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Stability properties of periodic traveling waves
for the intermediate long wave equation

Jaime Angulo, Eleomar Cardoso Jr. and Fabio Natali

Abstract. In this paper we determine orbital and linear stability of a
class of spatially periodic wavetrain solutions with the mean zero property
related to the intermediate long wave equation. Our arguments follow
recent developments for the study of the stability of periodic traveling
waves.

1. Introduction

One of the most fascinating phenomena appearing in nonlinear dispersive equa-
tions is the existence of solutions that maintain their shape and travel with constant
speed. Such solutions are the result of a perfect balance between the nonlinear and
dispersive effects at the medium. In general, these solutions are called traveling
waves, and it is well known that their existence has very wide applications in fluid
dynamics, nonlinear optics, hydrodynamic and many other fields (see pioneering
works due to Boussinesq, Benjamin—Ono, Benjamin—Bona—Mahoney, Miura, Gard-
ner, and Kruskal). The study of the dynamics of these solutions has become one of
the important issues of the last decades for evolutive nonlinear partial differential
equations.

We can say that the initial impetus for the scientific activity of these profiles
was the inverse scattering theory (IST) for the Korteweg—de Vries equation (KdV-
equation henceforth)

wp + up + () + Ugze = 0.

One of the lessons learned from the IST is that the traveling wave with a solitary
wave profile, namely, u(x,t) = ¢ (z — ¢t) with ¢ > 0 and

lim (&) =0,

|€§]—=+o0

plays a central role in the long-time asymptotics of solutions to the initial-value
problem associated to the KdV-equation. Indeed, general classes of initial data are
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known that evolve as a finite sequence of solitary waves followed by a dispersive tail.
A companion result is that individual solitary waves are orbitally stable solutions
of the evolution equation. The exact theory of stability of solitary waves for the
KdV-equation was started by Benjamin in [12] (see also Bona in [14]), and reached
maturity a decade ago with works due to Albert [4], Albert and Bona [5], Albert,
Bona and Henry [6] and Weinstein [38], [40]. Next, in papers due to Strauss et al.
and Weinstein [15], [24], [39] it was shown that not all solitary wave solutions are
stable. Both necessary and sufficient conditions for stability of the traveling waves
solutions of a range of nonlinear dispersive evolution equations appear in various
of the above references.

In the last years, the study of stability of traveling waves of periodic type associ-
ated with nonlinear dispersive equations has increased significantly. A rich variety
of new mathematical problems have emerged, as well as the physical importance
related to them. This subject is often studied in relation to the natural symmetries
associated to the model (translation invariance and/or rotation invariance) and by
perturbations of symmetric classes, e.g., the class of periodic functions with the
same minimal period as the underlying wave. In the case of shallow-water wave
models (or long internal waves in a density-stratified ocean, ion-acoustic waves in a
plasma or acoustic waves on a crystal lattice), a formal stability theory of periodic
traveling wave has started with the pioneering work of Benjamin [13] regarding the
periodic steady solutions called cnoidal waves for the KdV equation. The wave-
form profiles were found first by Korteweg and de Vries for the KdV-equation. The
cnoidal traveling wave solution, namely, u(z,t) = ¢.(x — ct), has a profile given by

Bz — B
12

(L1) 2el€) = B+ (B — o) en? ( &),

where cn(-; k) represents the Jacobi elliptic function called cnoidal associated with
the elliptic modulus k € (0, 1), and the §;’s are real constants satisfying the classical
relations

_ B3P
B3 — P

We recall that ¢, satisfies the second order differential equation

(1.2) b1 < B2 <PBs, Pr+PB2+Ps=3c K

(1.3) SO +epel) — 2 P2E) = A, EER,

2
with A, = —1 >_i<; BiB;j, and that the formula (1.1) is deduced from the theory of
elliptic integrals and elliptic functions (see Angulo [8]). The existence of a smooth
curve of solutions for (1.3) with a minimal period L,c € I C R — ¢, € H},.([0, L])
follows from the implicit function theorem. The interval I in general depends of
the qualitative properties of .. In fact, if . has the mean zero property,

L
/0 pel€) de =0,
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we have I = (0,400). If A, = 0 and ¢.(§) > 0, for all £ € R, we have I =
(472 /L% +0o0). A first stability approach for the cnoidal wave profile (1.1) was
introduced by Benjamin in [13] regarding the stability in H!, ([0, L]) of the orbit

(1.4) Qp, = {pe(- +y) 1y €R},

by the periodic flow of the KAV equation. Years later, a complete study was carried
out by Angulo, Bona and Scialom in [9] (see also [8]).

Recently, Angulo and Natali in [10] (see also [8]) have established a new ap-
proach for studying the stability of even and positive periodic traveling waves
solutions associated to the general dispersive model

(1.5) up + 2uuy — (Mu), =0,

where M is a differential or pseudo-differential operator in the framework of peri-
odic functions. M is defined as a Fourier multiplier operator by

(1.6) Mg(n) =0(n)g(n), nez,

where the symbol 0 of M is assumed to be a measurable, locally bounded function
on R, satisfying the condition

(1.7) ar|n|™ < 6(n) < as(1 +[n[)™,

where m; < ma, |n| = ng, O(n) > b for all n € Z, and a; > 0. One of the
advantages of Angulo and Natali approach is the possibility of studying non-local
evolution models in a periodic framework. For instance, let us consider the case of
the Benjamin—Ono equation (henceforth BO-equation)

(1.8) Uy + Uty — Hgy = 0,

where H denotes the periodic Hilbert transform, defined for L-periodic func-
tions f as

L/2 B

(19) Hi@) = o [ cot L2201y,

[ A L
where p.v. represents the Cauchy princi/pgl value of the inte;g{al. The Fourier trans-
form of Hf is given by the sequence {H f(n)}nez, where Hf(n) = —i sgn(n)f(n).
In other words, we have that M = Hd, has a symbol given by 6(n) = |n|. The
periodic traveling waves u(x,t) = @.(x — ct) for the BO-equation with minimal
period L satisfy the following non-local pseudo-differential equation:

1
Hepe + cpe — 5‘;03 =0,
and they are given by
4w sinh(7)

pelr) = — cosh(v) — cos(2mz /L)’

where v > 0 satisfies tanh(y) = 27/(cL) (therefore the wave speed ¢ must satisfy
¢ > 2w /L). In [10], the authors showed the first orbital stability result for the orbit
generated by ..
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In this paper, we are interested in studying the orbital and linear stability of
a periodic family of traveling waves for the physically relevant intermediate long
wave equation (ILW-equation henceforth),

(1.10) g + 2utiy + 6 g — (Tsw)pe =0, 0 >0,

with w = wu(z,t) a L-periodic function and z,t € R. The linear operator 75 is
defined by

1 L/2
Tou(w) = pov. [ Tousla = y)uly)dy,
—L/2
where ornd
- mn inm
Ls0(§) = —i Z coth (T) e2inmé/ L
n#0
Thus, via the Fourier transform we obtain that

2 .
Tou(x) = —i Z coth (WTM) i(n) e/ E,
n#0

Moreover, for § — oo, L fixed, we have (see [2])

. T
i T = e (),

which is the kernel of the Hilbert transform in (1.9). Therefore, the ILW equa-
tion (1.10) is the natural periodic extension of the BO-equation (1.8). We note
that the ILW equation is an example of the class of dispersive models (1.5) with
Ms =Ts0, — 1/0.

One of the main objectives in this paper will be to find periodic solutions
for (1.10) of the form u(x,t) = ¢.(x — ct) with the periodic profile . having mean
zero and satisfying

(1.11) — e + 9 — Mspe = Ae,

where A, will be an integration constant given by A. = % fOL ©?(x)dz. In sec-
tion 3, we obtain the following property associated to the pseudo-differential equa-
tion (1.11):
(P0) There is a smooth curve of even periodic solutions for (1.11) with the mean
zero property, in the form
cel CR— . € H? ([0,L]), neN,

per

all of them with the same minimal period L > 0.

By following arguments of Parker [37] (see also Nakamura and Matsuno in [36]),
we obtain the following formula for even periodic solution for (1.11) with the mean
zero property (see section 3 below):

112)  ole) = (W o igye) - 2(PE B i) .
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where K (k) denotes the complete elliptic integral of the first kind, Z is the Jacobi
zeta function and k € (0,1) (see notation section below). For fixed L and ¢, the
wave speed ¢ and the elliptic modulus k& must satisfy specific restrictions.

Another issue of our study will be the stability of the periodic profile ¢.. There
are two common approaches to the stability question. Firstly, we can analyze
the nonlinear initial-value problem governing the difference between an arbitrary
solution of the ILW equation and a given exact solution representing a wavetrain,
the profile .. In the first approximation, we assume that the difference is small and
we linearize the evolution equation. The resulting linear equation can be studied
in an appropriate frame of reference by a spectral approach. To our knowledge,
the linearized spectral approach has never been established for the ILW equation.
A second approach to stability is the orbital stability, more precisely, we study the
Lyapunov stability property of the orbit

(1.13) Qp. = {pc(- +y) 1y eR}

generated by the profile ¢.. The study of the dynamics of the set Q,, consist in
verifying that for any initial condition wug close to §2,, we have that the solution
u(t) of (1.10) with u(0) = wuo remains close to €2, for all values of ¢ € R. The
specific notion of “close” is based in terms of the following pseudo-metric defined
on a determined space W: for f,g € W,

(1.14) da(f, g) ng]gﬂf—ﬂng”wa

with 7.h(x) = h(xz+7). The translation symmetry 7 enables us to form a quotient
space, W/7, by identifying the translations 7f of each f € W. If we consider f
and ¢ as elements of W/7, we obtain that dy represents a well-defined metric on
this set. Note that in W/, the difference u — . between ¢, and the perturbed so-
lution u will represent the most crucial difference between two wave forms, namely,
the shape. Again, according to our best knowledge, the orbital stability property
associated to the profile . in (1.12) has never been established for the ILW equa-
tion in a periodic setting.

Next, we shall give a brief explanation of our work. Let us consider the new
variable

v(x,t) = u(z + ct,t) — (),

where u solves (1.10) and ¢, solves (1.11). Substituting this in equation (1.10) and
by using (1.11), one finds that v satisfies the nonlinear equation

(1.15) v + 200, + 2(vpe )y — vy — Msv, = 0.

As a leading approximation for small perturbations, we replace (1.15) by its lin-
earization around (., and hence we obtain the linear equation

(1.16) v = 0x(Msv + cv — 2v¢.).

Since ¢, depends only on x, the equation (1.16) admits treatment by separation of
variables, which leads naturally to a spectral problem. Then, by seeking particular
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solutions of (1.16) of the form v(z,t) = e*i(x), where A € C, we see that v
satisfies the eigenvalue problem

(1.17) 0 L1 = M.
Here, £ := L. ; denotes the self-adjoint operator
(1.18) Les:=Ms+c—2p..

We recall that the complex growth rate A appears as (spectral) parameter. Equa-
tion (1.18) will only have a nonzero solution ¢ in a given Banach space Y for
certain A € C. A necessary condition for the stability of . is that there are not
points A with Re(A) > 0 (which would imply the existence of a solution v of (1.16)
that lies in Y as a function of x and grows exponentially in time). If we denote
by o the spectrum of 0, L, the latter discussion suggests the utility of the following
definition.

Definition 1.1 (Spectral stability and instability). A periodic traveling wave so-
lution ¢, of the ILW equation (1.10) is said to be spectrally stable if o C R.
Otherwise (i.e., if o contains point with Re(\) > 0), . is spectrally unstable.

Since (1.16) is a real Hamiltonian equation, the spectrum ¢ has some elementary
symmetries; more precisely, o is symmetric with respect to reflection in the real and
imaginary axes. Therefore, this implies that exponentially growing perturbation
are always paired with exponentially decaying ones. More precisely, if we find a
value of A such that Re(\) < 0, one has a reflected A such that Re(\) > 0.

A spectral problem similar to (1.17) has been the focus of many research stud-
ies recently. For instance, if we restrict initially to traveling wave solutions of soli-
tary wave type, sufficient conditions in order to get the linear stability /instability
has been established for many specific dispersive equations in Kapitula and Ste-
fanov [32]. In particular, the linear stability related to the generalized Korteweg—de
Vries equation

(1.19) ug + (p+ DuPug + tgee =0, pEN,

was obtained by using a Krein-Hamiltonian instability index to count the number
of negative eigenvalues with positive real part. In the case of linear instability, Lin
in [34] and Lopes in [35] have presented sufficient conditions for general dispersive
models.

In a periodic framework, a general spectral problem of the form

JLp = \p

has emerged, with J = 9, and L a self-adjoint operator. Since J is not a one-to-one
operator, classical linear stability results as those in [24] can not be applied. To
overcome this difficult, recently Deconinck and Kapitula in [22] (see also Haragus
and Kapitula [26]), have considered the similar problem

(1.20) JL| b =M,
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in the closed subspace Hy of mean zero,

(1.21) Hy = {feLz([O,L]); /OL f(:c)d:c:O}.

Thus, a specific Krein-Hamiltonian index formula was deduced for concluding the
linear stability of periodic profiles with the mean zero property. In particular, it was
deduced the linear stability of periodic traveling waves of cnoidal type associated
with equation (1.19) for p = 2 (we also refer the reader to Bronski, Johnson and
Kapitula in [17] and Deconinck and Nivala in [22]). We note, nevertheless, that
for obtaining this specific result was necessary to know the periodic wave profile,
as well as the quantity and multiplicity of the first eigenvalues associated to the
Lamé problem
—®" + 6k?sn?(z; k) = 0 D.

Unfortunately, in our problem (1.17), this specific type of information can not be
established.

We note that the spectral/orbital stability properties of periodic traveling waves
in Hamiltonian equations that are first-order in time (e.g., the Korteweg—de Vries
or the Schrédinger equations) have been very well-studied in recent years by us-
ing approaches different to those discussed above. See, for instance, Bronski and
Johnson [16], Bronski, Johnson and Kapitula [17], [18], Bronski, Johnson and
Zumbrun [19], Deconinck and Kapitula [21], Deconinck and Nivala [23], Haragus
and Kapitula [26], Hur and Johnson [27], Jonhson [29], [30], and Kapitula and
Promislow [31].

In section 5 below, we use the approaches in Angulo and Natali [11], Deconinck
and Kapitula [22] and Haragus and Kapitula [26] for establishing the relevant
result that the periodic profile ¢, in (1.12) for the ILW equation is linearly stable
for positive values of ¢ (see Remarks 4.4 and 5.9 below).

Our linear stability result determined in section 5 can be used to conclude the
orbital stability of the periodic waves .. To do so, we shall use an adaptation of
the orbital stability analysis established by Andrade and Pastor in [7]. In our case,
we need to consider periodic waves depending on the elliptic modulus k& instead
of the wave speed ¢ in order to apply the mentioned approach. In this case, the
stability analysis will be performance in the energy space (Hilbert space)

+oo
(122) W= {geL2,(0.0): llglw = ( 3 11+ 0stmllgom)) "

m=—0o0

<oo},

where s indicates the symbol associated to M. In section 6, we briefly describe
the main arguments for obtaining our orbital result of the profile ¢, by the periodic
flow of the ILW-equation.

Our paper is organized as follows. In section 2 we present some notation and
the definition of the Jacobi elliptic functions. Section 3 is devoted to the existence
of periodic waves having the mean zero property. In section 4, we present the
required spectral property associated with the linear operator (1.18) by following
the arguments in [10]. In section 5, the linear stability of the periodic profile @,
in (1.12) will be shown. Finally, section 6 contains our orbital stability result.
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2. Notation

For k € (0,1), we define the normal elliptic integral of the first kind,

F(ps k),

x dt ® df
k)= [ V-2 -Pe) J Vi-kEsin?o

with © = sing. The number k£ and ¢ are called the modulus and the argument,
respectively. For x = 1 (¢ = 7/2), the integral above is said to be complete. In
this case, ones writes

1 /2
dt db
K(k)Z/ > — =/ ——
0 \/(1—t)(1—kt) 0 1 — k2sin®0

Hence, K(0) = 7/2 and K (1) = 4o0. For k fixed, u = u(z; k) is a strictly increas-
ing function of variable = (real). We define its inverse function by x = sn(u; k)
(snoidal function). Then, we obtain the basic Jacobian elliptic functions cnoidal
and dnoidal, defined by cn(u; k) = /1 — sn?(u; k) and dn(u; k) = /1 — k2sn?(u; k)
(see Byrd and Friedman [20] and Abramowitz and Segun [3]). Snoidal, cnoidal, and
dnoidal have fundamental period 4K (k), 4K (k) and 2K (k), respectively. More-
over, sn?(u; k) + en?(u; k) = 1, k2%sn?(u; k) + dn®(u; k) = 1, sn(u;0) = sin(u),
cn(u;0) = cos(u), sn(u;1) = tanh(u) and en(u;1) = dn(u,1) = sech(u). The
Jacobi zeta function, Z(u) = Z(u, k), it is defined for u € R by

Z(u) = /Ou [dnz(x;k;) - %} dx.

This function is odd, with fundamental period 2K (k). Moreover, Z(w/2,k) = 0
and Z(mK) =0, m = 0,1,2,... For u being a complex argument we refer the
reader to formula 143.01 in [20]. In particular for u = iz, € R, we obtain

sn(xz; k')

. _ N N
Z(ix, k) =1 on(z ) do(z; k') —iZ(z, k") — 1

™

2K (k)K (k')’
with k' = v1 — k2.

3. Existence of periodic waves

This section is devoted to establish the property (P0) presented in the introduction.
More precisely, we will construct a smooth curve of periodic waves with the mean
zero property, ¢ € I = ¢. € Hy,([0,L]) N Hy, where the period L and the
wave speed ¢ satisfy some specific restrictions. Our arguments will follow Hirota’s
method, put forward in the works [36] and [37]. For the reader’s convenience, we
shall give a brief review of the method.

Indeed, let us assume the existence of f: C x R — C such that the profile

0 [ln (f(:c+z'6,t)

u(w,t) = i— f(x—ié,t))]’ (z,t) e R xR,

ox
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satisfies equation (1.10), with f(-, ¢) analytic in a specific rectangle R of the complex
plane. To simplify the notation, we define fy(z,t) = f(z + id,t) and f_(x,t) =
f(z —i0,t). From arguments in [37], there exists a constant B such that the
following bilinear equation is satisfied:

(3.1) z‘DtJr%Dgﬂfo:JrB fofo=0

with
DI DR a(a, 1) - b, 1) = (0 — O™ (Os — O )", )D&y )]s, -
In addition, we can deduce from (3.1) that

(3-2) F(Dy,Ds)f - f =0,

where

1
F(D;,D,) = z‘(Dt n SDx) sinh(i6D,) + (D? — B) cosh(id D).

Next, we consider z = px + wt, where p,w € R will be determined later.
Suppose that f has the following Jacobi theta profile (see [3]):

+o00
flx,t) =05(z,q) —1+2[Zq cos 2nz} Z q" ezmz
n=1 n——oo

where ¢ = ¢, 7 = i K(k')/K(k), and K'(k) = K(v/1—k2) is the complete
elliptic integral of the first kind. In general, ¢ = ¢(7) is the function called “nome”
with Im(7) > 0. Substituting f in (3.2), one has

ﬁo 93(2'2’ q2) + ﬁl q_1/2 92(227q2) = 0.

Here, 05 represents the Jacobi theta function of the second kind. Moreover, one has

+oo
Z F|2i(2n — m)w, 2i(2n — m)p] (1"2“”7"1)27 m=0,1.

n=—oo

In order to prove that f(z,t) = 63(2,q) is a periodic solution related to the
equation (1.10), it is sufficient to prove that Fop = F; = 0. To do so, we need to
show that

(3.3) ( 5) Al — —A” ApB =0

62

SN

and

—
w
N

SN—

SR
VS

p
+ 54 -5 DA A=
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where
Ay = Ao(p; q,6 Z ¢*" cosh(4npd) = 03(2ips, ¢?),
and
= 2 2
Ay = Ai(p;q,9) = Z ¢" T cosh[2(2n — 1)pd] = ¢'/2 02(2ipd, ¢°).

Here, A{ and A} represent, respectively, the derivative of the parameters Ay and A
with respect to p. Next, we consider fixed parameters p, ¢ and § as above. Solving

the system formed by (3.3) and (3.4), we get
2 ! Al 1A/
p” ApAY — AGAY
(p14,0) = 53 Ao Al — A4,

and
2 " " 2
p P AA - AgA  p Pt O
w w(p7q7 ) 6+6A0A/1_A6A1 6+(58p{n[ ( 05 1)]}7
where W (Ag, A1) = AgA] — A)A; indicates the Wronskian of Ag and A;. Now,
if we use some standard identities concerning the Jacobi elliptic functions (see [3]
and [20]), we deduce that f(z,t) = 65(z,q) must satisfy the identity (3.2) provided

that
b @ p 01(2ipd,q)  07(0,q)
and
w = w(p; 6)77_+2 2 01 (2ipd, q)
P 5 0, (2ipo,q)’

where 0 represents the Jacobi theta function of the first kind.
Similar arguments as above show that if we consider the change of variables
z + z/2, then

o R Bps ) 6(0,q(k)
(35) B = Bik.d) =7 |5 G5 5) ~ 90,90
and
(3.6) w=w(p;k,d) = . +ip? 79/1(@6’ a(k))

5 01(ipd, q(k))’
Hence, we obtain that our hypothetical solution u becomes
0 (8 (A ipd)a(h)
(2,1) am{l {93( L(z +ipé), (k))]}
{9’( 5(z —ipd),a(k)) 05 (5(=+ipd).q ())}
2 (05 (L(z—ipd),q(k)) 03 (L(z+ipd),q(k)) ]

Moreover, u represents a L-periodic function at the spatial variable with the natural
choice of p = 27/ L.

(3.7)




STABILITY OF PERIODIC WAVES FOR THE ILW EQUATION 427

Next, we need to determine specific restrictions on the parameters p, k and the
minimal period L in order to get a periodic function w. Indeed, let k € (0,1) be
fixed. Tt is well known that the theta function 03(z, ¢(k)) has simple zeros at the
points

1 1
z= (m—|— 5)71'—1— (n—l— 5)7?7’, m,n € 7.
So, the right-hand side of (3.7) has infinitely many isolated singularities which we
need to avoid. To overcome this difficulty, it is necessary to impose a convenient
condition over the parameters p, § and k, namely,

/
(3.8) 0<pd<—inT = WII{(((I;;))
To do so, it suffices to consider k € (0,1) satisfying
20 K(k)
(3.9) oL8K) = T3

Our next step is to present a convenient formula for the solution u in (3.7).
We consider the parameters B and w satisfying conditions in (3.5) and (3.6),
respectively. Then, by using formula 16.43.3 in [3] into (3.7), one has

2K (k)i 2K (k) o 2K (k) o
(310) (et = — [z( - (§—26),k) - Z( - (g+us),k)},
where £ := z — ¢t and ¢ := —w/p. Therefore, identity (3.10) determines a class

of L-periodic functions which solves the ILW-equation (1.10) with wave speed c.
Here, Z represents the periodic Jacobi zeta function (see [3] and [20]).

Next, we will determine an expression for c¢. Indeed, in order to simplify the
notation, let us define d := 2K (k)/L. From the analysis above we obtain that

oo w1 0(ipd q(k)) 1 2mi 6y (2m6i/L, q(k))
' 6§ L 60,(2m6i/L,q(k))

—ipi
p o " 0u(ipd,q(k))
Thus, by using formula 16.34.1 in [3], we get

cn (2did; k) dn (2did; k)
sn (2did; k) ’

1
(3.11) ¢ =5~ 2di|Z (2di5: k) +

where sn, cn and dn denote the Jacobi elliptic functions snoidal, cnoidal and
dnoidal, respectively. Hence, by considering £ = x — ¢t in (2.10), we obtain the pe-
riodic traveling wave solution ¢, in (1.12) related to the ILW equation. Moreover,
by construction one has that ¢, € Hy.
Next, by using formula 143.01 in [20], we can rewrite the profile . in terms of
the Jacobi elliptic functions snoidal, cnoidal, and dnoidal as
4o K (k)
c = —-2d7 (d§; k') — — ——%
80 (x) ( ? ) L2 K(k/)
dn? (dz; k) en (do; k') sn (d6; k') dn (d6; k')
1 — dn? (dz; k) sn? (d6; k') '

(3.12)

+2d
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@

FIGURE 1. Function ¢ in (3.12) with L =7, § =1 and k = 0.5.

Moreover, formulas 143.02, 161.01 and 120.02 in [20] applied to the iden-
tity (3.11) give us a convenient expression for ¢ = ¢(k):

1 8woK(k) cen (

26d; k') dn (26d; k')
sn (26d; k')

Finally, from (3.9) we see that for L and § fixed, there exist an interval (0, k1) C
(0,1) such that v(L, 6, k) < 1, for all k& € (0, k). Therefore, we have the following
result, which guarantees the existence of periodic traveling wave solutions with the
mean zero property related to the ILW equation.

Theorem 3.1. Let L and § be fized. There exists ki € (0,1) such that if ¢ = (k)
is defined as in (3.13), the map
(3.14) ke (0,k1) = wery € HY ([0, L]) N Hy, n €N,

per

is smooth with respect to k € (0,k1) and it satisfies (1.11) with A, = A(k) =
L
zJo ‘Pi(k)(m) dx.

In our linear and orbital stability analysis, we need to determine the sign of the
derivative of ¢(k) with respect to k € (0, k1). For arbitrary values of L and ¢, we are
not able to find an analytical argument showing the behaviour of ¢(k). However,
numerical computations clearly show that ¢ = ¢(k) is a strictly increasing function
over the interval (0, k1). For instance, by considering L = 7 and § = 1, we obtain
the graphs of Figure 2, which show the behaviour of ¢(k) and its derivative ¢/(k),
respectively.

Moreover, by using formula in (3.13) and some numerical simulations, we obtain
that k7 in Theorem 3.1 is given by ki =~ 0,944085037. Thus, for all k£ € (0, k1),
one has the basic condition v(m, 1, k) < 1, such as is required in (3.9),

c(0) = lim c(k) = —1.07462944, and lim c(k) = +o0.

k—0+ k—k]
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FIGURE 2. Behaviour of ¢(k) and its derivative ¢’ (k).

In addition, there exists a unique ko ~ 0.795178532 such that
(3.15) c(ko) =0 and c(k)>0, forall ke (ko,k1),

that is, the wave speed c is negative over the interval (0, ko).

4. Spectral analysis

In this section, we present the characterization of the nonpositive spectrum con-
cerning the linearized operator £ := L. defined in (1.18). The main idea for
this study will be to determine two specific spectral properties for £, namely, that
the kernel is one-dimensional with ker(L) = [ .] and the existence of a unique
negative eigenvalue which is simple. Since the operator £ is of non-local type,
this analysis is not immediate. In this point, we will apply the theory of Angulo
and Natali put forward in [11] for studying the stability of periodic traveling wave
solutions associated to the general nonlinear dispersive model (1.5). The initial
obstacle for applying Angulo and Natali’s approach is that the periodic traveling
wave profile ¢ = 1. related to equation (1.5) needs to be positive and to satisfy
the equation

Map 4+ cp — o = 0.

Moreover, the wave speed ¢ must satisfy ¢ > —inf,.cg 6(r) in order to determine
that M + ¢ is a positive operator. In our analysis of existence established in last
section, the traveling wave profile . in (1.12) has the mean zero property and the
constant A. in (1.11) is not zero. In order to overcome this difficulty, we shall use
that the ILW-equation has the Galilean invariance given by the transformation

'U(Z’,t) = U(:L' + Q’Yt,t) -7

where v € R is an arbitrary constant. The second obstacle in our analysis is to
determine the required spectral properties associated to the linearized operator £



430 J. ANGULO, E. CARDOSO JR. AND F. NATALI

in (1.18) for arbitrary values of L and §. So, we shall restrict the analysis on a
couple of specific values L and §, namely, L = w and § = 1, respectively. How-
ever, numerical simulations enable us to conclude the same spectral properties for
arbitrary values of L and J.

In what follows, we establish some preliminaries definitions and results deter-
mined by Angulo and Natali in [10]. Moreover, we write ¢, instead of @) in
order to simplify the notation.

Definition 4.1. We say that a sequence o = (ay,)nez C R is in the class PF(2)
discrete if

i) a, >0, for alln € Z,
) Qny—my Qng—ms — Qny—my Qng—m, > 0, for n; < ng and my < ma,

1) Oy —my Qg —my — Qng—myQng—m,y > 0, if n1 < mo, my < ma,ne > mq, and
ny < ms.

The definition above is a particular case of the continuous ones which appear
in [4] (see also Karlin [33]): we say that a function g: R — R is in PF(2)-conti-
nuous if

i) g(x) >0, for all z € R,

i) gz1 —y1)g(2 —y2) = g(x1 = y2)g(w2 —y1) 2 0, for 21 <z and y1 < yo,
iii) strict inequality holds in (ii) whenever the intervals (z1,x2) and (y1,ys2) in-
tersect.

A sufficient condition for g to belong to PF(2)-continuous appears if g is smooth
and logarithmically concave, namely,
d2
Pyl log[g(x)] <0, x #0.
As examples of PF(2)-continuous functions, we have Qq(z) = sech?(x), for all
p >0, and
sinh(vx)

Qx) = sinh(z)’

Hence, the sequences (Qo(n))nez and (Q(n))nez belong to the class PF(2) discrete.
The main theorem in [11] is the following:

0<v<p.

Theorem 4.2. Suppose that ¢ is an even positive solution of (1.11) with A =0,
namely,

Mw§ +<1/)§ 71/}? = 0,

such that {@:(n)}nez € PF(2) discrete. Then the self-adjoint operator L¢ :=
M + ¢ — 2 possesses only one negative eigenvalue which is simple and zero is
a simple eigenvalue with eigenfunction %wg. Moreover, its spectrum is bounded
away from zero.

Our focus in the next lines is to apply Theorem 4.2 to determine the behaviour
of the non positive spectrum associated to the linear operator £ in (1.18).
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Theorem 4.3. Let L =7 and § =1 in (3.12)—(3.13). Consider ¢ = c¢(k) and ¢,
k € (0,k1), as in Theorem 3.1. Then, L defined in (1.18) is a self-adjoint operator
such that ker(L) = [y ]. In addition, L possess a unique negative eigenvalue
which simple and the remainder of the spectrum is constituted by isolated real
numbers which are bounded away from zero.

Proof. Initially, from the specific form of £, we obtain from classical perturbation
and spectral theories that £ is a self-adjoint operator with a discrete spectrum
(see [10]).

Now, in order to simplify the notation, we denote

L
N(k) ::/ ©%(x) de, R(k):= M,
0 L
and
(4.1) my := 2den (8d; k') sn (6d; k') dn (6d; k'),
mg = sn? (8d; k'),
o oy dom K (k)
(4.3) ms 1= ~247 (0: K) ~ 75 e

In our analysis, we shall consider L and § arbitrary but fixed. Thus, from (3.12),
(4.1), (4.2) and (4.3), we get

dn? (dz; k)
44 c\ ) =m + me
(4.4) Pel) o mydn? (dz; k) ’

and, consequently,

L 20
(4.5) =mj / dx k) 5 do + 2m1m3/ —dn (df’ k) dx + Lm3.
[1—modn® (dz; k)] o l—modn® (dz;k)

Next, by using formula 410.04 in [20], we deduce

L 2 . dL 2 .
/ do” (daik) 01 / W’ (GR) e
0 1-— mgdn (dl‘, k') d 0 1- den (C7 k)

1 / e dn’ (; k) i«
- d 0 1 —mag + mak?sn? ((; k)

2 O’ (GR)
~ i e ©
_ 2 [ m(k* — a®)Ao(, k)

d(1 —ma)L2,/a2(1 — a2)(a2 — k2).

(4.6)
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where

2 m2k2 .1 o?
. —_— ]_ = -
(4 ?) « ; <0, mo # , % =sin ( 5 k:Q)’

1—-m

and Ag indicates the Heuman lambda function defined by

(@8)  Ao(w.k) = Z BRI, K) + KRB, K) ~ KR)FK),

where

(4.9) E(k):/o1 LK E(w,k’):/ow V1 — (1= k?)sin®(0) db,

1—1¢2

and

0 rk / \/1 — k?)sin (9)

Therefore, formula 410.08 in [20] enables us to conclude

/L dn* (dx; k) de — l/dL [dn2 (¢ k)]2 dc
0 [1—madn? (das)]” dJo [1—madn? (GR))

1B - B’ (R

N d/o [1—m2+m2k sn? (gk)] 2 4

B # K(k) [1 n2 (C; k)]

—d(1—my)? /0 [1-a Sn2 (c k)] 5 d¢

:EE%EF (KK (k) + 2k>(0® = K)TI(a?, k) + (o® = k*)*V3]
where

2y FE(R) T2 Ao (1), k)
(4.11) (o™, k) = k2 — 2 2\/a2(1 —a?)(a? — k2)
and
L [2k%0? — 2k + o (1 — k)] K (k)
= g e R

(4.12)

+?E(k) —

T (202K + 20% — o — 3k%) Ao (¥, k) }
2v/a2(1 — a?)(a? — k?) '
Statements (4.1)—(4.12) give us
2m3
d(1 —mg)? a4
2mims [ 7(k? — a®)Ao (¢, k)
d(l —m2) L\ /a2(1 = a?)(a? — k2)

N(k) = [K*K (k) + 2k*(o® — E*)II(a?, k) + (o — k) V4]

} +Lm§.
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Next, by considering the specific values of L = m, 6 = 1, we obtain for each
k € (0, k1), the existence of a = a(k) > 0 such that

(4.14) a’*+ca—R=0.

Thus, one has

_ 2 44
(4.15) go —Ctve+dr
2
Moreover, by using that
min ¢.(x) = e =),
z€[0,L] 14 L4 2

we find, by using numerical simulations (see Figure 3 below), that

(4.16) a(k) > —%(g), for all k € (0, k).

FIGURE 3. Consider L = 7 and § = 1 in (3.12)—(3.13). The continuous line gives us the
behaviour of the function a = a(k) in (4.15) for k € (0,k1). The dashed line shows the
behaviour of —p.(L/2) for k € (0, k1).

Now, let us define the velocity parameter ¢ = ¢(k) by

si=c+2a=+Vc2+4R >0

and consider the translation function ¢ := a + ¢.. By using (4.16), we conclude
that ¢, > 0. Moreover, since ¢, is an even L-periodic function, one has that ¢, is
also an even L-periodic function. Now, we claim that ¢, satisfies equation (1.11)
with A = 0. Indeed, since Ms(p.+5) = Msp., for all 5 € R, it follows from (1.11)
and (4.14) that

~Msps —spe + ¢? = —Mspe — chpe — 2ap + ¢3
= —M;sp. — c(pe + a) - 2a(§0c +a) + (o + a)2
= —Mspe — cpe + <pf — (ca + a2) =0.
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In what follows, we will verify that for all & € (0, k1), {?qﬁz(n)}nez € PF(2)
discrete. We recall that if k& € (0, k1) one has that the analytic condition in (3.9) is
verified (L =7 and 6 = 1). Applying formula 905.01 in [20] into (1.12), we obtain

(x)—@+w{ sin (222 (z — i6)) B sin (222 (z +i6))
Pl = = Lsinh (mm K (k "Y/K(k)) sinh(mrK(K')/K(k))
(4.17) o b (26 /L)
47 sinh (2mm
T T & sioh (mrK(K) /K (k) (2mmz/L),
that is,
+oo .
(4.18) d(z) =a+ An sinh (2mmd/L) cos (2mmx/L).

L 4= sinh (mrK (k') K (k))

So, the periodic Fourier transform of ¢. is expressed by &:(O) =q and

2 sinh (2mmd/L)
L sinh (mrK (k") /K (k))’

(4.19) be(m) = for all m € Z — {0}.

Now, we consider
270 K (k")

vi=— and p:= Kk)

Then, from (3.9), we have 0 < v < p. On the other hand, by considering

inh(v
(4.20) Q(z) = M, x # 0,
we see that
d2
(4.21) = los(@())] <0, ¥z £0.

Therefore, it follows that @ € PF(2)-continuous (see [4]). In addition, we obtain
the following specific calculation which will be useful later:

2w sinh (2wdx/L) 40K (k)

(4.22) T Sb (e K (2[R ()~ L2R (R

Next, Figure 4 shows that the function

2
a(k) = o(L,0,k) = a(k) = 20(m, LK), k€ (0,k)
is strictly positive.

Therefore, we obtain for all k € (0, k1), the following key inequality for a = a(k):

4méK (k) 2w

v(L, 0, k).
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FIGURE 4.

Hence, statements (4.20)—(4.23) allow us to define a smooth function 7: R — R

2mQ(x)
L )

T(z) =

Vo € (—oo,—1] U1, 400)

such that 7(0) = a and 7 in (—1, 1), and such that 7 € PF(2) continuous. There-
fore, we can conclude that

{?b:(m)}mez € PF(2) discrete.

Hence, from Theorem 4.2 we obtain that the linear operator L. s = Ms+c—2¢.
admits exactly one negative eigenvalue which is simple and zero is also a simple
eigenvalue whose correspondent eigenfunction is %(ﬁg.

Finally, we analyze our linearized operator £ in (1.18). Indeed, since

Les=Ms+¢—20. = Ms+ (c+2a) — (2¢c + 2a)

(4.24)
:M§+C_2@C:‘Ca
we obtain
d d
(4.25) ker(£) = ker(L¢5) = [agbg} = [agoc], and n(L)=1.
This finishes the proof of the theorem. O

Remark 4.4. We have some technical difficulties to determine that (4.16) holds for
arbitrary values of L and § (in our approach, we need to use numerical simulations
related to specific values of L and ). However, Maple 16 software enables us to
conclude that (4.16) is valid for general values of L and § provided that the analytic
condition in (3.9) is verified. As a consequence, the results in Theorem 4.3 can be
established for arbitrary values of L and 4.
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5. Linear stability for the ILW equation

In this section we establish our linear stability result for the mean zero traveling
wave @, in (1.12). For the convenience of the reader, we shall give some definitions
and sufficient conditions for obtaining our linear stability results (see [22] and [26]).
We start with the following definitions associated to the restricted operator
05 L\, where £ = L. 5 is given in (1.18) and Hj is defined in (1.21).
Definition 5.1. We define
1) k, as the number of real positive eigenvalues (counting multiplicities) of the
operator 0, L|p,;
2) k. as the number of complex eigenvalues with positive real part (counting
multiplicities) of the operator 0,L|m,;
3) the imaginary part of a linear operator B with domain D(B) as the linear
operator Im(B)u = Im(Bu), u € D(B).

From the previous definition, we see that since Im(L) = 0, then k. is an even
integer. Next, if B is a self-adjoint operator, we denote by n({w, Bw)) the dimension
of the maximal subspace such that (w,Bw) < 0 (also called the Morse index
of B). Moreover, let A be an eigenvalue for 9,£ and consider its corresponding
eigenspace Fy. The eigenvalue A is said to have negative Krein signature if

kz_()‘) = n((w, (£|H0)|E>\w>) > 1

if k7 (\) = 0, the eigenvalue X is said to have positive Krein signature. If A is a
geometrically and algebraically simple eigenvalue related to 9,L with eigenfunc-
tion ¥y, then Ey = [¢,], and so

k-f(/\) _ 0, if <1/},\, (‘CNHO)'LZ») > 0,
: 1, if <¢A,(£|Ho)w> <0.
The total Krein signature is given by k;” := 3, o\ (03 ki (A). Since Im(£) = 0,
we obtain that k; is an even integer.

Definition 5.2. The Hamiltonian-Krein index associated to the operator 0, L is
the following non-negative integer:

K#am = kr + ke + k.
Next, let us consider the quantity
(5.1) T=(L7"1,1).

We note that for any f € ker(£)*, the quantity (£L~1f, f) is always independent
of h € L7 f. Now, we denote by D the following determinant:

L [ L) (L)
(5:2) D= | (el (L)

Thus, from [22] and [26] we have the following result.
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Theorem 5.3. Suppose that ker(L) = [%905], If T and D are both non-zero, the
following identity holds:

Koam = n(ﬁ) — n(I) — n(D)

Now, by considering A = Z or A = D, we have n(A) = 0 < A > 0, and
n(A) =1« A < 0. An immediate consequence of Theorem 5.3 and Definition 1.1
is the following.

Corollary 5.4. Under the assumptions of Theorem 5.3, if k. = k. = k; =0, then
the periodic wave @, is linearly stable. In addition, if Kgam = 1, then the periodic
wave s linearly unstable.

Proof. The first part of the corollary is an immediate consequence of Theorem 2.7
in [22] (see also [26]). Now, if Kgam = 1 we deduce that k, = 1 since k. and k;
are even nonnegative integers. Then, the spectral problem in (1.20) has a positive
eigenvalue. This last fact enables us to deduce the linear instability of the periodic
wave Q. |

Next, we establish our linear stability result associated to the periodic traveling
wave ¢, in (3.12). Since our study will be based on Theorem 5.3, the value of Kyjam
must be calculated. From Theorem 4.3, we have that n(£) = 1. Now, we will prove
that n(D) = 1 and n(Z) = 0, only for ¢ > 0 (by technical reasons associated to the
sign of ¢/(k)). Next, we obtain some convenient expressions for Z and D. More
precisely, we have (see propositions below) the following formulas:

L2
(5.3) IT=(L'1,1)= 5T ,
9 2
cLJrQaC{/O @C(x)d:c}
and
1o [*,

In our analysis, we deduce that % fOL ©%(z)dx > 0, and consequently, we get Z > 0
and D < 0. Thus, one has, respectively, n(Z) = 0 and n(D) = 1. Therefore, from
Theorem 4.3 and Theorem 5.3, we conclude that Ky, = 0. Consequently, we
deduce the linear stability of the wave ¢, (see Corollary 5.4) according with next
result.

Theorem 5.5. Consider ¢ > 0. The periodic traveling waves . in (3.12) is
linearly stable for the ILW equation.

The focus of the following propositions will be to show that Z > 0 and D < 0.
We recall that, for convenience, we are considering L = 7w and § = 1. We start by
establishing the following key result.
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Proposition 5.6. For all ¢ > 0 one has 2 fOL ©%(z)dx > 0.

Proof. Initially we have, for N (k) = OL %2:(1@) (x)dx, the relation

65 o] [ ] = E O] [ ] = En,

Thus, since ¢/(k) > 0, for all & € (ko, k1) (see (3.15)), we only need to establish
the sign of N'(k). Before that, it is necessary to handle the quantity N (k) in (4.5)
for obtaining a convenient expression in our calculations. Indeed, from (4.17) and
from the Plancherel theorem we obtain

2 o i 2
i, ., )2 = 87 [sinh (2mmd /L)) y
(5.6) > fFon T 2 Jsinh (mrK (K /K (R))]

m=—00 m=1

for all k € (0,k1). So, one can take the first derivative with respect to k € (ko, k1)
n (5.6) to deduce

20) L ()

, ot o (7[5t RORAANGD J
Ni(k) === — mrK(K)\° '
e [sinh ()
Since
d {K(k’)} _ [E(k) - K(R)K(K) + K(R)E(K) _
dk | K(k) k(k? — 1)K (k)? ’
for all k € (0,1), we obtain immediately that
(5.7) N'(k) >0, forall ke (ko,k1).
This finishes the proof. O

Remark 5.7. From Proposition 5.6 and numerical calculations made in section 2
(see (3.15)), we see that N'(k) > 0 for every k € (0,k1) — {ko}. So, we have

(5.8) %HQOCHQ >0, forevery ¢#0.
Next we establish the formulas (5.3) and (5.4).
Proposition 5.8. For every ¢ > 0, we have that Z > 0. In particular, n(Z) = 0.
Proof. Since f =1 € Hy,.([0, L]), for all s > 0, and Ms(1) = 0, we get
(5.9) L(1)=Ms(1)+c—2p. =c—2p,.
Thus, since ker(£) = [Lo ], Lo, 1 1 and L. L ¢, one has from (5.9) that

(5.10) l=cL™'1—2L7",.
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Then
L7, 1) = (1, 1) +2(L o, 1).

Now, since ¢ > 0, we get

—1
(5.11) (£11,1) = % + M

Next, by differentiating identity (1.11) with respect to ¢, we obtain

d 1d
(5.12) E(&%) = —pe = g -lleell

Applying the operator £71 to both sides of (5.12), we deduce

0 1d
1 Z oo =L oo — = —|lp|PL M.
(5.13) oo = —L V0o — 1 Tl

Hence, since ¢, has the mean zero property, we have

0 o "
(5.14) <&<pc,1> - %/0 velz) dz =0,
and so, by combining (5.13) and (5.14), it follows that
(5.15) (L7200 1) + 7 2 el?(£711,1) = 0
. Cy de c bl .

Therefore, from (5.11) and (5.15) we obtain the equality

2 d L
LD 4+ ==L 1) = =
(£ ,>+Lcdclls0|| (£7°1,1) C

Finally, since %Hcpcﬂz > 0 (Proposition 5.6), we get
L2
(5.16) IT=(L7'1,1) = —g
L+ 20 el
c

Therefore, we obtain the formula in (5.3). Moreover, from the assumption
about ¢ and Proposition 5.6, we have immediately that Z > 0. This finishes the
proof. O

Remark 5.9. From (5.16), we note that our imposition about the positiveness
of ¢ in Proposition 5.8 has only technical reasons. In fact, if ¢ < 0, the study of
the behaviour of Z will depend on exhaustive numerical calculations. Additional
calculations made in Maple 16 enable us to say that Z > 0, for all ¢ # 0 (k €

(0, k1) — {ko})-

Proposition 5.10. For ¢ > 0, we obtain D < 0. In particular, n(D) = 1.
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Proof. We start our proof by determining convenient expressions for each term
of D in (5.2). Indeed, from (5.11) and (5.16), we deduce

I

d
- L—|le
-1 _ oL '1,1) _ £ de"”¢
(5.17) (L™ e, 1) = —5 3 i "
CL+2d H‘ch
c

Hence, by using identities (5.10), (5.17) and the fact that ¢. € Hp, we obtain

d
y - LL e
(5.18) (L™ e, pe) = §<£ Lpe) = —

—e—
2cL + 4— 2
cL+4—]oc|

Therefore, since Z # 0 (Proposition 5.8) it follows from (5.16), (5.17) and (5.18)
that

_1f,. (L7l 1)
D= I[<£ Pes Pe) — <£—11)1> }
d d 2
(5.19) o[ elgled? [ lleell”] ] _lidy
=z 7 - d T 2Zdc"el
2L+ 4—lpcl® el + 2. ‘
dc dC

Therefore, we obtain the formula in (5.4) and from Propositions 5.6 and 5.8, we
have D < 0. The proof of the proposition is completed. O

Remark 5.11. From (1.17) and the fact that £ = L 5, we deduce that the positive
and periodic wave ¢ is also linearly stable.

6. Orbital stability for the ILW-equation

In the last section, we have proved that the Krein-Hamiltonian index Kyam as-
sociated to the linear operator d,L is zero, and thus the linear stability of the
periodic traveling wave ¢, was obtained. The next step of the theory is to obtain
information about the orbital stability of these periodic profiles. Indeed, by using
arguments in [22], [24], [25], and Chapter 5.2.2 of [31], we will deduce that ¢, is a
local minimizer of a constrained energy functional, and so the orbital stability of
these periodic waves can be deduced. The information obtained in Theorem 4.3
and Proposition 5.6 are the basis of our analysis.

Now, in some works in the current literature (for instance, [8], [12], [14], [25],
[24], [28], [39]), we see that the orbital stability of periodic traveling waves related
to the general model (1.11) were determined provided that the constant A. does
not depend on the wave speed ¢ (we believe that the mentioned approaches can
not be directly used to conclude the orbital stability of periodic profiles when A,
is a function of ¢). Thus, our purpose will be to apply the recent development in
Andrade and Pastor [7] to overcome this difficulty and then, we obtain the orbital
stability of the profile ¢, in (1.12) for every ¢ # 0.
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We start our study by presenting the formal definition of orbital stability.

Definition 6.1. We say that the periodic wave .. in (1.12) is orbitally stable with
respect to (1.10) in the space W in (1.22), if for all £ > 0, there exists § > 0 such
that if ug € H3,, ([0, L)) NW, s > 3/2, with [[ug—@c|[w < 0 and u(t) is the solution

of (1.10) with w(0) = ug, then for all ¢ € R, one has
i Jlu(t) — e+ )l <
Otherwise, the periodic wave ¢, is said to be orbitally unstable.

Definition 6.1 forces us to obtain some information about the global well-
posedness related to the ILW-equation. This is the content of the following result.

Theorem 6.2. Consider ug € Hy ([0,L]). If s > 3/2, there exists a unique

u e C(R; HS,.([0, L])) such that u solves the initial value problem

per

(6.1) up + 2uu, — (Msu), =0, (z,t) € R x R,
' u(0) = wo.

In addition, for all T > 0 the data-solution map

uo € Hye, ([0, L]) = u € C([0, T]; Hy, ([0, L])),
18 continuous.
Proof. See Abdelouhab et al., [1]. O

Now, the ILW equation has the following three basic conserved quantities:

L L
(6.2) E_1(u) :/0 wdr, FEo(u)= %/0 u? da

and

L L
(6.3) Ey(u) = %/0 (Msu)u dx — %/0 u? de.

Indeed, from Theorem 6.2 and density arguments, we deduce that, for all ¢,
E_1(u(t)) = E_1(uo), FEo(u(t)) = Eo(up), and FEi(u(t)) = Ei(ug).
Moreover, the ILW equation admits the following Hamiltonian structure:
Up = —2uty + (Mst)y = 0y (—u® + Msu) = 9, E1 (u).

Our purpose is to describe Andrade and Pastor’s approach in [7] for the case
of equation (1.10) (we note that the strategy established in [7] is a generalization
of the results in [28]). In fact, from Theorem 3.1 the wave speed ¢ given by (1.12)
depends smoothly on the elliptic modulus % (see (3.11)). Our stability analysis will
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be based on this new parameter instead of the wave speed parameter ¢ (the analysis
on the parameter ¢ is standard in the classical literature). Therefore, we need
to establish a stability framework based on this new “wave speed” parameter k.
Thus, by using [7] and [24], we consider, for every k € (0, k1), the following smooth
manifold in the space W:

(64) Xy = {u €W; My(u) = Mi(pr), where My (u) := %E@(u)—i—%E_l(u)},

where @), := @) and A = A(k) = fOL ¢2(x)dz. Now, the assumptions to obtain
the orbital stability of ¢y in the sense of Definition 6.1 are the following:

(Py) There exists a smooth curve of periodic solutions for (1.11) in the form,

ke JCR— ¢, € Hy([0,L]) N Hy, neN;

(P1) ker(£) = [fLon);
(P2) L has a unique negative eigenvalue A which is simple;
(Ps) (L(58E), (588)) <.
Conditions (Py)—(P1)—(P2) have been established in Theorems 3.1 and 4.3

above. Concerning condition (Ps), if we differentiate the equation in (1.11) with
respect to k, we obtain the equality

() = e

Thus, from Proposition 5.6, Remark 4.4 and the fact that ¢, € Hy, we obtain, for
every k such that ¢ = ¢(k) # 0,

65 (2(%0), (%20)) =~ (witon. 20y = 12 4 [* e <o

The main theorem of this section is now presented.

= =M (k).

Theorem 6.3. Let k € (0,ky) be fized such that ¢ = c(k) # 0. Then the periodic
wave P, = Py in (1.12) is orbitally stable by the periodic flow of equation (1.10)
in the sense of Definition 6.1.

For the reader’s convenience, we shall give a sketch of the proof of Theorem 6.3.
The proof of the next two lemmas follow from the ideas in [7], [8], [24], and [28].

Lemma 6.4. There exist € > 0 and a C'-function, w : Uz (pr) — R, with
Ue(pr) == {u € W; [lu— gillw < e},

such that d
<U( + W(U)), %Spk) = 0, fOT' (lll u € Ug(sokt)
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Lemma 6.5. Suppose that the conditions (FPy), (P1), (P2), and (Ps) are verified.
Define the set

A= (B €W (@, M{(p1)) = (8, - or) = 0},

Then, there exists a constant C' > 0 such that
(LD, ®) > C||®|}y, for all ® € A

Now, for u € W we define the pseudo-metric

= inf — .
p(u, ¢r) réfé,u”“ or(-+7)lw,

which indicates the distance between u and the orbit generated by ¢ via the
translation symmetry, namely, Qi = {¢or(- +7) : 7 € [0, L]}.

The following lemma establishes the existence of local minimizers on the man-
ifold Xj.

Lemma 6.6. Suppose that the conditions (FPy), (P1), (P2), and (Ps) are verified.
Define the functional
Fr=FE1 +cEy+ AE_;.

Then, there exist € > 0 and a constant C(e) > 0 satisfying
Fr(u) = Filpr) = C(e) [p(u, or)]”
for all w € Uc(pr) N k.

Proof. Consider u € W. Since Fy, is invariant under translations, one has Fy(u) =
Fi(u(- 4+ 1)), for all »r € R. Hence, it is suffices to show that

Fio(u(- + w(u)) = Fi(or) > Clp(u, ox))?,

where w is the smooth function obtained in Lemma 6.4. Thus, since u € Xy, we
deduce from Lemma 6.4, the existence of a constant C'; € R such that

(6.6) vi=u(- + w(u) - or = CLMi(ex) +y,

where y € By, = [M(¢r)]" N [2£pp]*. Next, since My, is also invariant under
translations, we can apply Taylor’s formula to obtain

(6.7) My, (u) = Mi(u(- + w(u))) = Mi(or) + (Mg(¢r),v) + O(|[v]y)-

Hence, since y € By one has (M (¢r),v) = (M| (¢r), C1 M| (¢r)) = CiN,
where N is a constant which is associated with the wave speed c¢. Thus, since
My (u) = My (¢r), we obtain from (6.7) that

(6.8) Cr = O(|[vly)-
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Now, since F,(¢r) = 0 and F}/(¢r) = L, we can use Taylor’s theorem to deduce

Fulw) — Felor) = 5 (£o,0) + of ol

Therefore, from (6.6) and (6.8), we have (Lv,v) = (Ly,y) + O(||v[3}), that is, we
conclude

Felw)  Filor) = 5 (Ly,) + ol o1,

Since y € By, we obtain from Lemma 6.5 the existence of C' > 0 such that (Ly,y) >
Cllyll5y- Thus,

(6.9) Fi(u) = Filer) = Cllyliy + oll[vl3y),

where C' > 0. Therefore, from (6.6), we deduce that for € > 0 small enough, there
exists C'= C(e) > 0 such that

Fi(u) = Filer) 2 Cllvllsy = C[o(u, oi)]*.
This finishes the proof. O

Proof of Theorem 6.3. The proof follows from Theorem 6.2, Lemma 6.6 and a con-
venient modification of Theorem 3.5 in [24] (see also [7]). We suppose that ¢y, is
not orbitally stable and so we can select wy, := un(+,0) € Uy (wr) N Hje, ([0, L]),
s> 3/2, and € > 0, such that ||wy, — ¢r|g: — 0, as n — oo, with

per

Supp(un('v t), Sok) >,

>0
where uy, (-, t) is the corresponding solution of (6.2) with initial data w,. Let us
consider ¢ > 0 satisfying Lemma 6.4. From continuity of u,(¢) at ¢t € R, we
consider the smallest ¢,, > 0 satisfying

9

(6.10) p(un(:,tn), o) = 9

The following step in our analysis will be to determine the existence of a;, > 0
such that o, un, (-, t,) € 3y, for n large. This is exactly the point in our approach
where we will apply the strategy in [7]. Indeed, let us define f, : R — R, such
that, for n fixed,

o? de [F dA [

W ; |un(-,tn)|2 dr + o— Un (-, ty) do

fn(a) = Mk(au”("t")) = dk J

=: a?g, + ahy,.

We note immediately that f,(0) =0, g, > 0 and My(pg) > 0. Thus, for all n € N
there exists a,, > 0 such that f,,(a,) = Mg(¢k). In other words, we guarantee the
existence of (ay,)nen C R satisfying

(6.11) My (anun (- tn)) = Mi(pr), forallm €N,

that is, (,un (-, tn))neny C Zk.
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Next, let Ti(u) := %Eo(u) and Ry (u) == %E,l(u). Then, since Ey and E_;
are continuous mappings, one has that Ty (w,) — Ti(pr) = g # 0, Ri(w,) —
Ri(pr) =: h and My(w,) — My(pk), as n — 4o00. So,

on = | Ti(wn) + anRi(wn) — (T (wn) + R (wn))|
= | My (et (- tn)) — My(wn)| = [My(wn) — My(pr)| — 0,
as n — +o0o. On the other hand,
0 < |a2 Th(wn) + anRi(wn) — (9 + h)| < on + | Ti(wy) — g + [Ri(wy) — h| — 0,
that is,
(6.12) 2 1= 2 Te(wn) + an Ry (wy) — g + h.

Therefore, statement (6.12) gives us that (a, )nen is a bounded sequence and there-
fore, modulo a subsequence, one has a,, — ag, as n — +o0o. We will see that
ap = 1. Indeed, from (6.12) we get

(6.13) (1 —ao)[(1+ao)g+h]=0.
Now, since
h Re(or) 1 dA /L 0
1+—-=1 =14 ——— dE=1+4——-=1>0,
YT e T T T Jy O Ry =

we obtain that ap > 0. Therefore, since g # 0, it follows from (6.13) that ag = 1.
Next, we claim that

(6.14) Ptn(- tn), anun(-,tn)) — 0, n — +oo.
In fact, since p(un (-, tn), pr) = €/2, there exist r, € R and Cy > 0 such that
[un (s tn)llw < flun(stn) = x4 r)llw + ller(- +ra)lw
<e+ s +r)llw = Co,

that is, ([[un(-,tn)llw),en i @ bounded sequence. Therefore, the convergence
«, — 1 and the relation

p(un('atn)aanun('atn)) < ”u”(.’t”) o Oénun(',tn)”W
§ |1*C¥n| . ||Un(,tn)||w’

imply (6.14). Thus, an application of the triangle inequality and (6.10) show that
(ntn (-, tn))nen C Us(pr). Hence, from Lemma 6.6 we conclude immediately the
convergence

(6.15)

(616) p(anun('vtn)v 9016) — 0, n — +00.

Finally, by using (6.14) and (6.16), we obtain that
€

E = p(un('atn)a Spk) < p(un('atn)a anun('atn)) + p(anun('atn)a Spk) — 0,

as n — +o0o. Last fact gives us a contradiction, and the proof of Theorem 6.3 is
completed. O
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Remark 6.7. The positive and periodic wave ¢ in (4.18) is also orbitally stable
by using a direct application of the arguments in [10].
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