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On the Stability of the Periodic Waves for the Benney System*
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Abstract. We analyze the Benney model for interaction of short and long waves in resonant water wave inter-
actions. Our particular interest is in the periodic traveling waves, which we construct and study in
detail. The main results are that, for all natural values of the parameters, the periodic dnoidal waves
are spectrally stable with respect to perturbations of the same period. For another natural set of pa-
rameters, we construct the snoidal waves, which exhibit instabilities, in the same setup. Our results
are the first instability results in this context. On the other hand, the spectral stability established
herein improves significantly on the work of Angulo, Corcho, and Hakkaev [Adv. Difference Equ.,
16 (2011), pp. 523-550], which established stability of the dnoidal waves, on a subset of parameter
space, by relying on the Grillakis—Shatah theory. Our approach, which turns out to give definite
answer for the entire domain of parameters, relies on the instability index theory, as developed by
Kapitula, Kevrekidis, and Sandstede [Phys. D, 3—4 (2004), pp. 263-282]; Kapitula, Kevrekidis, and
Sandstede [Phys. D, 195 (2004), no. 3-4, 263-282], Phys. D, 201 (2005), pp. 199-201]; Lin and
Zeng [Instability, Index Theorem, and Ezponential Trichotomy for Linear Hamiltonian PDEs, 2021];
and Pelinovsky [Proc. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci., 461 (2005), pp. 783-812].
Interestingly, end even though the linearized operators are explicit, our spectral analysis requires
subtle and detailed analysis of matrix Schrédinger operators in the periodic context, which support
some interesting features.
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1. Introduction. We consider the following system of PDE:

g + Uz = uv + BluPu, —T <z <T,tcRy

(1.1) P
ve = ([ul®)e,

where ( is a real parameter, u is complex-valued function, and v is real-valued function. This
system is introduced by Benney [9, 10], which models the interaction of short and long waves
in resonant water waves interaction in a nonlinear medium.

The Cauchy problem on the whole line case for the system (1.1) was considered in [7, 14].
The existence and nonlinear stability of solitary waves was studied in [20, 27].

*Received by the editors November 24, 2021; accepted for publication (in revised form) by V. Zharnitsky April
4, 2022; published electronically July 5, 2022.
https://doi.org/10.1137 /21M1461630
Funding: The work of the second author was partially supported by NSF grant DMS-2108285. The work of the
third author was partially supported by NSF grant DMS-1908626.
fDepartment of Mathematics, Faculty of Science, Trakya University, Edirne, Turkey, and Institute of Mathematics
and Informatics, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria (s.hakkaev@shu.bg).
#Department of Mathematics, University of Alabama, Birmingham, Birmingham AL 35294-1241 USA (mstanisl@
uab.edu, stefanov@uab.edu).

1726

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/21M1461630
mailto:s.hakkaev@shu.bg
mailto:mstanisl@uab.edu
mailto:mstanisl@uab.edu
mailto:stefanov@uab.edu

Downloaded 08/01/22 to 138.26.76.74 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

PERIODIC WAVES OF THE BENNEY SYSTEM 1727

We consider such model on a periodic background; that is, we impose a periodic boundary
condition. The Cauchy problem for (1.1) has been previously considered in this context [3].
Let us pause for the moment and review the said paper, as it serves as a starting point for our
investigation. More precisely, in [3], the authors have established, via the Fourier restriction
method, that the problem is locally well-posed for data (ug,vo) € H"[-T,T] x H*[-T,T)
whenever max(0,7 — 1) < s < min(r,2r — 1). In particular, Hadamard well-posedness holds
in the spaces H2 ([T, T)) x L*)[~T,T) and also in the smaller space H'([~T,T]) x L?[-T,T).
Interestingly, ill-posedness results (in the sense of nonuniformly continuous dependence on
initial conditions) were also obtained in H" x H® whenever r < 0.

Here we consider the spectral stability of periodic traveling waves of dnoidal and snoidal
type. We are interested in the stability of periodic traveling wave solutions of (1.1) with respect
to perturbations that are periodic of the same period as the corresponding wave solutions.

We provide the relevant definitions of the various notion of stability below, but we would
like to discuss the advances made in the last forty years in the area of stability of periodic
traveling waves. Benjamin, in the seminal work [8], first considered the stability of the cnoidal
solution as a periodic traveling wave of KdV. His results were later clarified and streamlined in
[2], where the authors have made use of the Grillakis—Shatah—Strauss formalism. It is worth
mentioning the work [1], where the author has addressed, in a similar manner, periodic waves
for mKdV and NLS. In the important works [15, 16], the authors have considered the stability
of more general families of solutions arising in the generalized KdV models.

More recently, in the works [4, 5], Angulo and Natali have developed a novel approach
for studying periodic traveling waves for a general class of dispersive models which extracts
the necessary spectral information, based on the so-called positivity theory for the multipliers.
For other models, such as the Klein—-Gordon—Schrodinger system, the Schrodinger—-Boussinesq
system, and the Schrodinger system, stability of periodic waves is obtained in [29, 30, 31, 6, 17].
In the context of standing waves, interesting contributions were made by Gallay and Haragus
[18, 19]. While the results in [18] concern periodic waves in the context of NLS on the line, the
results in [19] are more relevant to our discussion herein. Namely, rigorous stability analysis
was developed to deal with quasi-periodic waves in the cubic NLS context both in the focusing
and defocusing scenarios. All of these works rely, in one degree or another, on the Grillakis—
Shatah—Strauss approach, which establishes orbital stability based on conservation laws. This
almost universally requires a C! dependence on the wave speed parameters, which is not
always easy to establish, so an ad hoc assumption in that regard is usually made.

As it turns out, one may study an almost equivalent stability property, namely, the spec-
tral/linear stability; see Definition 1 below.! This is a fast-developing theory which has seen
some spectacular advances in recent years [24, 25, 28, 33]. This approach has several advan-
tages over the classical GSS approach. For example, one can study the spectral stability as
a purely linear problem, without paying particular attention to the actual conservation laws;
see (1.14) below. A second major advantage is that, when it comes to systems of coupled
PDESs, it is just technically hard to deal with the conservation laws directly, as the linearized
operators become nondiagonal matrix operators, which are harder to analyze.

'In fact, under some generic conditions on the waves, one may convert such spectral stability statements
into orbital stability results; see Theorem 5.2.11 in [26].
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The stability of waves, especially in the context of systems of coupled PDE, especially
in the spatially periodic context, is a challenging topic and an active area of research. We
should point out that great progress was made in the last fifteen years regarding dispersive
equations for scalar quantities—in that regard, we would like to mention the works [11], [12] for
KdV-type models, while [13] established an index counting formula for abstract second-order-
in-time models. Concerning systems of dispersive PDE, there are just a few results available
in the literature about periodic waves. In fact, we are aware of just a few rigorous works on the
subject: [22] deals with stability of periodic waves in systems by the index counting method,
while [21] and [17] apply the more standard GSS formalism to the corresponding problem at
hand. One explanation for the relative scarcity of rigorous analytical results in this context
are the difficulties associated with the spectral analysis of the linearized operators in cases of
systems.

Regarding the Benney system, which is the system of interest in this article, it was already
considered in [3]. More specifically, the authors were able to construct a family of smooth
periodic traveling waves of dnoidal type and show their orbital stability. This was done under
certain conditions on S and by relying on the Grillakis—Shatah—Strauss approach. More
specifically, they rely on the following conservation laws for the Benney system:

M(u) = [Zp[u(t,z)dz,

E(u,v) = f_TT [U(t,x)|u(t,$)|2 + |ug(t, 2)|? + glu(t,x)ﬂ dz,

Pu,v) = [T [Jo(t,2)% + 23 (ult, )u. (¢, x))] da.

In order to explain our spectral stability results in detail, we need to linearize the system (1.1)
about the periodic traveling wave solutions. Then we need to obtain the required spectral
information about the operator of linearization and investigate the index of stability &mam,
as introduced in [28].

The paper is organized as follows. First, we construct the periodic traveling waves of
dnoidal and snoidal type and set up the linearized problem for system (1.1). In section 2,
we overview the index stability theory and investigate spectral properties of the operator of
the linearization. In section 3, using the index counting theory, we analyze the stability of
periodic traveling waves.

1.1. Periodic traveling waves. In this section, we construct periodic waves of the form
U(t, '7:) = ethei%(xict)go(x - Ct)? ’U(t, JE) = w(ﬂU - Ct)?

for the Benney system (1.1). Plugging in (1.1), we get the following system:

/

(12) { o = (w=5) e =wp+8¢
—cp' = 2p¢".

The case ¢ = 0 leads to semitrivial constant solutions ¢, so we do not consider it herein.
Henceforth, we assume ¢ # 0. Integrating the second equation in (1.2), we get 1) = —%@2 +7,
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where 7 is a constant of integration. Substituting v in the first equation of (1.2), we get the
following equation for ¢:

1
(1.3) ¢ —op = <5 - > ¢’
c
where we have introduced the important parameter o = w — % + 7. Integrating, we get

(1.4) ¢? = % (6 — i) o' +opP+a=U(p),

where a is a constant of integration. It is well known that ¢ is a periodic function provided
that the energy level set H(x;y) = a of the Hamiltonian system dH = 0,
1/1
H(z;y) = y* — oa® + = ( —ﬂ) at,
2 \c
contains an oval (a simple closed real curve free of critical points). Depending on the properties

of the biquadratic polynomial U(y), we distinguish two cases which give rise to different
explicit solutions, both in terms of the Jacobi elliptic functions.

1.1.1. Dnoidal solutions. Consider the case % — B >0,0 >0, and a < 0. Denote by
90}3 >f 1 > 0 the positive roots of —p?* + ffgﬁ 02+ lzfg’ﬁ. Then the profile equation (1.4) takes
the form

1—¢p
¢ = (96— )" — ).
Then 1 < ¢ < g, and up to translation, the solution ¢ is given by
(1.5) o(x) = podn(ax, k),
where
2co 02— ? 1—cB o
1.6 2 2 _ 2 _ %0 1 2 _ 2 _ '
( ) Yo+ 1 1—0,37 K 803 y @ % ©0 )
Since the period of dn is 2K (k), the fundamental period of ¢ is 2T = QKQ(R).
The next case of consideration are the snoidal solutions.
1.1.2. Snoidal solutions. Let 1 — 3 <0, 0 <0, and a < 0. Then
n_ -1 2 2 2cc 9 4
ey s0)<1_cﬁ @0 90>-
Up to translations, the solution is given by
(1.7) p(z) = posn(az, k),
where
(18) :"412: (1_Cﬁ)g0g 5 a2:_200'_(1—cﬁ)g0%:_ g 5
2co — (1 — cB)yg 2c 1+k
4K (k)

Since the period of sn is 4K (k), the fundamental period of ¢ is 2T =
We formulate our findings in the following proposition.

«
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Proposition 1. Let (¢, 3,0) be three real parameters and k € (0,1). Then we can identify
the following families of solutions of (1.4).

If c #0 and B < %,O‘ > 0, then ¢ is a family of dnoidal solutions given by (1.5). Its
parameters are given by

20 o
1.9 2 = 2 _
whereas its fundamental period is 21 = 2Ka('$) = QK(H\)f‘UQ_HQ. Note that this is a three free

parameter family, depending and uniquely determined by (% —pB,0,k) € Ry xRy x (0,1).
If ¢ #0 and B > %,U < 0, we obtain the snoidal family described in (1.7), where

20K o
1.10 2 — , o=
) T A=) a2
and the fundamental period is given by 2T = 4K(/<;)7”1\/}Z2. This is also uniquely determined

by three independent parameters as follows: (2 — 5,0,k) € R_ x R_ x (0,1).

c
Now that we have identified the relevant nonlinear waves for the Benney model (1.1), we
focus our attention to the corresponding linearized problem.

1.2. Linearized equations. We take the perturbation in the form
(111)  u(t,z) = e“te 2@ (o(x — ct) + U(t,z — ct)), v(t,z) = (x —ct) + V(t,z — ct),

where U(t, ) is complex-valued function and V' (¢, z) is real-valued function. Plugging in the
system (1.1), using (1.2), and ignoring all quadratic and higher-order terms yields a linear
equation for (U,V'). Furthermore, we split the real and imaginary parts of complex-valued
function U as U = P + i), which allows us to rewrite the linearized problem as the following
System:

2

~Qi=—Pux+ (w=5) P+386°P + oV + P,
2

(1.12) P=—Qu + (w— %) Q +vQ + B%Q,
Vi — Vi = 20,(P).

Let us denote

0 0 1 Li ¢ O
J=10 20, 0f, H:==|¢ < 0],
-1 0 0 0 0 Ly

where?
Li=-32+0+ (38— 1)
Ly=-0240+(B—1)¢%

2Note that the operator Ly is the standard operator L_ if we were to consider the waves ¢ as solutions to
the cubic NLS; see (1.3).
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Then the system (1.12) can be written of the form
(113) _gnZ, 7 -

The standard mapping into a time-independent problem Z — eMZ transforms the linear
differential equation (1.13) into the eigenvalue problem

(1.14) THZ = N7,

By general properties of Hamiltonian systems and the operators J, H in particular, if \is an
eigenvalue of (1.14), then so are A, =\, —\. We give now the following standard definition of
spectral stability.

Definition 1. We say that the wave ¢ is spectrally unstable if the eigenvalue problem (1.14)
has a nontrivial solution (i, \), so that 7 # 0,2 € H*[-T,T] x H[-T,T] x H?[-T,T], and
A RA> 0.

In the opposite case, that is, (1.14) has no nontrivial solutions, with R\ > 0, we say that
the wave is spectrally stable.

Remark. The definition of linear stability is closely related to the one given in Definition
1 for spectral stability. More precisely, ¢ is a linearly stable wave if the flow of the differential
equation (or equivalently the semigroup generated by JH) has Lyapunov exponent less than
or equal to zero. Equivalently,

<0

(1.15) lirnsupM
t—o0 t

for each initial data U(0) € H2[-T,T] x H'[-T,T] x H2[—T,T). It is a standard fact that
these two notions coincide in the case of periodic domains due to the fact that the spectrum
of JH consists of eigenvalues only. A general justification of (1.15) which applies to our case
is provided in Theorem 2.2 of [28].

We are now ready to present our main results, which concern the spectral stability of the
traveling periodic waves—of dnoidal and snoidal type.

1.3. Main results. The following is our main result, which concerns the stability of the
dnoidal waves identified in Proposition 1.

Theorem 1 (stability of the dnoidal waves). Letw € R and ¢ # 0,8 < %,a > 0. Then the
Benney system (1.1) has a family of dnoidal solutions in the form
2

e s 1
(e“te’2@=t) (g — ct),(x — ct) = (eMtel2(th)cp(m —ct),——p*(x —ct) + o+ CZ - w> ,
c

where the dnoidal solutions ¢ are identified by (1.5), whose parameters are given by (1.9).
These solutions are spatially periodic provided that

(1.16) CK</€)\F i_’# € 2.
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Under these assumptions, the periodic waves are spectrally stable, in the sense of Definition
1, for all values of the parameters w € R, > 0,8 < %, k € (0,1), subject to (1.16).

Remark. In [3], the authors proved that dnoidal solutions are orbitally stable for § < 0
and for 8 > 0 and 880 — 3¢(1 — Bc)? < 0. This is achieved by evaluating the number of
negative eigenvalues of the operator of linearization around the periodic waves and number
of positive eigenvalues of the Hessian of d(w,c) = E(u,v) — {P(u,v) — §M(u,v). We extend
this result herein to the whole domain of the parameters.

Our next result concerns the instability of the snoidal waves, also identified in Proposition

Theorem 2 (instability of the snoidal solutions). Let w € R and ¢ # 0,5 > %,0 < 0. Then
the Benney system has a family of snoidal solutions

. 1 2
<el”te’2(md)gp(m —ct), —fapZ(:z: —ct)+ o+ CZ - w) )
c

where ¢ is described in (1.7), together with (1.10). These waves are periodic exactly when

val 2
(1.17) K (k)Y ¢ 2z,
V-0
The snoidal periodic waves are spectrally unstable (with at least one real and positive eigen-
value) for all values of the parameters w € R0 < 0,3 > %, k € (0,1), subject to (1.17).

The plan for the paper as well as some major points are explained below. In section 2,
we introduce the basics of the instability index theory. We also outline well-known results
about the scalar linearized Schrodinger operators Ly, Lo identified earlier as well as a related
operator L, which plays significant role in our spectral analysis. This allows us to compute
the Morse index of the operator ‘H as well as the kernel and the generalized kernel of JH; see
Proposition 3. In section 3, we deploy the instability index theory to reduce matters to the
Morse index of a scalar two-by-two matrix D. For the dnoidal case, the computations here are
involved since only one of the entries of D is (barely) explicitly computable, and it involves the
construction of Green’s function for the Schrédinger operator L', This is, however, enough
to conclude stability. In the snoidal case, one argues by computing selected (easier) quantities
in the limit 0 < 8 — % << 1, which allows one to conclude that real instability exists close to
this limit. Then a continuation argument, coupled with an earlier rigidity argument about?
Ker(JH), confirms that the real instability persists across the whole domain of parameters.

2. Preliminaries. We first review the basics of the instability index theory as developed
in [24, 25, 28, 33].

2.1. Instability index count. We follow the notations and presentation in [24, 25], but
the same results appears in [33], while the most general version can be found in [28]. Consider
the Hamiltonian eigenvalue problem

(2.1) ILu = Au,

3Establishing that the generalized kernel of JH remains five dimensional and, importantly, does not change
across the parameter domain.
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where 7* = —Z,L* = Land Z,H : Zf = Zf, Hf = Hf;ie. I,H map real-valued elements
into real-valued elements.

Introduce the Morse index of a self-adjoint, bounded from below operator .S, by setting
n(S) = #{\ € 0(S) : A < 0}, counted with multiplicities. Let k, := #{\ € 0r.(ZL) : A > 0}
represent the number of positive real eigenvalues of ZL£, counted with multiplicities k. :=
#{\ € 0. (ZL) : RX > 0,3\ > 0}—the number of quadruplets of complex eigenvalues of Z.L
with nonzero real and imaginary parts—whereas

kT = #{i\A > 0: ILf = iMf, (Lf, f) < 0}

is the number of pairs of purely imaginary eigenvalues of negative Krein signature. Consider
the generalized kernel of JH:

gker(ZL) = span U2, ker(ZL).

Under general conditions, described in [24], one has that gker(ZL) is finite dimensional, so
one can take a basis,* say, 71, ...,1my. Then we introduce a symmetric matrix D by

D := {{Dij}zj‘\szl t Dij = (Lni,nj)}

We are now ready to state the main result of this section, namely, the following formula for
the Hamiltonian index:

(2.2) Etram = kr + 2ke + 2k, = n(L) —n(D).

Clearly, spectral stability for (2.1) follows from kg4, = 0, but such a condition is not necessary
for spectral stability. For example, one might encounter a situation where k4, = 2 but with
k;” = 1, which is an example of spectrally stable configuration with a nonzero Kgqpm,.. On the
other hand, it is clear that if kg4, is an odd integer, then k, > 1, guaranteeing instability.

2.2. Spectral information about J . Due to the results in section 2.1, it becomes clear
that we need a determination of a basis of gker(JH). It turns out that it is helpful to
introduce another Schrédinger operator, namely,

1
L:—a§+a+3(5—6)¢2.

For context, this is the well-known operator L. if we were to consider the waves as solutions
to the standard cubic NLS; see (1.3).

2.2.1. The spectra of L, Lo. For self-adjoint operator H acting on L;QJer [0; T'] with domain
D(H) = H*([0; T]), we have that its spectrum is purely discrete:

Ao <po S pr <AL <A <ppSpz <Az <A<

“4In the applications, one needs to have an explicit form of such a basis anyway before any determination of
the stability can be made. In a way, we shall need to check the finite dimensionality of gker(ZL).
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Figenvalues \;, ¢ = 0,1, 2..., correspond to the periodic eigenvalues, while pu;, ¢ = 0,1,2...,
correspond to the semiperiodic eigenvalues. Then we have that Hf = Af has a solution of
period T if and only if A = X\;, ¢ = 0,1,2, ..., and a solution of period 27" if and only if A = A;,
A=, i=0,1,2,....

We start with the observation that Ly’ = 0, which is obtained by differentiating (1.3)
respect to x. Also, Lo = 0, which is just a restatement of (1.3). It is actually helpful, for
the rest of the argument to list the lowest few eigenvalues for both operators L, La, where ¢
is either the dnoidal solution (1.5) or the snoidal solution (1.7). In fact, matters reduce to the
explicit Hill operators

A = —85 + 6k%sn?(y, k),
Ay = —85 + 2k2sn?(y, k).

It is well known that the first four eigenvalues of A; with periodic boundary conditions on
[0,4K (k)] are simple. These eigenvalues and corresponding eigenfunctions are given by

Vo =242k =21 — 2+ K%, doly) =1— (14 K2 — VI — K2+ £Y)sn2(y, k)
v =1+ k2 $1(y) = en(y, k)dn(y, k) = sn'(y, k)

ve = 1+ 4k?, p2(y) = sn(y, k)dn(y, k) = —cn’(y, )

v3 =44 K2, $3(y) = sn(y, k)en(y, k) = —k~2dn’ (y, k).

Regarding As, the first three eigenvalues and the corresponding eigenfunctions with periodic
boundary conditions on [0,4K (k)] are simple, and

€ = k27 00(3/) = dn(% k)?
e =1, 01(y) = en(y, k),
e =1+k 0Oa(y) = sn(y,k).

In the dnoidal case, using that x2sn’z + dn’z =1 and (1.5), (1.6), we get
(2.3) L =a?[A — (4 + &%)

Note that in this case, vy and 3 correspond to the periodic eigenvalues, while v; and 1o
correspond to the semiperiodic eigenvalues. It follows that the first two eigenvalues of the
operator L, equipped with periodic boundary condition on [—T,T], are simple; zero is the
second eigenvalue; and n(L) = 1. In the snoidal case, using (1.7) and (1.8), we have

(2.4) L =a?[A — (1+ &%)

It follows again that zero is the second eigenvalue, and n(L) = 1.
Regarding the operator Lo, in the dnoidal case, using again (1.5), (1.6), we have that

Ly = a2[A2 — k:Q],

whence, using the spectral information available for Ay, we conclude Lo > 0, n(Lg) = 0.
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In the snoidal case, we have
Ly = o[y — (1 +K2)],
whence the spectral description of Ag allows us to conclude that n(Lg) = 2, with a simple

eigenvalue at zero. We collect our results about L, Ly in the following proposition.

Proposition 2. Let ¢ be either the dnoidal wave (1.5) or the snoidal wave (1.7). Then
e in both the dnoidal and snoidal cases, the Hill operator L, equipped with periodic bound-
ary conditions on [—T,T|, has Morse index n(L) = 1 and Ker[L] = span[¢'];
e in the dnoidal case, the operator Lo has Morse index n(Lg) = 0, Ker[Ls] = span[y];
e in the snoidal case, the operator Lo has Morse index n(Lg) = 2, Ker[Ls| = span|p].

We are now ready to describe the kernel and the generalized kernel of JH.
2.2.2. Generalized kernel of JH.

Proposition 3. Let ¢ be either the dnoidal wave (1.5) or the snoidal wave (1.7). Then the
kernel of H is two dimensional, namely,

¢’ 0
(2.5) Ker[H] = span 200 |, O
0 P

In addition, under the assumption

(2.6) (LY, ) #0,

we can identify all the generalized eigenvectors as follows:

1
clcp— @ —
72 (% Y 2 ~L~'p
(2.7) gKer(JH) o Ker(H) = span o(eB-D¥ | 2oL |, |1
-1 0
2 ¥
f
Proof. We start with Ker[#H]. We have that | g | € ker H if
h
Lif +¢g =0,
(2.8) of +59=0,
Loh = 0.

From the second equation of (2.8), we have g = —%go f, and plugging in the first equation, we
get
1

0=1Lif+¢g=—02f+of + <36—C> 902—%<p2f=Lf.

From Proposition 2, we get that all solutions are multiples of f = ¢’ and g = —%g@gp’ . From
Proposition 2, we know that Ker(Ly) = span|p], and so, from the third equation of (2.8),
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we have that another vector in Ker(H) is h = ¢. This identifies Ker(#) for us as the one
presented in (2.5).
We now turn to a representation for Ker(JH). Consider Ker(JH) & Ker(H). We set

the equations for (é) € Ker(JH) © Ker(H). We need to solve H(é) € Ker(J) = span(g).
This is equivalent to h = 0 and

of +59=1
Solving it implies in a similar manner
2 2 2
f=="L7"%, g== (1 + @L‘1<p> :
c c c

This yields an additional, third vector in the representation of Ker(J?H). More specifically,
we obtain

¢’ 0 —L7e
(2.10) Ker(JH) = span “2p¢" |, (0], [1+2¢L7 0
0 p 0

We now work on identifying the adjoint /generalized eigenvectors. We start with the next level
adjoints e-vectors, namely, Ker((J#H)?). First, we consider the equation

f ¢
TH|g| = —2p¢
h 0

I
f=23L [¢]—m%

_2/(¢ oL _ B,
o= (54755 -
h:L2_1¢',

where we have used the identity Ly = 2(f— %)@3. This gives a new element £ € Ker((JH)?)©
Ker(JH), namely,

1
2e(cB—1) P
CCIB

§:= —WSDQ
2—1()0/
Next, we solve
f 0
JHlg]|l=1|0
h @

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/01/22 to 138.26.76.74 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

PERIODIC WAVES OF THE BENNEY SYSTEM 1737
We obtain that all solutions are multiples of the vector

2
(2.11) f=-L"", g=>pL'¢, h=0.

c

We compare this with a similar element, already present in Ker(JH). We conclude that we
can consider instead the following new element 7 € Ker((JH)?) © Ker(JH):

_L_l(p —L_l(p 0
S 2 7-1 2 7-1 _
7= I+ 2oL | — SpL™ = 1
0 0 0
vy
Finally, we solve the equation for the third eigenvector, with unknown ¥ = | Wy
Us
— 2 -1
(2.12) JHY = |1+ 20l p
0

Taking into account that JHY = (LQ*%) necessitates the solvability condition L='¢ L
*

Ker[Ls] = span[p]. This means that as long as (L~'p, @) # 0, there are no further ele-
ments of Ker((JH)?) © Ker(JH). All in all, we have established that

(2.13) Ker((TH)?) © Ker(JH) = span[€, 7.
Next, we show that
(2.14) Ker((JH)*) © Ker((JH)?) = {0}.

Note that combining (2.14) and (2.13) with (2.10) yields the formula (2.7). So, it remains to
show (2.14). To this end, we need to show that the equation

B LoUg
(2.15) GE+ Gif = THY = | 20,(p01 + 5T5)

*

has no solutions if ((i,¢2) # (0,0). Note that the first equation in (2.15) reads LoW¥3
W@. As Ker(Ly) = spany], this forces a solvability condition, (¢, %gp) =
which 1s impossible, unless (; = 0. Now that we know that (; = 0, the second equation in
(2.15) reads

=

20, (¥ + 5\1’2) = (2.

This implies V¥ + $Vy = %x + const. The left-hand side of this identity is 27" periodic,
while the right-hand side is never 27" periodic, unless (3 = 0. Thus, we conclude that (o =0
as well, which establishes (2.14).

This completes the proof of Proposition 3. |

Next, we compute the Morse index of H.
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2.3. Morse index of . In the next proposition, we compute the Morse index of H.

Proposition 4. We have the following formula for the Morse index n(H):
o If ¢ is the dnoidal wave given by (1.5), then n(H) = 1.
o For the snoidal case, i.e. ¢ is given by (1.7), we have n(H) = 3.

Proof. Denote Hgy := (L1 £). Clearly, n(H) = n(Ho) + n(L2). Taking into account the

¥ 2

computation of n(Lz) in Proposition 2 (which yields n(L2) = 0 in the dnoidal case and
n(Ly) = 2 in the snoidal case), it remains to show that n(Hp) = 1 in both cases under
consideration.

To this end, observe that we have the following expression for the quadratic form associated
to Hop:

! ! = (L 2 £
Ho : =(L1f, f) +2(ef,9) + 5(9,9)

(2.16) 9 g

= (Lh )+ [ [\2F + /] e

First, we confirm that Hg has at least one negative eigenvalue. Recall from Proposition 2 that
n(L) = 1. Let us denote by h the eigenfunction of L corresponding to the negative eigenvalue.
For f =h and g:= —2h in (2.16), we get

(u(1)-(1)-am <o

Hence, Hp has a negative eigenvalue. Thus, selecting f | h and using the max-min charac-
terization of eigenvalues, we have that the second smallest eigenvalue \; satisfies the estimate

. f ) ( f >> .
A1 (Ho) > inf H , > inf Lf,f)>0
il 0)—<f,g>uh,o>:||f2+||921< 0< g g it B

since L has n(L) =1, and so inf¢ 5 (Lf, f) > 0. That is, n(Ho) = 1. [ |

3. Stability analysis of the waves. We start by analyzing the stability of the dnoidal
waves. Our starting point is the instability Krein index count (2.2). Thus, it remains to de-
termine the Morse index of the matrix D associated with it. Recall that, under the assumption
(2.6), we have identified

1

720(0%71) <'02 —L_lgO 0
= | TAFDI | Py = 2oL | s s = 1],
-1 0 0
2 £

so that gKer(JH) © Ker(H) = span[lﬁl, Vo, 1;3] By direct computations, we have

. 0 B —p (e
Hp = | —5¢? | Hip = 0 |5 HyYs= |35
4 0 0
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and

(3.1) Dy = (Hyp,¢n) = (Ly ¢, @) + 262(6’;_1)@2,902%
(32) Diy = Dy = (M, i) = —26(01_1)<% ©),

(3:3) Doy = (Hapo, ) = (L™, ), D33 = (M, 1hs) = cT,
(3.4) Dy3 = D31 = (Hi,43) = —%@a ©),

(3.5) Da3 = Dsy = (Hb, 1h3) = 0.

3.1. Dnoidal waves. According to instability index count formula (2.2) and Proposition
4, which implies that n(#) = 1, the stability analysis reduces to establishing that n(D) = 1.
Indeed, in such a case, the right-hand side of (2.2) is zero and thus would rule out all potential
instabilities on the left-hand side.

We proceed to evaluating the elements of the matrix D. In fact, we shall need to only
compute Das = (L1, o), which we will now show is negative. To this end, start with the
identity Ly’ = 0. In order to construct Green’s function for the operator L, we need a solution
1 : L) = 0. In principle, the following function provides such a solution:

=1.

c1 ¢
3.6 z)=¢ (x / ds, ’
( ) w( ) ¥ ( ) @/2(3> QDH w/
Unfortunately, as ¢’ has zeros in the interval of integration, this integral is not well defined.
Instead, we use the standard roundabout way of making the definition of such integral well
defined, which involves integration by parts. Specifically, we proceed by using the identities

1 1 0 sn(x, k) 1 1 0 cn(z, k)

cn(y, k) dn(y,x) 0y enly,x)’ sn®(y,r)  dnly,x)dy sn(y, x)’

Integrating by parts yields the alternative, well-defined expression for ¢, which is formally
equivalent to (3.6):

T 1 —2sn%(as, k)
~artanfar. renlar.r) [ LT

3.7 (=)

a2k

1 1 —2sn?(ax, k) 9
dn(ax, k)

Thus, we may construct Green’s function as follows:
1= [ v = v [ 9605+ Cputa)

where 'y is chosen, so that L~ f has the same period as ¢. After integrating by parts, we
get

2(T) + #(0)?

(3.8) (L7h,0) = (¢, 0) + == (0,0) + Colp, ).
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0.2 0.4 0.6 0.8 1.0

E2(r)—(1—r*)K>(x)
2(1-k2)K(k)—(2—k2)E(k) *

Figure 1. Graph of Kk —

Integrating by parts yields

(", 0) =2¢'(T)p(T) + (¢, ¢").
Using that Ly = 2(8 — %)903, we get

c

= VD))

¥, ¢%)

K — SnQ €T
Using that fOK( ) %(m())dx = m[

(. ¥) = gl B(r) — K(k)],

2(1 — k) K (k) — (2 — K} E(K)], we get

(3.9) (%) = L1 [2(1 = k2K (k) — (2 — k) E(w)],
(T 2(T)—¢?(0
C(p — fw’((T)) <¢7¢> + ©*( )290 (0)
Taking into account Z—é = 1E(éﬁ7 we get
R 11 E?(k) — (1 — k) K%(K)
(3:10) Do = L0 0) = T 300 W) K ) — (2~ w2 E(R)

(see Figure 1), so in particular, the condition (2.6) is satisfied. Also, since Day < 0 for all
values of the parameters, it is clear that Doy = (De2,e2) < infecrs.e=1(DE,¢), whence®
n(D) > 1. As discussed, this implies that the dnoidal waves are spectrally stable.

5By the way, by (2.2), this actually implies that n(D) = 1.
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3.2. Snoidal waves. According to the formulas (3.1), (3.2), (3.3), and (3.4), we shall need
to compute (Ly'¢/, @), (L7 g, ), and [ @2, [ o™,

To this end, we start With the computation of (L™, ). We have Ly’ = 0 and L) = 0,
where ¥(z) = ¢'(z) [* ,2( sy ds. Using that

1 1 0 sn(ax)

en?(az)  adn(ax) Or cn(ax)’
we get the odd function :

1

= ——, 5 |Snlar _OZH2CTLOA'L' n\oax J:HLQ(CKS)S
V) = s | snar) — anen(aa)dn(a) | as).

o dn?(as

Integration by parts yields the formulas

(L0, 0) = =(0%, ¥) + Colp, ),
@, 0) = =20/ (T)U(T) + (b, ¢").
A direct calculation shows that Ly = 2 (B — %) 3, whence

C

3.9) = — "(T)(T).
(".4) = 5@ (D(T)
Now we have the relations
( . K2 2K (k) 14+sn?(z)
w(T) T poa?(1-k2?) fO dn?(z) dz,
SOI(T) = Yo, Cyp = 7;2((7]:)) <S0a 1/)>7
2_ __o . ,2_ __ 20K
O =T P07 T—cp)(1rRD)

Integration by parts allows us to compute

2K (k) 2K (k) sn2(x
(p,0) = M [/0 an(x)dx —i—/o 111_112(93())dx — 2K(Ii)] .

Putting all this together, we have

)1
<30 w) - acﬁ 11— 52 f nga:x)dx’

c 2K (K ) 14sn2(z 2
n?(z)

whence finally

(311) <L_1907 90> - E(ﬂi—%)F(ﬁ)’
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50F

35F
3.0F
251

I~ 0.2 0.4 0.6 0.8 1.0

Figure 2. Graph of F(k).

dx

K K sn?(x 2
("1 o G e 2k00)” )t
0

(1 — k2) 250 13—;3&(;) dx 11— k2) dn? ()

K2E(k)
=2K(k)+2E(k) <—1 + A1) E) — (1= nz)K(n)) .
We have plotted it using MATHEMATICA; see Figure 2. From this, it becomes clear that
(L7, ) > 0. In particular, the condition (2.6) holds, whence the conclusions of Proposition
3 hold.
We will now compute <L2_1<p’, ¢'). We have Lap = 0, and ¢ = ¢ fx éds is also solution
of Loty = 0. Using the identity

1 B 1 (z,K)

B gcn T, K
STLQ(y, ’i) B adn(yv H’) ay Sn(yv ’i)

and integration by parts, we can alternatively express v as follows:

V() = —— [cn(aw)—a/@2sn(a:ﬂ,m) /Oxcnz(o‘s’“)ds].

~ayo | dn(ax) dn?(as, K)

Using that ¢ is odd function and v is even function, we get

T T
(L', ') = —/T¢2w’wdm+0¢ /Tso’wd:v,

gt
Co =~5zy |, ¥t
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T / T
1 0 N 2 1 B ¢'(T) < / >
(Ly¢' ¢') = /Tso ' Ydax 20/ (T) /wadar

In addition, we have

Hence,
2

( SO/(T) = —ayo, wl(T) = - 02K(H) cn? xd

dn?zx

K K) 2$
f_TTgo’m)w(a:)dx:—é[ﬁK” ayde -+ [§50 G5Bl

6 K K) sn*(x CTL2 xT
JT 2 (e = 2 [2 2K sn2(w)en () 4 25 [2K0) ntlelent@) g )
2 _ o 2 2(—0)K?
| & T T 0T D)

Putting all this together, we get

2 2K (k) 2 r2K(k) 4 2
1.7 n _ %o 2 2 k- sn”(z)en® () _
(Ly ¢’ ¢') = o [2/0 sn”(z)en®(x)dx + 5 /0 () dx

2K (k) cn? 2
i (B e+ 7 i)
@ 262 [ e de |

Finally, we have

We now compute det(D) in the regime § = % +6,0 < e << 1. We will establish the following
proposition, regarding the matrix D, introduced in (3.1), (3.2), (3.3), (3.4), (3.5).

Proposition 5. Fiz ¢ # 0,0 < 0. Then there exists ¢ = €y(c,0) > 0, so that for all
0<e<e and B =1+¢, we have that det(D) > 0.

Before we proceed with the proof of Proposition 5, let us finish the proof of Theorem 2.
That is, we show that the snoidal waves are spectrally unstable.

We argue as follows: For very small €, we have from Proposition 5 that det(D) > 0,
whence the symmetric matrix D has either two negative eigenvalues and a positive one (in
which case n(D) = 2) or three positive eigenvalues or n(D) = 0.

By (2.2), we conclude that either kg =3 —2 =1 or kggm. =n(L) —n(D) =3 -0 = 3.
This implies that there is at least one real instability. In fact, for systems with kgem = 1,
this is obvious. If kgum. = 3, the possibilities are as follows: Three real instabilities, one
real instability and two complex/oscillatory instabilities, and one real instability and a pair of
purely imaginary eigenvalues of negative Krein signature. Unfortunately, the instability index
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theory outlined in section 2.1 does not allow us to specify precisely which situation we find
ourselves in, even for € << 1. We claim that we can nevertheless confirm that the waves are
unstable in the sense that the eigenvalue problem (1.14) has at least one positive eigenvalue.

To this end, consider the parameters ¢, o fixed and 3 as a bifurcation parameter. We start
with the observation made above that for small 0 < € << 1 (that is,  slightly bigger than %),
we have at least one real unstable eigenvalue. Allowing the parameter 5 > % to increase, the
Krein index may of course change since our analysis showed that n(D) =0 or n(D) = 2 only
for 0 < € << 1. But regardless of that, there will always be at least one real instability. This
is due to Proposition 3, which asserts that the eigenvalue at zero is of algebraic multiplicity
five for all values of the parameters, with three eigenvectors and two generalized eigenvectors
described there. The only scenario for the real instability present at e << 1 to become stable
is by passing through the zero generalized eigenspace for some intermediate value of 3, which
would have been detected by our analysis in Proposition 3. As we have shown, this does
not happen. Thus, the real and positive eigenvalue is present for all g > %, and the snoidal
waves ¢ are unstable. This completes the proof of Theorem 2, and it remains to establish
Proposition 5.

3.3. Proof of Proposition 5. We first calculate det(D). By the specifics of it (see (3.1),
(3.2), (3.3), (3.4), (3.5)), we have

. 1 2
det(D) = D33 det(D) — (20/g02> Doo,

D11 Dqo

where D =
( D1y D2

>. Taking into account the form of ¢ = const.e™!, we have

(Ly'e! ') = const.e™" + O(™?),

while (¢?, ¢?) = const.e? + O(e71). So, we can conclude that

Dy = 202(0’;_1)@2,(/;% (L7, ) = 262(cg_l)<<p2,<p2> +O0(eh),

whence

det(f)) = D11D22 — DfQ =

4 2K (kk) . F(k 4 2K (k) , 2 .
= ac(f;’%)_]_) (/O sn (l‘)dl‘> Oé(Cﬂ(_)]-) - a262(f50_ 1)2 (/0 sn (x)d$> —|—O(6 )

79073 é 2K (kk) Sn4 A ) 7i 2K (kk) Sn2 S 2 672
L L (/0 (@i | £ - 5 ([ @iz ) | +0()

Clearly, the first expression is of the form const.e™*, and hence it is dominant in the regime
8= % +€,0 < € << 1. Furthermore, the assignment 5 = % + € allows us to further extract a
leading-order term as follows:

2

~ 4 2K (kk) 2K (kkr)
det(D) = #50_1)2 (/0 sn4(x)dx> F(k) — (/0 3n2(aﬁ)dm> +O(e7?).
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Figure 3. Graph of H(k).

We have computed this last function of k£ in MATHEMATICA, and we have obtained the
following explicit expression for it:

2K (kk) 2K (kk) 2
H(k) = (/o 5n4(1:)da:> F(k) — </0 an(x)dx> =

(2(k2 + 2)K (k) — A(x? + 1) E(K)) (QK(k) 2B (k) (mzflm?:fi({l)zﬂ)mk) - 1)) “12(E(k) — K(k))?

3kt

Plotting this leads to the conclusion H[k] > 0 (see Figure 3) and thus to a leading-order
det(D) = C(k,0,c)e * + O(e™3)

as € : 0 < € << 1. In addition, observe that by (3.11), we have that

1 2
— [ ¢®) Dy =0(c?).
(5. [#) Pn=0(
Accordingly, we have that
~ 1 2 2 —4 -3
det(D) = D33 det(D) — 2% | ¢ Doy = C(k,o,¢)e * + O(e7),

whence det(D) > 0 for all small enough € > 0. This completes the proof of Proposition 5.
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