? + 70u”,

(1.4)

and which we will denote them as 5th, 7th and 9th-mKdV equations here-
after. All these higher order mKdV equations are members of an infinite
family of equations, the so call focusing mKdV hierarchy of equations, as
it was shown by Alejo [2] (see [7],[10] for defocusing mKdV versions of this
hierarchy). Note that we are only interested in focusing mKdV versions
since these models are the only mKdV equations bearing regular (not sin-
gular) and real breather solutions. Moreover, other higher order mKdV
cases, (e.g. (2n+ 1)th-mKdV, n > 5) will not be treated here, since beside
increasing the number of terms in each equation of the higher order hierar-
chy (see Appendix A), we have not at hand a global well posedness theory
of them in a Sobolev space H*(R) with s < 2, as it was pointed out by
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Griinrock [12, p.506, Cor.2.1]. Since our stability result is stated taking into
account small perturbations in H2(R.), only higher order mKdV equations
with a Cauchy problem well defined in a Sobolev space H*(R),s < 2 are
going to be considered here, namely the 5th, 7th and 9th-mKdV equations
(see [17], [12] for further reading).

These higher order mKdV equations are a well-known completely in-
tegrable set of models [1, 8, 15|, with infinitely many conservation laws.
On the other hand, solutions of (1.2), (1.3) and (1.4) are invariant under
space and time translations. In fact, for any given solution u and for any
to,zo € R, u(t — tg,x — xg) and, even more —u are also solutions of (1.2),
(1.3) and (1.4).

About the Cauchy problem of higher order versions of (1.1), Linares by
using a contraction mapping argument showed in [17] that the initial value
problem for the 5th-mKdV equation is locally well-posed at H2(R)). Kwon,
[14], obtained a better result: the 5th-mKdV equation is locally well-posed
at H*(R),s > %. Finally, Griinrock, [12], deduced well-possedness results
to other higher-order mKdV equations at Theorem 2.1. This same author
established that 7th-mKdV equation is locally well-posed at H*(R), s > %.
The Cauchy problem for the 5th-mKdV equation is globally well-posed at
H?(R),s > 1 and in the case of the 7th and 9th-mKdV (1.3)-(1.4) equations
at H°(R),s > 2. See e.g. Linares [17], Kwon [14] and Griinrock [12] for
further details. Note moreover that we have the following inner relation
between mKdV

(1.5) up = — 0 (Uge + 2u3),

and its higher order versions, namely the 5th-mKdV,

(1.6) Uy = —0y (8%(%3; + 2u3) - (Quui — 4Py, — 6u5)>,
the 7th-mKdV

up = —0y (8§(um + 2u?) — 92 (2uu? — 4uPu,, — 6ud)

(1.7)
—(4uugusy — 4uugy — 2uu2, — 40utu,, — 20uu — 20u7)>,
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and the 9th-mKdV

g = —0p |08 (U + 2u®) — 2 (2uu2 — 4uPuy, — 6uP)
—0? (duuzus, — dulugy — 2uu’, — 40utug, — 20udu? — 20u7)
— (4uu6x — 8ulugy — 26Ut sy + 16Uptsy — D2Ulpptdr + 28Upplids
—39’&%’&435 — 39Uyptgy — H6U UL, — 24uu§x + 16u§x
— 84Uy Uy Usy — 168U UL Uz, — 12u§x — 196u3u§m
—168uu Uy — 280uSuy, + 42uud — 420uPu2 — 70u9)} .
(1.8)
In the case of the 5th, 7th and 9th-mKdV equations (1.2)-(1.3)-(1.4), the
profile of their soliton solutions is completely similar to the well known sech

mKdV soliton profile, and it is explicitly given by the formula (we denote
by wvs,v7,v9 the speeds of 5th, 7th and 9th order solitons)

u(t,z) == Qc(z — vit)|izs 7.0, 5 = 2,07 =c3,v9 = ¢

Qc(s) := y/csech(y/cs),c > 0.

Moreover, it is easy to see, by substitution that both 5th, 7th and
9th-mKdV soliton solutions Q. (1.9) satisfy the same nonlinear stationary
elliptic equation

(1.9)

(1.10) Q= cQc+2Q7=0, Q:>0, Q€ H'(R)

Note that this second order ODE is precisely the one satisfied by the mKdV
classical soliton. Moreover, note that the soliton solution (1.9) of the 5th,
7th and 9th-mKdV equations also satisfy the 4th, 6th and 8th order elliptic
ODEs coming naturally from integration in space of the 5th, 7th and 9th
order mKdV equations (1.2)-(1.3)-(1.4) respectively. Namely, 5th, 7th and
9th higher order mKdV solitons satisfy the following nonlinear stationary
elliptic equations:

(1.11) Q™ — ¢ Qe+ f5(Qc) = 0,

(1.12) QW) — AQ. + f1(Q.) =0,

and
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(1.13) QW) — Q. + fo(Qe) = 0.

Instead integrating directly in space (1.2), (1.3) and (1.4), another way
to check the validity of (1.11), (1.12) and (1.13) is by using the lowest
order nonlinear stationary elliptic equation (1.10) satisfied by all higher
order mKdV solitons. For instance, in the case of (1.11), we just substitute
and obtain:

Q" — Qo+ f5(Qc)

Q) — Q. +10(Q)%Q. + 10Q2Q, + 6Q?

(cQc —2Q%)" — Qe +10(Q.)2Qc + 10Q%(cQ. — 2Q%) + 6Q?3

Q. - 12Q.(QL)? — 6Q2Q" — Q. + 10(Q1)%Q. + 10Q2(cQ. — 2Q)

+6Q?

= c(cQc — 2Q%) — 2Qc(cQ? — Q) — 6Q2(cQ. — 2Q2) — Q.
F10Q2(cQ. — 2Q3) + 6Q% = 0.

The proof for the other higher order nonlinear identities (1.12) and (1.13)
follows in the same way. Note moreover that the second order elliptic
equation (1.10) satisfied by all higher order mKdV solitons is deeply related
to the variational meaning of the soliton solution. To be more precise, it is
well-known that some of the (first) standard conservation laws of 5th, 7th
and 9th-mKdV equations are the mass

(1.14) MIu(#) = %/R W2(t, 2)dz = M{u)(0),
the energy
(1.15) Elu(t) == % /R (12 — ) (¢, 2)d = Elu)(0),

and the higher order energies, defined respectively in H?(R.)

(116)  Esful(t) = /R (%ui _ st + u6) (t,2)dz = E5[u](0),
in H3(R)

L, 7 5
Brlul(t) = /R <§u§$ + b — Tutud, + Butd - §u8> (t, 2)dz = Ex[u](0),
(1.17)
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and in H*(R)

1
Eylul(t) = Jr 5113133 —9uPud, 4+ 20und, + 51uiu?, + 63utu?, — 133uul

—210u%u2 + Tu'l(t, 2)dx = Eo[u](0).
(1.18)

Using the lowest order conserved quantities (i.e., mass and energy (1.15)-
(1.16)), the variational structure of any higher order mKdV soliton (1.9)
can be characterized as follows: there exists a well-defined Lyapunov func-
tional, invariant in time and such that any higher order mKdV soliton Q.
(1.9) is an extremal point. Moreover, it is a global minimizer under fixed
mass. For the 5th, 7th and 9th-mKdV cases, this functional is given by
(see [6] for the mKdV case)

(1.19) Halul(t) = Elul(t) + ¢ M[u](t),

where ¢ > 0 is the scaling of the solitary wave (1.9), and M|u|, Efu| are
given in (1.14) and (1.15). Indeed, it is easy to see that for any small
perturbation z(t) € H'(R),

(1.20)  H3[Qc + 2](t) = H3[Qc] - /R Q7 = Qe +2Q2) + O([l=(1) I 1)-

The zero order term above is independent of time, and the first order term
in z is zero from (1.10), which it implies the critical character of Q..

Note that by using higher order conservation laws (1.16), (1.17) and
(1.18), and therefore higher order Lyapunov functionals, we are also able
to characterize 5th, 7th and 9th-mKdV solitons (1.9) as extremal points
of these higher order functionals. More precisely, for instance, in the 5th-
mKdV case, and using the quantities M [u], Fs[u] given in (1.14) and (1.16),
this functional is explicitly given, for any ¢ > 0, by

(1.21) Hs[ul(t) = Es[u](t) — ¢ M[u](t).

For the 7th-mKdV case, using the quantities M[u], E7[u] given in (1.14)
and (1.17), we get

(1.22) Hrlu](t) = Erlul(t) + ¢* M[u](t),
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and finally for the 9th-mKdV case, using the quantities Mu|, Eqlu| given
in (1.14) and (1.18), we get

(1.23) Holu] (t) = Bolu](t) — ¢* M[u](t).

In fact, it is easy to see that for any small z(¢t) € H?(R) (and H3(R), H*(R)
respectively),

(1.24) Hs[Qc + 2)(t) = Hs[Qc] + /R z(@?”’ — Q.+ f5(QC)) +O(]|2(1)[132),

ol + 210) = HrlQd) — Jiu2(QF) = Qe+ 2(@0) ) + O(11(0) ),
and

HolQe + 2)(t) = Ho[Qc] + fRz(@ﬁ“”’” — Qe+ f9<@c>) +O(l=(8) [370)-
In all cases, the zero order term is independent of time, and the first order
term in z is zero from (1.11), (1.12) and (1.13). Finally, and from the

functionals (1.21)-(1.23) above, we conjecture that the following Lyapunov
functional (here we identify Fs = E)

(1.25) Hanta[u](t) = Eapa[u](t) + (=1)" e M[u](t), neN¥,
generates the associated nonlinear ODE

(126) Qan) —c" Qc + f2n+1(Qc) = 07 ne N+>

satisfied by any soliton solution of the corresponding member of the focusing
mKdV hierarchy (see [2]).

1.1. Breathers in 5th, 7th and 9th order mKdV equations

Beside these soliton solutions of 5th, 7th and 9th-mKdV equations (1.2)-
(1.3)-(1.4), it is possible to find another big set of explicit and oscillatory so-
lutions, known in the physical and mathematical literature as the breather
solution, and which is a spatially localized, and periodic in time, up to
translations, real function.

For the 5th, 7th and 9th-mKdV equations (1.2)-(1.3)-(1.4), the breather
solution in the line can be obtained by using different methods (e.g. Inverse
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Scattering, Hirota method. See [18, 19, 20] for further details). Particu-
larly we use here a matching method to find these breather solutions, i.e.
proposing a well known ansatz, with speeds as free parameters to be deter-
mined in order to define a solution. Note that the same procedure can be
used to obtain periodic breather solutions of the 5th, 7th and 9th-mKdV
equations.

Definition 1.1 (5th, 7th and 9th-mKdV breathers). Let«, 3 > 0 and
z1,79 € R. The real-valued breather solution of the 5th, 7th and 9th-
mKdV equations (1.2)-(1.3)-(1.4) is given explicitly by the formula

B | R EM)
(1.27)B = Bo (t, x; x1, x2) 1= 0B, 1= 20, [arctan (Q cosh(Bya) ) |

with y; and ys

(1.28) yr=x+4it+r, Yo=x+vt+x2,1=5,7,9

and with velocities (5,7s) in the 5th order case

(1.29) 85 := —a* +10a23% — 58%, 5 := —B* + 10a23? — 5a?,

(07,7y7) in the 7th order case

67 := b — 21082 + 35a2B4 — 785,  ~7:= —B% + 21a2B* — 350252 + Tab,
(1.30)
and (dg,y9) in the 9th order case

§g = —a®+36a°3% — 1260 3* + 840336 — 938,
(1.31) — _ /8 226 _ 494 632 _ g8

Yo = —fB°+4 36a°6° — 126a*5* + 84a° 3 — 9a°.
Remark 1.1. Observe that breather solutions for 5th, 7th and 9th order

mKdV equations have the same functional expression as the classical mKdV
breather solution [4, Def.1.1]

with 4y = x + 0t + 1, y2 = @ + Yt + 29, and velocities § = o — 352, v =
3a? — (32, and in fact only differing in speeds (1.29)-(1.31).
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Remark 1.2. Finally be aware that these 5th, 7th and 9th breather so-
lutions (1.27) in R could be used to re-approach the ill-posedness of the
Cauchy problem for 5th, 7th and 9th-mKdV equations (1.2)-(1.3) and (1.4),
in the same way they were used by Kenig-Ponce and Vega [13] and Alejo
[3], to show a failure of the flow map associated to some nonlinear disper-
sive equations to be uniformly continuous. This procedure could afford a
complementary proof to the previous works on the ill-posedness of these
higher order equations presented by Kwon [14] and Griinrock [12].

One of the main results of this work will be to prove that, exactly as
it happens with all 5th, 7th and 9th soliton solutions (1.9) which satisfy
the same nonlinear elliptic equation (1.10), breather solutions (1.27) of the
5th, 7th and 9th mKdV equations satisfy the same nonlinear fourth order
stationary elliptic equation. Namely

Theorem 1.2. Any 5th, 7th or 9th mKdV breather B satisfies the same
fourth order stationary elliptic equation than the classical mKdV breather,
namely

Byz +10BB2 +10B? By, +6B° — 2(% — ) (Bye +2B3) + (o* + %)?B = 0.

This fact can be interpreted as if all mKdV breathers and higher order
mKdV breathers are characterized by the same elliptic equation, in a similar
way as it was showed for the KdV equation by Lax [16]. Moreover, and as
second main result in this paper, we give a positive answer to the question
of breathers stability for these higher order mKdV equations.

Theorem 1.3. 5th, 7th and 9th mKdV breathers are orbitally stable in
the H?-topology.

A more detailed version of this result is given in Theorem 5.1. As we
have already shown, we need the space H? by a regularity argument and
through the variational characterization that we obtain of these breather
solutions of higher order mKdV equations.

1.2. Organization of this paper

In Sect.2 we present some higher order nonlinear identities adapted to 5th,
7th and 9th-mKdV breathers. Furthermore, we prove that any 5th, 7th or
9th-mKdV breather solutions satisfy a fourth order nonlinear ODE, which
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characterizes them. Sect.3 is devoted to collect and list the properties of
a linearized operator associated to these higher order breather solutions.
In Sect.4 we introduce a suitable H2-Lyapunov functional for higher order
mKdV equations (1.2), (1.3) and (1.4). Finally, in Sect.5 we present a
detailed version of Theorem 5.1.

Acknowledgments. We would like to thank to professors C. Mufioz and
C. Kwak for richful discussions and comments on a previous version.

2. Higher order nonlinear identities

The aim of this section is to show explicit nonlinear identities satisfied by
any bth, 7th or 9th-mKdV breathers.

First of all, consider the two directions associated to spatial translations.
Let B, g as introduced in (1.27). Then we define

(2 1) Bl(t,ﬁ, .ﬁUl,.’,UQ) = aﬁleOz,ﬁ(tax;xlva) and
’ Bo(t, 521, 2) = OpyBag(t, z; 21, 22).

It is clear that, for all t € R, and «, § as in definition (1.27) and =1, 22 € R,
both By and Bs are real-valued, exponentially decreasing in space, functions
in the Schwartz class. Moreover, it is not difficult to see that they are
linearly independent as functions of the z-variable, for all time ¢ fixed.
We also define the partial mass associated to any 5th, 7th or 9th-mKdV
breather B (1.27) as (G = & sin(ay1), F' = cosh(By2)):

M(t,z) = Mag(t,z) =3 [* B(t, s;21,20)ds

(2.2) = B+ 109, 10g(G? + F?)(t, z).

In the last expression we have used that B2 = 102log(G? + F?)(t, ), just
following [5, Lemma 2.1, Appendix A] in the case of a vanishing boundary
condition. Finally, let consider B = Baﬁ as the following L°°-function
associated to mKdV breathers:

(2.3) B(t,z) := 2arctan (g%).

The following nonlinear identities are satisfied by 5th, 7th and 9th-mKdV
breathers:
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Lemma 2.1. We have for allt € R, and o, 8 > 0, the following identities.
Let B = B, g be any 5th, 7th or 9th-mKdV breather solution of the form
(1.27) as it corresponds. Then

1. For any fixed t € R, we have B, well-defined in the Schwartz class,
satisfiying respectively for the 5th, 7th or 9th-mKdV equations that

(2.4) Bi 4 Bong + foni1(B) =0, with n =23 4.

2. Let M be defined by (2.2). Then

1. The 5th order case:
(2.5) B2, —2BB; 4+ 2M; — 2B% — 2B, B, — 10B2B2 = 0.
2. The 7th order case:

B?z)x —|—2Bét —2M; + 588 +2B;Bs; — QngB‘lCC
+28B2B, B3, — 14B2B2,_ + 56 BB2B,, + TB + 710B4B2 = 0.
(2.6)

3. The 9th order case:

B}, —2BB;+2M; — 2B, B, + 2Bg;Byy — 2Bs.Ba, + F[B] = 0,
F[B] :== =2 [*__ fo(B)(s)Bsds.
(2.7)

Proof. In the 5th case, the first item (2.4) is a consequence of (2.3)
and a convenient integration in space (from —oo to x). To obtain (2.5)
we multiply (2.4), when n = 2, by B, and integrate in space in the same
region. The proofs in the 7th and 9th order cases follow similar steps as in
the 5th order case. O

We compute now the higher order energies (1.16), (1.17) and (1.18) of
any higher order breather solution of (1.2), (1.3) and (1.4) equations.

Lemma 2.2. Let B = B, g be any 5th, 7th or 9th order mKdV breather
solutions respectively, for a, § as in definition (1.27). Then the higher order
energies (1.16), (1.17) and (1.18) of a 5th, 7th and 9th-mKdV breather B
are respectively
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(28) EslBli=—2pw, ErlBli= 207, and Eo[Bi= —2f0,

with 7s,v7,v9 given in (1.29)-(1.30)-(1.31).

Remark 2.1. Note that as it happens with the classical mKdV breather
solution B, where E[B] := 23 (see [4, Lemma 2.4]), the sign of the higher
order energies Es, F7, Fg is driven by a nonlinear balance among the dif-
ferent terms depending on scalings «, (3.

Remark 2.2. From the above Lemma, we conjecture that for any (2n+1)-
order mKdV breather B, its (2n + 1)-order energy is given by
2p

(2.9) Eoni1[B](t) = (—1)"! n €N,

and with
- , (2n+1)!

Von+1 = Z(_l)]

J=0

2j g2(n—)
@iEnr 1o T el

Proof.  (of Lemma 2.2) We start with the 5th order case. First of all,
let us prove the following reduction

1
(2.10) Bs[B(t) = —= / My(t, ) dz.
5 /R
Indeed, we multiply (2.4) by B and integrate in space: we get
/R B2, = /R 20B?B?2 — 6B® — BB;.
On the other hand, integrating (2.5),

2 2 o 9 1
/Bgm:—/BﬁJr—/BBt——/Mt+—O/BQB§.
R 3J/R 3JR 3 /R 3 JR

From these two identities, we get

1 1 - 5
BG:—/ ——/ BB —/BQBZ,
/R 10 RMt 4 Jr t+2R “
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and therefore

3 15 1 .
32:——/ —/3232 —/BB.
/R e 5 RMWr 3 /r ¢ty R

Finally, substituting the last two identities into (1.16), we get (2.10),
as desired. Proceeding in the same way, in the 7th and 9th order cases we
obtain the corresponding simplifications

1 1
(211) Br[B)t) = = /RMt(t,a:)dx, BylBI(t) = 5 /RMt(t,x)dx.
Now we prove (2.8). From (2.2), we have that

My(t, ) = %azat log(G2 + F2)(t, 2).

Now substituting in the energy (2.10), remembering the identity (2.4) and
the explicit expression for M[B] in (2.2), we get

Bs[BI(f) =1 g Mi(t,2) dz = L1 [ (amat log(G? + F2)>d:r

= - (%%@ log(G? + F2)) 7% = —28%.
For the 7th and 9th order cases, we proceed as above, but now using (2.4),
(2.6) and (2.7), and we get

2 2
E7[B] = ;577, and FEy[B| = —55’79-

O
Note that since the profiles of 5th, 7th and 9th order mKdV breathers
(solitons) agree with the expression of the classical mKdV breather (soli-
ton), and since the energy E (1.15) is a conserved quantity for the mKdV
and 5th, 7th and 9th higher order equations, when the lowest energy F
(1.15) is evaluated in these 5th, 7th and 9th higher order breathers we ob-
tain in both cases the same value than the mKdV breather energy, %B’y.
For the sake of simplicity and to understand that property, we remember
here the relation [5, (4.2),(4.4)] in the case of low order conserved quantities
evaluated at breather solutions B and at soliton solutions Q.:

and FE[B] = 2Re [E [Qcll/e=p+ia

(212) M(B) = 2Re| M(Qu] o= o

The next nontrivial identity for 5th-mKdV breathers (1.27) will be use-
ful in the proof of the nonlinear stationary equation that they satisfy.
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Lemma 2.3. Let B = B, g be any 5th-mKdV breather (1.27). Then, for
allt € R,

(2.13) By = (a? + 82)?B — 2(8% — a?)(Bya + 2B).

Proof. We will use the following notation:

oo (50 -2

H:=H(t,z)= 2(ﬁa2 cosh(Bys) cos(ay1) — B2asinh(Bys) sin(ay1)>,

N := N(t,z) = o cosh?(Bys) + B2 sin®(ay,),

and from B (2,3)

B =20 s (G555 - ¥y

(2.14) P := P(t,x) = 2(60455 cosh(Bys) cos(ay1) — Barys sinh(Sy2) sin(ayl)),

with d5,v5 as in (1.29). For the sake of simplicity, we are going to use the
following notation:

(2.15) Np := N, = 2a3% cos(ayy) sin(ayy) + 2023 cosh(Byz) sinh(By2),
(2.16)  No := N, = 2026%(cos?(ay;) — sin?(ayy) + cosh?(Bys)

+Sinh2(ﬁy2))>
and
(2.17) Hy := H, = —2a3(a? + %) cosh(Bys2) sin(ay1 ),
(2.18) Hy = Hyy = —2a8(8? + a?)(a cosh(Bys2) cos(ayr)
+Bsin(ayy) sinh(Byz)).

First of all, we start rewriting the following terms of the Lh.s. of (2.13):
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1
(2.19) By, +2B3 = e (2H3 + HyN? —2H NN, + 2HN? — HNNQ),

and hence, we have that

(2200 =By —2(8% - a?)(Bus +2B%) + (a® + 2B = £%,

with

My := —PN? + (a? 4+ g?)?HN?

(2.21)
—2(8? — a?) <2H3 —2NH1 Ny +2HN? + N?Hjy — HNNQ).

Indeed, we verify, after substituting P and H's and N’s terms explicitly in
MO and having in mind basic trigonometric and hyperbolic identities, that

(2.22) My =0,

and we conclude. a

We are ready now to present one of the most important results of this
work, namely, we are going to show that in fact, breather solutions (1.27)
of 5th, 7th and 9th-mKdV equations satisfy the same fourth order ODE
satisfied by the classical mKdV breather solution (2.23) and it characterizes
them. This result means that this ODE identifies breather functions at
different levels in the mKdV hierarchy, i.e. at the mKdV level and at 5th,
7th and 9th mKdV levels, as being solutions of the same stationary fourth
order ODE.

Theorem 2.4. Let B = B, g be any 5th, 7th or 9th-mKdV breather so-
lution given in (1.27). Then, for any fixed t € R, B satisfies the same
nonlinear stationary equation than the classical mKdV breather solution
(2.23), namely

G[B] := By +10BB2 +10B%B,, + 6B° — 2(5% — a?)(By. + 2B%)
+(a?+ 8%)?2B = 0.
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Proof.  [Proof of Proposition 2.4] In the case of the 5th order breather,
since by (2.4) the first four terms in (2.23) equal —B; and using the above
identity (2.13), we simply get

G[B] = —B; — 2(8? — o®)(Bysx + 2B3) + (o + 8*)2B = 0.

The 7th and 9th order cases are more involved since we do not have at
hand any identity like (2.13). Therefore, we first recast the Lh.s. of (2.23).
Taking into account the r.h.s. of (1.6), we rewrite the first four terms in
(2.23) and simplify the Lh.s. of (2.23), as follows:

By +10BB2 4 10B% By, + 6B° — 2(8% — a?)(By: + 2B3) + (o? + 5%)2B
= 02(Byy + 2B3) — 2B(B2 — 2BB,,; — 3B*) — 2(B?
—0?)(Byy + 2B%) + (o + 5°)°B
= 02(Byy + 2B3) — 2B([B2 + B*| — 2B|[By. + 2B3))
—2(6? — a?)(Bys + 2B%) + (o? 4 *)B
= 02(Byy + 2B3) + (4B? — 2(8% — ?))(Bys + 2B?)
—2B[B% + B*] + (a? + 5%)?B.
(2.24)

Now, we prove directly that (2.24) vanishes. Having in mind notation (2.14)
and (2.15)-(2.18), we extend it considering the following derivatives:

N3 = Ny = —8a35% cos(ayy) sin(ayr) + 8a232 cosh(Bys) sinh(Byz),
Ny = Ny = 8a?8%(—a? cos?(ay1) + a? sin?(ay;) + (2 cosh?(Bys)
+BQ Sinh2(/6y2))7

Hy = H.po = 2a3((a* — B*) cosh(Bys) sin(ayy )
—2a3(a® + %) cos(ayy) sinh(By2)),

Hy := Hy, = 2aB((a® — 20332 — 3a3%) cosh(Bys) cos(ay:)
+(3a'8 + 2a2B% — 3%) sin(ay1) sinh(By2)).

First of all, remembering from (2.19) that
1
(2.25) By, +2B° = e <2H3 + HyN? —2H NNy + 2HN? — HNN2>,

we get
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02(Byy +2B%) = 2 (6H2N(HoN — 6HyNy) + 6H3(4NE — NN)

+N(N(H4N2 —4H3N N7 + 12H2N12 - 6H2NN2)
—4H1 (6N} — 6NN Ny + N2N3)) + H(24N{ — 36 NNEN,
(

+2N?(6H? + 3N2 + 4N1N3) — N3N4)>.

(2.26)
Hence, we have that

(227)  03(Buw +2B%) + (4B = 2(8 — o?))(Baw + 2B°) = 13,

with

M = <8H5 +2H?N(5HaN — 22H1Ny) + 2H3(16 N2 — 5N Ny

+2(a? — BAHN?) + H [24]\7;1 —36NNENy +2N%(6H? + 3N3 + 4N1 N3
+2(a? — B2)N?) — N3(Ng + 2(a? — 3?)Ns)

+N[—24H1Nf' + 12NN1(H2N1 + 2H1N2) + N?’(H4 + 2(@2 — /62)H2)

—2N%(2H3Ny + 3Hy N + 2H (N3 + (a2 — 62)N1))])-

(2.28)
Moreover, we have that

(2.29) —2B[B2+ B = 221 <H4 + (H1N — HN1)2>,

and therefore,

(2.30) —2B[B2 + BY + (o? + f%)’B = 1%,

with

(2.31) My := (H(—Q(H4 + (H1N — HN1)?) + (® + 52)21\74)).
Hence, we get the following simplification of (2.24):

G[B] = 0%(Bgys +2B%) + (4B? — 2(8? — a?))(By, + 2B%)
(2.32) —2B[B%+ BY + (o? + 8%)’B

_ Mi+Mo
- N5 )
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with My, My in (2.28) and (2.31) respectively. In fact, we verify, using the
symbolic software Mathematica, that after substituting H's and N's terms
explicitly in (2.32) and lengthy rearrangements, we get

My + Mg = Z§:1 Pij Sin(ayl)% + Z?zl Qij Sin(ayl)zi*17
(2.33) Pij = Zj,io Qi Cos(ayl) Cosh(5y2)2j+17

L. . . /
Gij = Y- jLo bij sinh(Bys) cosh(By2)¥,  Li, L; € N.

It is easy to see that a;; = b;; = 0,Vi=1,...,4,7 =0,..., L;, L;. Therefore
we get that

(2.34) M 4+ My =0,

and we conclude. a

A direct consequence from Theorem 2.4 and identity (2.4), implies that
for the 7th and 9th order cases, we are able to obtain a new identity relating
B, and lower order spatial derivatives of the 7th and 9th-mKdV breathers
(see (2.4) for comparison):

Corollary 2.5. Let B = B, g be any 7th or 9th-mKdV breather solutions
(1.27) as it corresponds. Then, for any fixed t € R, the associated profile
B (2.3) to any 7th or 9th-mKdV breather satisfies the following nonlinear
identities:

1. 7th order case:

By —2(3% — a®)(® + B%)?B + 4(a* — 6a%5% + p4) B3
+4(8? — a?)B® — 4B7 + (3a* — 10252 + 34*) By + 4(3? — o) BB2
—20B3B2 + 2BB2, — 4BB,;Bs, = 0.

(2.35)

2. 9th order case:

By + agB + a1 B® 4 a2 B® + 16 (3> — o?) BT — 26B° + a3 B2B
+32 (o — 42) B2B3 — 100B2B® — 2BB + a4Byy — 6 (0 + 32)° By, B2
+20 (82 — a?) By B — 28B,, B + 4 (82 — o?) B2B,, — 12B2B,,, B*
+8 (8% — a?) B2, B — 4B2,B3 + 2B3 + 8 (a* — 3?) B;Bs, B
—32B; B3, B3 — 4B, B, B3, — 2B3,B = 0,

(2.36)
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for
ag = — (042 + 52)2 (3a* — 100232 + 354),
a; = —4(a? — 62)(a4 — 140262 + 64),
ay = —2 (a4 + 180232 + 54) ,
az =2 (5at — 6a%8% + 58%),
ay = —4(a? — %) (a* — 6a25% + ).

Proof. For both 7th and 9th order cases, using By, in (2.23), and
computing from it the expressions of Bg,, Bs;, and substituting recursively
By, we get (2.35) and (2.36). O

3. Spectral analysis

For any 5th, 7th or 9th-mKdV breather solution B = B, g, we define the
following fourth order linear operator:

L[z](w5t) = 2uq) () — 2(8% — a®)zpe () + (2 + 52)22(x)
(3.1) +10B2 2,2 (7) + 20BB, 2. ()
+ [10B2 + 20BB,, + 30B* — 12(5? - a?) B?| 2(x).

As a direct consequence of the already studied spectral properties of
the linearized operator L[z] associated to the mKdV breather solution B
in [4] and after a proper rescaling of B, we obtain the same results for the
5th, 7th or 9th-mKdV breather solutions. In the following lines and for
the sake of completeness, we only summarize and list the main features of
(3.1): consider first the functions Bj, By (2.1) associated to 5th, 7th and
9th-mKdV breather solutions B (as it corresponds) and denote as scaling
directions, the derivatives

(3.2) AoB = 0,8, AgB = 03B.
We get the following

Lemma 3.1. For any 5th, 7th or 9th-mKdV breather solution B = B, g,
we get that

1. (Continuous spectrum) L is a linear, unbounded operator in L?(R),
with dense domain H*(R)). Moreover, L is self-adjoint, and is a com-
pact perturbation of the constant coefficients operator

Lolz] = 2(4z) — 2(82 — o) zpe + (&% + 5?2
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In particular, the continuous spectrum of L is the closed interval
[(a? + %)%, +0c0) in the case B > «, and [4a?(?%,+00) in the case
< «, with no embedded eigenvalues are contained in this region.

I} ith bedded ei 1 tained in thi i

(Kernel) For each t € R, one has

ker £ = Sp(m{Bl(t; x1,132), Ba(t; 21, 332)}-

Consider the scaling directions A, B and AgB introduced in (3.2).
Then

(3.3) /R AuB LIALB] = 16028 > 0,
and

(3.4) /R AsB L[AsB] = —16a%3 < 0.
Let

(3.5) By = %.

Then By is Schwartz and satisfies L[By] = —B,

1 1
/ BOB a2 i 52) O, and 5 /R BOE[BO] = —W < 0.

Let By, Ba the kernel elements defined in (3.1) and W the Wronskian
matrix of the functions By and Bo,

B Bs

(3.7) W([By, Bs)(t; x) := [ (B (Ba) ] (t,z).

Then

8%8%(0? + §)[arsinh(28ys) — Bsin(2apn)]

det WB1, B (%) = — (a2 + 2 + a? cosh(2By2) — 8% cos(2ay1))?

(3.8)

The operator L defined in (3.1) (associated with 5th, 7th and 9th
mKdV equations) has a unique negative eigenvalue —\2 < 0, of mul-
tiplicity one, and Ao = Ao(av, 3, 21, x2,1).
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7. (Coercivity) Let us consider the quadratic from associated to L (3.1):

Qle] = Jp2Lle] = Jr2ie +2(8% — o) [g 22 + (o + B°)° [ 2
—10 g B?22 — 10 [g B22% — 40 Jg BByz2,

(3.9) +30 fg BY2? — 12(8 — o?) [g B222.

There exists a continuous function vy = vy(«, 3), well-defined and

positive for all ., 3 > 0 and such that, for all zy € H?(R) satisfying
(here B_1 is the eigenfunction associated to the negative eigenvalue)

(3.10) / 20B_1 :/ 20 B1 :/ z0Bs = 0,
R R R

then

(3.11) Qlz0] = wollz0llZe(m,.

For the proof of this Lemma, we refer the interested reader to [4, Sect.4].

4. Variational characterization of higher order mKdV breathers

In this section we define a H?2-Lyapunov functional for both 5th, 7th and
9th-mKdV equations (1.2), (1.3) and (1.4) and associated to any of the
higher order breather solutions. This approach is completely similar to the
one depicted in [4] for the classical mKdV breather solution.

Let B = B,p be any 5th, 7th or 9th-mKdV breather solution and
t € R. Using a linear combination of the functionals E5[u], Flu] and M u]
given in (1.16), (1.15) and (1.14), we define

(4.1) Hu(t)] := Bslu](t) +2(6% — o) E[u](t) + (a® + 57)2M [u] (¢).

Therefore, H[u] is a real-valued conserved quantity, well-defined for H2-
solutions of (1.2), (1.3) and (1.4).
Moreover, one has the following:

Lemma 4.1. 5th, 7th and 9th-mKdV breathers (1.27) are critical points
of the Lyapunov functional H (4.1). In fact, for any z € H?*(R) with
sufficiently small H?-norm, and B = B, g any 5th, 7th and 9th-mKdV
breather solutions, then, for all t € R, one has

(4.2) HIB + 2] — H[B] = %Q[z] N,
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with
Q being the quadratic form defined in (3.7), and N'[z] satisfying |N[z]| <
K| 2[I32(r)-

Proof. Considering any 5th, 7th or 9th-mKdV breather B, we compute
H[B+2z = % Jr(Bea + S Jr(B+ 2)*(Be + 2)? + Jr(B+ 2)°
+(3? = a?) [r(By + 2)* — (8% — o®) [g(B +2)*

+3(0% + 5°) [ (B + 2)?

=3 Jr Bl =5 [R B*B; + [ B° + (8° — &®) [ B}

—(B%—a?) [g B*+ 3(a®+ 82)? [g B + Jg 2 [B4m +10BB?
+10B%2B,, + 6B — 2(8? — a?)(Byz + 2B3) + (a? + 52)23}

+3| Jr 7 +208° = @) [ 2 + (0® + 3%)? [ 2° + 10 Jg B*z002
—20 [gr BByzyz + [g(30B* — 10B2 — 12(5% — az)BQ)zﬂ

—5 [r (2222 4+ 2B, 222, + 2Bz22) + [g 20B32% 4 158224
+6 [g B2® + Jp 2% — 4(B? — o?) [g B2® — (6% — &?) g 2%
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We finally obtain:
HIB + 2] = +/ GB=(t) dz + ~ Q[]+N[z],

where Q is defined in (3.7) and
G[B] := Byy + 10BB2 4 10B?B,, + 6B% — 2(3* — ®)(By, + 2B?) + (o? + 8*)?B
From Theorem (2.4), one has G[B] = 0. Finally, the term N[z] is given
by
Nz] = —10 Jg Bz22 + [g[2B.o23 — 52222 + 20B32 + 15B%2% + 6B2° + 2°]
(4.3) —4(B? — a?) Jg B3 — (8% — o?) Jg 2"
Therefore, from direct estimates one has [N[z]| < O(|z[3,, (R)) as de-

sired.
Using the previous Lemma, we are able to prove the main result of the

paper.

5. Main Theorem

Theorem 5.1 (H2-stability of 5th, 7th and 9th order mKdV breathers).
Let o, B € R\{0} and B = B, g any 5th, 7th or 9th order mKdV breather.

There exist positive parameters 1y, Ag, depending on « and (3, such that

the following holds. Consider ug € H?(R), and assume that there exists

n € (0,mp) such that

(5.1) luo — B(t = 0;0,0)| 2wy < -
Then there exist x1(t),z2(t) € R such that the solution u(t) of the

Cauchy problem for the 5th (1.2), 7th (1.3) or for the 9th (1.4) equations,
with initial data ug € H?(R.), satisfies

. <
(5.2) gi” B(t; z1(1), xg(t))‘ @) S Aon,
with
(5:3) sup |27 (£)] + |25(8)| < K Aon,

teR

for a constant K > 0.

Remark 5.1. Note that the same result is true for the negative breather
—B, 3 which is also a solution of (1.2) or (1.3).
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Proof. [Proof of Theorem 5.1 We take u = u(t) € H%(R) as the
corresponding local in time solution of the Cauchy problem associated to
(1.2), (1.3) or (1.4), with initial condition u(0) = uy € H%(R) (cf. [17],
14], [12)).

Therefore once we guaranteed for the case of 5th, 7th and 9th-mKdV
breathers, that they satisfy the same 4th order stationary ODE (2.23) as the
classical mKdV breather, that a suitable coercivity property holds for the
bilinear form Q associated to any of these higher order breathers (see (3.9),
and the existence of a unique negative eigenvalue of the linearized operator
L (3.1) associated again to these higher order breathers, the stability proof
follows the same steps as the H2-stability of classical mKdV breathers [4,
Theorem 6.1]. Namely, we proceed assuming that the maximal time of
stability 7" is finite and we arrive to a contradiction. a

A. 11th-mKdV equation

For the sake of completeness, we show the 11th order mKdV equation. It
is written as follows:

w40y (mox + 22u2ugy 4+ 198utug, + 924ubug, + 506U (ugy)® + 303613 (usy)?

+2310uB gy + 8316u° (14e)? + 937202 (uge)® + 924007 (ug)? + 2679603 (ug)*
+1T76uu,u7, + 484Ut ue, + 462 (ux)2 Uge + 836UU3LUse + 23T6US UL Us,
+5016u3 Uy sy + 2706 (um)2 Ugy + 112200 (um)2 Uge + 34981z, <U3x)2
+11088uSug sz, + 21120u (ug)® use + 545160 (ug)? gy

+44748u (g)? (tge)? + 13398 (tg)? tge + 2376UpUprtise + 3696U sy iy

43933602 Uy Upp sy + 252u11> =0.
(A.1)

Moreover, we are able to obtain the 11th order mKdV breather solution,
in the same way we used to get (1.27):

Definition A.1 (11th-mKdV breather). Let o, 5 > 0 and x1,x2 € R.
The real-valued breather solution of the 11th-mKdV equation (A1) is given
explicitly by the formula

(A.2) B = B, g(t, x5 21, x2) := 20, [arctan (g%)] )
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with y; and ys

(A.3) y1 =z +onut+x1, Y2 =2+ 11t + 22,

and with velocities

011 = a'® — 550882 + 330085* — 4620435 4 1650238 — 11510,

(A.4)

[1]

yi1 = 11019 — 1650882 + 462a85* — 330085 + 550258 — 510,
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